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Chapter 1
Introduction

In this manuscript, we report our work at studying Translationally Controlled Tumor Protein
(TCTP) and its interaction network in the context of apoptosis and tumor reversion. We
gained insights into the molecular basis of TCTP-based interactions, including changes in

the structure and dynamics of the protein and partners.

In this introduction, we will first present cancer biology with the description of the cell cycle,
apoptosis and tumorigenesis pathways (Sec. 1.1). Then, we will describe the role of TCTP
protein in tumor reversion, a rare and spontaneously occurring biological event in which
a cancer cell can lose its malignant phenotype, to recover characteristics of benign cells,
including sensitivity toward apoptosis (Sec. 1.2). Third, we will report our review of TCTP
interactome and associated functions in which we propose hypothesis to explain how TCTP
can adapt to its myriad of partners (Sec. 1.3). Finally, we will summarize our three objectives

in the current study as well as methods we used to fulfill our goals (Sec. 1.4).

1.1 Introduction to cancer biology

Cancer can result from unconstrained cell proliferation. This involves progression through
the cell cycle and defects in associated control checkpoints as well as evasion of apoptosis [1].
Cancer initiation and progression are promoted through deregulated molecular pathways and
can be seen as a cell de-differentiation process, leading to invasion and metastasis [2]. Here,
we briefly introduce cancer biology by presenting the cell cycle and its controls (Sec. 1.1.1),
the apoptosis pathway (Sec. 1.1.2) and the tumorigenesis process (Sec. 1.1.3).
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Metaphase

Prometaphase

Anaphase B

Cytokinesis .I
@ Telophase

Fig. 1.1 Cell cycle and mitosis. The different phases of the cell cycle and mitosis are presented (left).
GO is the quiescent phase and the passive state of the cell cycle. G1, S and G2 are included in the
interphase and they represent the pre-replicative, replicative and pre-mitosis phases, respectively. The
mitosis (M) phase is shown and detailed (right). In mitosis, all successive steps are namely prophase,
prometaphase, metaphase, anaphase, telophase and cytokinesis. "Stop" labels indicates cell cycle
control checkpoints under control of Cyclin-Dependent Kinases (CDKs) and cyclin protein regulators.

1.1.1 The cell cycle

In general, the cell cycle describes all possible states for a single cell at different moments
(Fig. 1.1). It was described through an extensive number of papers over the past thirty years
and conclusions were compiled in numerous reviews and books [3-5]. Regulation pathways
and control checkpoints [6—10] were identified and extensively described with the emergence
of Tumor protein p53 (p53) as a guardian of genomic integrity and a major cancer-related
protein which is inactivated in about half of all human cancers [11]. Of particular interest, the
cell cycle was often linked with apoptosis in reviews within the last quarter century [12-22].
Mitosis [23] and meiosis [24] are the two known mechanisms for an eukaryotic cell to divide
at the end of a regular cell cycle. The cell cycle includes a passive state (GO) and four
different active states (G1, S, G2, M) (Fig. 1.1).

In normal conditions, cells are sensitive to environmental factors such as presence of nutrients
or growth factors to pass from the quiescent GO state into the active cell cycle in G1 phase. A
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first checkpoint GO/G1 ensures that appropriate signaling inputs are present prior to engage
G1 phase upon induction of a specific set of genes [25]. The interphase starts in G1 phase
and continues in S and G2 phases, the whole interphase accounting for 95 % of the active cell
cycle time [26]. In phase G1, cells grow, develop more organelles and proteins, and present
generally high biosynthetic activities to further replicate DNA in S phase. Prior to DNA
replication, an intra S cell cycle checkpoint controls parameters relative to genomic integrity
to allow the transition in phase S. In the replicative phase histones modifications permit
genome decompaction [27] and replication through DNA polymerases to yield bi-chromatid
chromosomes. In the next G2 phase, a period of protein synthesis and rapid cell growth
develops to prepare mitosis. Another G2/M cell cycle checkpoint ensures that DNA lesions
are repaired prior engaging mitosis. Microtubules start to reorganize at two centrosomes

upon entry in mitosis (Fig. 1.1).

This highly dynamic and complicated process leads to genetic material sharing and membrane
splitting. First, the nuclear membrane decomposes under lamine dissociation via specific
signaling. In the following prometaphase microtubules anchor to cell poles from centrosomes
and other microtubules project toward chromosomal DNA in the center on the cell. In
metaphase, chromosomes are all attached to the mitotic spindle [28-30] via the kinetochore
complex. Chromosomes are aligned and equidistant from both centrosomes. Then, a last cell
cycle checkpoint allows for proceeding in anaphase by separating chromatids (anaphase A)
and by expanding the cell size (anaphase B). In metaphase, the TCTP protein, which is the
central protein of this manuscript, associates with the mitotic spindle and is dissociated upon
Polo-like kinase 1 (Plk-1) mediated phosphorylation, allowing metaphase completion and
termination of both mitosis [31] and meiosis [32]. Indeed, TCTP was demonstrated to be
phosphorylated at residues S46/S64 by the Plk-1 [33] in both in vitro and in vivo context,
with positive effect on cell proliferation. In the telophase, nuclear lamine reorganizes to
reconstitute a nuclear envelope and the plasmic membrane shrinks until the two cells are
almost separated by a specific actin-related ring. The proper cell-cell separation happens
during cytokinesis [34], thus terminating mitosis and the whole cell cycle (Fig. 1.1).

1.1.2 Apoptosis pathway
1.1.2.1 Activation routes and execution of apoptosis

The term apoptosis was first used in 1972 [35] to name an organized mechanism for cell
deletion, with complementary but opposite role compared to mitosis. It is one of the
three types of cellular death with necrosis [36] and autophagy [37]. Apoptosis is often
named The programmed cell death [38] since the process is highly organized, sequential



4 Introduction

Extrinsic pathway Intrinsic pathway
Death ligand Cellular stress

BH3-only |
proteins

.@ Sensors

l Bcl-2 family proteins
Survival @
Caspase 8
Caspase 3 MOMP Death @
¥« :
Caspase 6 '
Caspase 7 1}
. \ . + Pro-caspase 9
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caspase .

Massive
proteolysis DNA

fragmentation

Cell death
Apoptosome

Fig. 1.2 Overview of apoptosis pathway. Principal aspects of apoptosis pathway are presented
including both extrinsic and intrinsic activation modes and execution phase. Pro-death actors (red)
and specifically caspases (magenta) are highlighted. The Death-Inducing Signaling Complex (DISC)
and the Mitochondrial Outer Membrane Permeabilization (MOMP) are labeled. The extracellular
(EC) and intracellular (IC) regions are noted. Arrows indicate positive influence from line origin to
arrowhead.

and genetically encoded (Fig. 1.2). Various stress sensors [39] and molecular balances [40]
permit to tightly tune the pathway in function of diverse environmental parameters. It is a

vital component of diverse and important physiological processes such as cell turnover [41],
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embryonic development [42] or functioning of the immune [43] and nervous [44] systems.
Several papers reviewed the apoptosis in the context of cancer [45] and associated efforts to
develop therapy [46] which aim at promoting apoptosis in cancer cells. Indeed, apoptosis
rederegulation and unconstrained proliferation are key elements to initiate tumorigenesis [47]
and to promote tumor progression and maintenance. In mammals, both intrinsic [48] and
extrinsic [49] activation modes of apoptosis pathway were reported and they differ in the way
they initiate apoptosis by communicating with specific molecular actors (Fig. 1.2). Execution
phase of apoptosis is then mediated by the caspase family of proteases.

In the extrinsic pathway, the activation of apoptosis is mediated through activation of death
receptors at the molecular membrane of the cell upon death ligand binding. These receptors
include the Tumoral Necrosis Factor (TNF) receptor gene superfamily [50]. Upon activation,
the intracellular death domain recruits adapter proteins [S1-53] such as Tumor necrosis
factor Receptor type 1-Associated DEATH Domain (TRADD), Fas-Associated protein with
Death Domain (FADD) and Receptor Interacting Protein kinases (RIPs). They mediate the
interaction between the death receptor and procaspase-8 to form the DISC which results in the
auto-catalytic activation of pro-caspase 8 [54]. In the intrinsic pathway, the activation of apop-
tosis is regulated by a wide range of non-receptor mediated stimuli (Fig. 1.2). These stimuli
induce changes in the Mitochondrial Outer Membrane (MOM) via the B-cell-lymphoma 2
protein (Bcl-2) family [55] and BH3-only proteins. These can ultimately lead to MOMP and
release of pro-apoptotic proteins [56] such as cytochrome c [57] (Fig. 1.2). Other pro-death
factors then associate in a macromolecular assembly called apoptosome [58, 59] which
activates the intrinsic apoptosis pathway and triggers the execution phase of apoptosis [60]
by activating executioner caspases. Even though crosstalks in early steps were reported,
extrinsic and intrinsic activation pathways usually converge upon activation of executioner

caspases in the execution phase (Fig. 1.2).

The latter phase consists in the degradation of nucleic acids and proteins by endonucleases
and caspases. Caspase-3, -6 and -7 are known as the executioner caspases [61] and they
ultimately transform cell morphology and metabolism upon activation. Caspase-3 is widely
presented as the principal of the three since it is activated by any of the initiator caspases and
is responsible for triggering DNA fragmentation through activation of Caspase-Activated
Dnase (CAD) endonuclease [62]. Caspase-3 is also reported to be important for anti-apoptotic
body formation through cytoskeleton destabilization. In the end of apoptosis, the immune

system takes the apoptotic bodies in charge through phagocytosis events.
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Fig. 1.3 Bcl-2 family and BH3-only proteins: structure, topology and sequences. Topology
of Bcl-2 family, BH3-only and TCTP proteins (top-left frame). Antiapoptotic (blue background),
proapoptotic (pink) Bcl-2 family proteins and antiapoptotic TCTP (green) are shown. Bcl-2 family
is grouped (dashed) and all members have Bcl-2 Homology (BH) motifs 1-4 (orange, green, blue,
yellow). The caspase-8 cleavage site activating BH3 interacting-domain death agonist (Bid) protein
is highlighted. Transmembrane parts to anchor in the MOM are shown (grey). The structure of
TCTP (pdb code: 2HR9) with unusual BH3-like motif in 3-sheet embedded in core domain is shown
(bottom-right). Bcl-2 (pdb code: 1GJH), Bid (pdb code: 2BID) and Bimpys in complex with B-
cell-lymphoma-extra large protein (Bcl-xL) (pdb code: 1PQ1) are shown. An alignment of Bcl-2
Homology motif 3 (BH3) and BH3-like sequences is also shown (bottom-left).



1.1 Introduction to cancer biology 7
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_ Cytosol
Bel-xL

Mcl-1 Bax

. | | Bak
MOM .

Peripheral space

Fig. 1.4 Bcl-2 family proteins at the MOM. In differentiated tissues, Bcl-xL is constitutively ex-
pressed as cytosolic monomers and dimers, loosely attached and anchored into the MOM. Induced
myeloid leukemia cell differentiation protein 1 (Mcl-1) is only transiently expressed and is pre-
dominantly found loosely attached to the MOM in its free state. Both Bcl-xL and Mcl-1 can still
heterodimerize in the MOM with proapoptotic Bcl-2 family members such as Bcl-2 associated X
protein (Bax) and Bcl-2 homologous antagonist killer (Bak), respectively. This prevents Bax-related
proteins from oligomerization and pore formation that leads to membrane permeabilization and
cytochrome c release in case of pro-death signaling. In this case, cytochrome c is retained is the
mitochondria peripheral space between the outer and inner mitochondrial membranes.

1.1.2.2 Bcl-2 family and BH3-only proteins

Key players of the intrinsic apoptosis pathway are the evolutionary unrelated [63] BH3-
only and Bcl-2 family (Bcl-2 like) proteins (Fig. 1.3). In particular, the Bcl-2 family
proteins balance pro-death and pro-survival signaling [64, 65] to tightly regulate MOMP
under influence of the BH3-only proteins. In the database of Bcl-2 family members and
BH3-only proteins BCL2DB [66], we count 10 Bcl-2 like proteins (6 anti-, 4 pro-), 9 BH3-
only and 44 additional non canonical BH3-containing proteins [66]. Despite sharing core
mechanisms [67] in regulating the MOMP and thus cytochrome c release, Bcl-2 family
proteins still present disparities and are regulated by specific BH3-only proteins partners.
Moreover, the Bcl-2 family proteins can also be regulated by proteins harboring a BH3-like
motif, expanding the panel of intrinsic apoptosis regulators. Here, we present the molecular
players of apoptosis with focus on the Bcl-2 family, BH3-only and BH3-like proteins. We
discuss the interplay between them all with a particular focus on Bcl-xLL and Mcl-1 proteins
whose interations with TCTP will be studied in this work.
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Bcl-2 family proteins

Bcl-2 family proteins have multiple functions in cells including regulation of autophagy [68],
calcium handling [69] and energetics [70] but are mostly known for their critical role as
arbiters of apoptosis with growing importance as cancer targets [71, 72]. Bcl-2 family
proteins are usually distinguished in two classes according to the specific antiapoptotic
or proapoptotic activity of the protein (Fig. 1.3). Over the last 30 years, antiapoptotic
Bcl-2 family proteins Bcl-2 [73, 74], Bcl-xL [75] and Mcl-1 [76] were identified whereas
proapoptotic Bax [77] and Bak [78] were also discovered (Fig. 1.3). All Bcl-2 family
proteins are evolutionary related [63] and share both C-terminal membrane anchor and strong
structural homology between each others. Four conserved BH motifs are generally present in
the primary sequence of Bcl-2 family proteins [79]. Antiapoptotic Bcl-2 family proteins all
sequestrate at least one proapoptotic Bcl-2 family protein. This heterodimerization process
prevents from oligomerization of Bax-related proteins, pore formation in the MOM and
thus membrane permeabilization and cytochrome c release. Although being strongly related,
Bcl-2 family members have specific localization, behavior and structure in cells.

Bcl-xL is constitutively expressed in the vast majority of tissues and exists as cytosolic
monomer, dimer and loosely bound to the MOM [80—83] prior to apoptosis induction or
ligand binding (Fig. 1.4). By contrast, Mcl-1 is predominantly present at significant levels
during development and cancer in a tissue-specific manner and is loosely attached to the
MOM [84] prior to apoptosis. Functionally, Mcl-1 has more rapid turnover compared to
Bcl-xL due to fast proteasome-mediated degradation and its overexpression was frequently
reported in drug-resistant cancer cells. Poly-ubiquitinylation of Mcl-1 necessitates the E3
ubiquitine ligase Mule [85]. In particular circumstances, Mcl-1 can be deubiquitinated by the
Ubiquitin Specific Peptidase 9 X-Linked (USPX9) in a phosphorylation-dependent manner
mediated by the Proline, glutamic acid, serine and threonine rich domain (PEST) domain [86].
In term of interactions, Bax has high affinity for Bcl-xL and Bcl-2 and Bak for Mcl-1 and
Bcl-xL [87, 88].

In term of structure, Mcl-1 does not contain an internal IDR region as observed for Bcl-xL
(Fig. 1.5 A) but the protein has a 200 amino-acid N-terminal flexible PEST domain with
numerous phosphorylations sites documented to regulate ubiquitinylation and proteasome-
mediated degradation. The PEST domain was suggested to weaken the binding affinity of
BH3 ligands at Mcl-1 protein but without altering the selectivity [89]. The Mcl-1 protein is
generally studied as a soluble truncate for the PEST and C-terminal transmembrane domain.
The electrostatic surface map of human Bcl-xL shows a predominantly acidic environment
in the BH3-binding groove of the protein whereas a basic situation is observed in human
Mcl-1 (Fig. 1.5 B). Mcl-1 has a deeper hydrophobic pocket compared to Bcl-xL and is more
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Bcl-xL (1-209) core
A Bcl-xL IDR (27-82)
. Bcl-xL C-ter /2 V
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Fig. 1.5 Bel-xL Intrinsically Disordered Region (IDR) and electrostatic surface map of Bcl-xL
and Mcl-1. (A) Structural alignment of all twenty models in the NMR ensemble of Bcl-xL. ATM
(pdb code: 2ME9). The Bcl-xL IDR (red), the C-terminal tail (grey) and the globular core of the
protein (black) are highlighted. (B) Electrostatic surface map of Bcl-xL. ATransmembrane (TM) (pdb
code: 2ME9) and Mcl-1 APESTATM (pdb code: 2MHS).

rigid, opening the door to the development of Mcl-1 specific inhibitors [72, 90] (Fig. 1.12 B)
which is important for the treatment of Acute Myeloid Leukemia (AML) for example, where
people want to preserve constitutive Bcl-xL and healthy immune cells to selectively target

the overexpressed Mcl-1 protein in malignant cells.

BH3-only and BH3-like proteins

In this manuscript, we often refer to canonical "BH3" or "BH3-like" motifs and associated
"BH3-only" or "BH3-like" proteins. First, the canonical BH3 motif was originally found
in BH3-only proteins which refer to promoters of apoptosis that interact with Bcl-2 family
proteins through their BH3 motif and were discovered for most in the 1990’s [91, 92]
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(Fig. 1.3). They have no evolutionary link with the proteins from the Bcl-2 family [63]
but still converged to include the BH3 motif [93, 94] in their primary sequence. The
canonical BH3 motif was first defined as a short amino-acids stretch (7-15 residues) with
four conserved hydrophobic residues spanning in the short sequence from position h1 to h4
with critical importance for anchoring into the BH3 binding groove of Bcl-2 proteins [95, 96].
These residues are spaced by less conserved amino-acids between sequences. About ten
different BH3-only proteins such as Bcl-2-like protein 11 (Bim), Bcl-2-associated death
promoter (Bad) (Fig. 1.3) were reported and all act as sensors which permit to transduce
death signaling upon a wide variety of stress [92]. In BH3-only proteins, the BH3 motif
is unstructured [97, 98] prior to bind Bcl-2 family members and the proteins have no
stable tertiary structure. They can anchor into the MOM through their C-terminal tail and
upon interaction with Bcl-2 family partners, thus achieving their proapoptotic functions by
regulating Bcl-2 family proteins [99-102]. The local MOM organization [103] and specific

receptors [104] can influence the recruitment of the BH3-only proteins.

Interestingly, the regulation of BH3-only proteins by post-translational modifications [105]
can switch the protein from inactive to active state, as exemplified by the proteolytic cleavage
of the contested BH3-only protein Bid prior to Bcl-2 family members binding which exposes
the BH3 motif (Fig. 1.3). Indeed, the solution structure of the Bid protein [106, 107] did
surprisingly show a similar fold compared to Bcl-2 family proteins. Bid had tertiary structure
organization with the BH3 motif preformed as an «-helix, which contradicts observations
for all others BH3-only proteins. Later after the discovery of Bid it was proposed that the
BH4 motif [108] could be finally present in the protein. Similarities and differences between
Bid and both BH3-only and Bcl-2 family proteins were reviewed and led to propose that Bid
could be more related to the Bcl-2 family than BH3-only proteins [109, 91].

Beyond BH3-only proteins, several unrelated proteins were found to encompass a canonical
BH3 sequence in their primary sequence. Due to structure/function divergence compared to
the classical BH3-only proteins or just no sufficient data to establish similarities, these were
classified as BH3-like proteins. For example, the E3 ubiquitine ligase Mule that targets Mcl-1
to promote proteasome-mediated degradation of the protein owns a canonical BH3 motif
but is ranked with the BH3-like proteins according to BCL2DB (Fig. 1.3). But BH3-like
proteins can also contain non-canonical BH3 motif, the BH3-like motif, and still interact
with Bcl-2 family members. The BH3-like motif does not include all hydrophobic residues at
position h1, h3 and h4 and one or more can be missed, still allowing the motif to bind Bcl-2
family proteins and regulate them. In the database of Bcl-2 family members and BH3-only
proteins BCL2DB [66], we count 44 BH3-like proteins whereas only 10 Bc¢l-2 like proteins
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(6 anti-, 4 pro-) and 9 BH3-only proteins [66] are reported. The vast majority of BH3-like
proteins were reported to have proapoptotic properties and to function as sensitizer BH3s. A
rare example of antiapoptotic BH3-like protein is the telomerase reverse transcriptase binds
to Bcel-xLL and Mcl-1 and inhibits apoptosis in cancer cells [110]. Importantly, TCTP was
also identified among the few BH3-like proteins that inhibit apoptosis rather than promoting
it [111] (Fig. 1.3).

1.1.3 Tumorigenesis

Self-sufficiency in
growth signal Insensitivity to

anti-growth signals
Evading
apoptosis
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Fig. 1.6 The hallmarks of cancer. Acquired capabilities of cancer cells and tumor upon tumorigene-
sis. Figure taken from "The Hallmarks of Cancer" [1] original paper. Cancer cells acquire capabilities
such as self-sufficiency in growth signal, insensitivity to anti-growth signals, evading apoptosis and
limitless replicative potential. Sustained angiogenesis plus tissue invasion and metastasis are acquired
capabilities in the context of the tumor.
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The scientific community in cancer biology and beyond has embraced a model for tumori-
genesis in article "The Hallmarks of Cancer” [1] (2000) which received more than 30 000
citations reported in peer-reviewed academic journals. Published ten years later, the article
"The Hallmarks of Cancer: the next generation” [112] (2011) received exceptional attention
with more than 36 000 citations. In the initial paper, the authors have introduced cancer
as a disease involving dynamic changes in the genome. They present tumor development
as a process formally analogous to Darwinian evolution in which accumulation of genetic
changes leads to the apparition of new characteristics conferring an advantage for tumor
cells compared to normal cells. Considering the almost beyond measure corpus of data
regarding cancer research, the authors of "The Hallmarks of Cancer" [1] established and
discussed a limited number of characteristics shared by all cancer cell lines and tumors to
propose a simple model of the tumorigenesis process (Fig. 1.6). These shared characteristics
depend on genes promoting or inhibiting the transition from normal to tumor-associated
phenotype. The corresponding proteins were historically classified as oncogene or tumor sup-
pressor, respectively [113]. Six different capabilities were introduced to describe all different
types of cancer cells, regardless the particular genetic profile of the cell. Self-sufficiency
in growth signal was historically the first capability to be clearly established in cancer cell
phenotypes [114, 115]. Reciprocally, cancer cells can turn insensitive toward anti-growth
signals such as tumor suppressors that normally maintain the cellular quiescence and their
inactivation can promote entry in the G1 phase of the cell cycle [116]. Intimately linked with
proliferative capabilities, evasion of apoptosis is the third trait represented in all cancer cell
types [117]. Inhibition of apoptosis can be achieved by different ways including survival
factors production [118] and direct inhibition at the mitochondria [119]. The simultaneous
acquisition of the proliferative potential and apoptosis resistance is rare in a normal pool of
cells because proliferation constitutively promotes apoptosis and is repressed upon proapop-
totic signaling [18] in differentiated cells of any tissue. The concept of cancer cell platform
was proposed to describe a cell which acquired both proliferating capability and apoptosis
resistance [47] and this can promote neoplasia upon proliferation, which is the early step
of tumor manifestation at the tissue scale [120, 121]. The limitless replicative potential,
often through telomerase activation [122], is the fourth trait of cancer cells. In solid tumors,
sustained angiogenesis capabilities can be developped [123]. Finally, tissue invasion and
metastasis is the ultimate capability of cells completing tumorigenesis. In the update of "The
Hallmarks of Cancer: the next generation” [112], two major traits were added to the current
description. Reprogramming of energy metabolism [124] and evading immune system [125]
completed the criteria set, thus unifying all cancer cell types under a same phenotypical

description.
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1.2 TCTP protein is a switch of tumor reversion

In a rare but spontaneous and naturally occurring manner, cancer cells can lose characteristics
of the associated phenotype to recover some characteristics associated with healthy cells,
such as susceptibility toward apoptosis and proliferation arrest [126]. Such process was
described as the tumor reversion program and represents the step beyond malignant transfor-
mation [127]. The TCTP protein was largely described in this context and is considered as a
molecular switch of the signalization pathway. But TCTP protein has also many other roles
and functions in cells unrelated to apoptosis and cancer. In the current section, we introduce
the concept of tumor reversion and establish its relevance in cancer treatment regarding the
literature and the work of our collaborators A. Telerman and R. Amson (IGR, CNRS/Univer-
sité Paris-Saclay) (Sec. 1.2.1). Then, we discuss other partners and roles reported for TCTP
in both cellular and physiological contexts (Sec. 1.2.2.2). We finally detail the role of TCTP
in apoptosis pathway in the context of cancer cells (Sec. 1.2.3) as we extensively worked at
unveiling the molecular basis that could explain the impact of TCTP protein on apoptosis

inhibition and tumor reversion.

1.2.1 The tumor reversion at a glance

Tumorigenesis can represent a dedifferentiation process [2] in which highly specialized cell
develop characteristics of undifferentiated cells with associated apoptosis resistance and pro-
liferation capabilities. Reciprocally, tumor reversion can be described as a re-differentiation
process by which highly tumorigenic cells lose a great extent of their malignant phenotype
and can recover sensitivity toward apoptosis [126]. It should not be considered as an an-
tagonist mechanism compared to tumorigenesis, but more as the step beyond malignant
transformation [127], with accumulation of more genetic abnormalities from cancer to re-
vertant cells (Fig. 1.7 B). First experimental evidences of tumor reversion were reported in
1907 upon re-differentiation of teratoma cells in normal somatic tissues [128]. Since then,
tumor reversion was demonstrated in plants [129], upon viral infection and transformation of
hamster cells [130], all-trans-retinoic acid administration for Acute Promyelocytic Leukemia
(APL) treatment [131] and integrin blockers in both in vitro and in vivo [132] conditions,
among others [127].

Ten years ago a comprehensive model was proposed after extensive review of available
data in biological models of tumor reversion [127] (Fig. 1.7 B, C). Using erythroleukaemia
(K562), myelomonocytic leukaemia (U937) and other human cell lines the authors have

taken advantage of the H1 parvovirus capacity to preferentially kill cancer cells compared to
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Fig. 1.7 The tumor reversion at a glance (A) Biological models of tumor reversion. To study tumor
reversion in relevant cell models the H1 parvovirus (grey) is used to negatively select cancer cells
(red) leading to the relative increase of revertant cell population (blue). Three rounds of selection
are applied with specific regeneration periods to yield a pool of revertant cells. Upon selection,
the resulting cell line is stable even in absence in selection pressure, suggesting that this cell has
undergone specific reprogrammation. (B) Theoretical model of tumor reversion. In normal cells
(green) genomic instability can lead to cancer transformation (red). The tumor reversion results from
further impairments in genomic integrity leading to recovery of characteristics of healthy cells (blue).
From a single cancer cell, genomic events leading to tumor reversion can be multiple (dashed lines).
(C) Overview of molecular pathways of tumor reversion. Initiation of tumor reversion can originate
from p53-dependent or independent events. Major molecular hubs in regulating tumor reversion are
presented: the E3 ubiquitin ligase SIAHI, the presenilin-1 y-secretase, the metalloreductase TSAP6
and the TCTP protein. All schemes are adapted from "The molecular program of tumor reversion:
the steps beyond malignant transformation” [127].

normal cells [133]. Revertant cells were obtained after three rounds of negative selection
using H1 parvovirus on cancer cell lines (Fig. 1.7 A). Historically, this experiment was
done on erythroleukaemia cell line K562 and took more than three years to obtain K562
suppressed (KS) cells. These cells did not undergo re-differentiation upon selection, but
the tumorigenicity was essentially lost after parvovirus H1 selection. The experiment
was repeated with U937 cells from myelomonocytic leukaemia solid tumors. The U937
suppressed (US) revertant cells failed to grow in soft agar and very little tumorigenicity was
observed upon injection of US cells in Severe Combined Immune Deficiency (SCID) mice.
This highlights the potential of tumor reversion for cancer treatment since the natural process
is very rare (one in 10%-107) upon application of H1 parvovirus and is unlikely to occur with
clinical significance in human tumors. Next, proteomic studies and mRNA sequencing from
revertant and cancer cells were done to identify both genetic determinants and molecular
pathways of tumor reversion [134—137]. More than 300 different genes were recapitulated
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and are implicated in the tumor reversion program [127] since their expression levels were

modified from tumor cells U937 compared to revertant US cells.

Within the large gene ensemble, four were more extensively described by the historical au-
thors and encode for hub proteins at the crossroad of various signaling pathways (Fig. 1.7 C).
The E3 ubiquitin ligase SIAH1 and the transmembrane ferrireductase TSAP6 were upregu-
lated in revertants whereas the protease PS1 y-secretase and the TCTP were downregulated in
revertant cells [138, 137]. Upstream signaling relevant to tumor reversion at the four proteins
are multiple and either p53-dependent or p53-independent. Moreover, cross-talks between
the four proteins were reported as exemplified for TSAP6 which promotes exosome-mediated
secretion of TCTP [138], reinforcing the highly intricate nature of the molecular routes in
tumor reversion. The molecular pathway of tumor reversion was further developed [137, 139]
and evidence has made TCTP the essential molecular switch to enable or disable tumor
reversion. In cancer cells, high TCTP levels can inhibit apoptosis mainly in the context
of both p53/Mouse Double Minute 2 homolog (MDM?2) axis and Bcl-2 family proteins in
the intrinsic apoptosis pathway. Lower TCTP levels promote tumor reversion, highlighting
the protein as a key actor of phenotypic reprogramming from malignant to healthy-like

phenotypes [140].

1.2.2 TCTP protein: structure, interactome and functions
1.2.2.1 Structure and conservation of TCTP protein

TPT1 gene encodes for the TCTP protein

The human TCTP gene (TPT1) includes six exons and five introns spanning on 3819 nu-
cleotides and gives two different transcripts with variable 3°’UTR length and no functional
role established so far [141, 142]. TCTP messenger RNAs are highly structured and were
shown to activate the dsRNA-activated protein kinase PKR [143]. Translationally Controlled
Tumor Protein name originates from initial findings where the protein mRNAs were found

abundantly in unstranslated cytosolic particles [144].

Description of the human TCTP structure

At the protein level, alignment of TCTP primary sequences from diverse organisms showed
strong conservation across phylogeny [145]. Several high-resolution structures of TCTP in
different organisms were published from the first solution structure in Schizosaccharomyces
pombe [146] to the recent in the microalga Nannochloropsis oceanica [147]. In all TCTP
structures variations of position and length for secondary structure elements can be observed
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Fig. 1.8 Structure of TCTP and particular elements. The lowest energy structure from TCTP
Nuclear Magnetic Resonance (NMR) ensemble (pdb code: 2HRY) is presented. Colors indicate
the Protein Transduction Domain (1-13) (grey), the BH3-like region (15-29) (blue), the TCTP
signature TCTP1 (48-56), TCTP2 (133-151) (red) and the Bax-homology domain H2-H3 (white).
Phosphorylation sites S46 and S64 are also shown (green). The IDR (38-66) and seat of calcium
binding is highlighted.

with no important differences in term of structure elements and tertiary organization. Here,
we report the solution structure of human TCTP (Fig. 1.8).

TCTP is usually described as a monomeric protein and is a small (20 kDa), single-domain
entity which includes a globular core and an internal IDR which projects far away from
the globular domain of the protein. The TCTP fold contains three x-helices (¢, x> and
«3) and eleven [3-strands. These are arranged in a small (3-sheet (35,3¢ and two larger
[3-sheets 37,33,39 and (31¢,34-3. The two latter 3-sheets arrange together to adopt [3-tent
organization [148].

Despite no evolutionary link established so far between TCTP and other proteins, a structural
homology between «-helices H2-H3 of TCTP and H5-H6 of Bax was suggested [149] with
possible implications for TCTP insertion into the MOM. Finally, the N-terminal contains

an elevated number of residues for which no variation was observed across phyla. TCTP
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protein has conserved signatures TCTP1 (48-56) and TCTP2 (133-151) in the IDR with no
functional role documented at the beginning of this PhD thesis. Also in the IDR, residues
S46 and S64 are targets of the Plk-1 and are highly conserved in all aligned mammalians
sequences (Fig. 1.8).

The BH3-like motif in TCTP protein

Most importantly in the frame of the current work, TCTP contains a N-terminal BH3-
like motif [111] embedded in the globular domain of the protein (Fig. 1.8) with strong
conservation. The BH3-like motif in TCTP is between residues D16 (h1) and L27 (h4) and is
a short amino-acid sequence involved in the regulation of the intrinsic apoptosis pathway via
interactions with Bcl-2 family proteins. Compared to canonical BH3 motifs, the BH3-like
motif of TCTP (TCTPgy3) contains 120, 123 and L27 at conserved positions h2, h3 and h4

but lacks an hydrophobic residue in position hl were D16 is strictly conserved across the

phylogeny.

1.2.2.2 TCTP interactome and functional consequences
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Fig. 1.9 Interactome and functions of TCTP protein. (A) Schematic representation of the proteins
interacting with TCTP [140]. Identification or partners by yeast two-hybrid screening (yellow),
co-immunoprecipitation of overexpressed proteins (blue), subcellular colocalization, Surface Plasmon
Resonance (SPR) and pull-down assays (pink), immunoprecipitation of endogenous proteins (green),
genetic interactions in murine models (red), use of pharmacological agents (black), or clinical
relevance in a cohort of breast cancer patients (turquoise). These TCTP interactions with other
proteins are represented according to seven functionally different categories [140]. Partners are
grouped by type of underlying function. The list is not exhaustive and was updated recently [145].
(B) TCTP is a multifunctional protein [127].
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Fig. 1.10 Structural model of TCTP/Y-Box associated protein 1 (YB-1) and TCTP/MDM?2
complexes [150, 151]. (A) Model of the putative interactions between TCTP and the MDM?2
N-terminal domain [150] (B) Molecular Dynamics (MD) simulation of TCTP and YB-1 [151].
Representative conformation snapshots of the TCTP/YB-1 (1-129) complex structure in the period
70 ns. Root Mean Square Deviation (RMSD) and radius of gyration (Rg) of the TCTP/YB-1 (1-129)
complex.

The variety of TCTP partners led to a myriad of cellular and physiological functions for TCTP
protein. These include development and cancer, immune system, gene expression, mitosis and
more [127] (Fig. 1.9 B). Experimentally validated protein partners for TCTP were extensively
reported a few years ago [140] (Fig. 1.9 A). These partners were classified according to
their functions and range from anti-apoptotic proteins to cytoskeleton, DNA processing and
repair, GTPases, p53 axis, cytoskeleton and mitotic machinery and RNA/ribosome/protein
biogenesis. The list was recently updated [145] since several other TCTP partners were
reported within the past six years including YB-1 [151] or IgE/IgG [152] proteins. Moreover,
TCTP has many different localization and can be found in the cytosol, mitochondria, nucleus
or even in the extracellular space. In this section, we report several interactions and associated
functions of TCTP protein, including TCTP self-association and cytokine-like activity. We
also discuss the importance of post-translational modifications in regulating the protein
interaction and function. In the next section, we will more extensively focus on apoptosis-
related interactions since it represents the core of the current study.
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TCTP in development

TCTP is required for embryonic development in mice and is a transcription factor for genes
Oct4 and nanog that repress genes associated with differentiated cells [31]. In this context,
TCTP can prevent cells from undergoing differentiation and this can be one reason why it is
important in development, since embryonic cells must have proliferative and pluripotency

potentials which is a definition of non-differentiated cells.

TCTP in protein synthesis

Interestingly, TCTP interacts with the elongation factor eEF1B [153]. Using a structural
approach, it was shown that TCTP interacts with eEF1B using predominantly its highly basic
helical domain (o, 3) by conserved hydrophobic and electrostatic interactions. Herein, this
interaction is related to protein synthesis. Indeed, TCTP is found in all eukaria and p53 is not
found in plants, for example. It is tempting to think that divergence in protein conservation
across species is an indication that p53 might not be the first interest of TCTP in cells and the
authors of the paper we mentioned proposed that the more largely conserved TCTP/eEF1B
interaction might represent a primary role for TCTP in normal and deregulated cells.

TCTP and the mammalian Target Of Rapamycin (mTOR) pathway

TCTP/TPTI1 has no evolutionary link reported with other proteins/genes, even though the
protein was found structurally related to the Mss4/Dss4 chaperone family. Although chal-
lenged since the first study, TCTP was shown, as for Mss4, to be a weak Guanine nucleotide
Exchange Factor (GEF). The suggested role of TCTP as a GEF at the GTPase Rheb in
Drosophilia melanogaster [154] led to also describe TCTP in the context of the mTOR
pathway, since Rheb regulate mTOR proteins complex. The mTOR pathway regulates many
processes in cells, such as cell size and number, and is described as a sensing system for the

integration of environmental and intracellular signals.

TCTP, Heat shock protein 27 (Hsp27) and chaperone activity

Interestingly, TCTP was also identified as a chaperone protein with role in stress response.
Reciprocally, chaperone protein that target TCTP were reported with, for example, Hsp27
protein [155]. The TCTP/Hsp27 interaction has a pro-survival impact in Castration-Resistant
Prostate Cancer (CRPC) cells since Hsp27 inhibits stress-induced ubiquitination and proteo-
somal degradation of TCTP. In the context of the castration-resistant prostate cancers, TCTP
emerges as an apoptosis inhibitor and a pharmacological target of choice since it is usually not
expressed at high levels in healthy, differentiated cells. The antisense oligonucleotide (ASO)
approach was used to target TCTP mRNA in a CRPC context and did restore p53 expression
and function. Interestingly, the sensitivity of cells for docetaxel, an anti-tumor agent, was

raised upon targeting of TCTP using the ASO drug. This emphases on the opportunity to
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develop TCTP-based bi-therapy for cancer treatment, as we will discuss latter of ongoing

clinical trial with sertraline and Ara-C drugs in a bi-therapy context (Sec. 1.2.3.3).

Self-association of TCTP protein

Before its identification as a molecular switch of tumor reversion, TCTP was first described
as Histamine Releasing Factor (HRF) with cytokine-like activity in allergy response. The
cytokine-like activity was linked with the presence of covalent TCTP dimers forming upon
short (1-11) or long (1-35) truncation of the N-terminal region [156]. In the same study, the
covalent dimerization involved predominantly the C-terminal, solvent-exposed C172 residue
but covalent dimers could still be detected upon C172S mutation, which demonstrated that
TCTP can still form covalent dimers via C28 residue. This is surprising considering that
residue C28 is included in the BH3-like motif of TCTP which is buried in the hydrophobic
core of the protein, not readily accessible for disulfide bond formation. As mentioned, TCTP
covalent dimers form upon short (1-11) or long (1-35) truncation of the N-terminal in TCTP
and this first truncation (1-11) could free the BH3-like region (15-29) from the anchoring
to TCTP core, thus allowing for covalent dimers formation. Notably, the presence of the
same covalent TCTP dimer was confirmed in vivo in the sera of atopic and asthmatic patients
and in Broncho-Alveolar Lavage Fluids (BALF) from mice with airway inflammation but
could not be detected in cells which suggests that this covalent dimer has existence and
functions outside of cells, in a more physiological perspective. Interestingly, the anti-malarial
drug artemisinin was shown to bind TCTP and to also induce the formation of covalent
dimers [157] in presence of heme. The authors suggested that the drug could bind to
preformed TCTP dimers related to its cytokine-like activity in allergy-related pathways. They
propose the mechanism to be part of the anti-malarial effect of artemisinin and also relate the

importance of C172 residue for disulfide bond formation.

Even though TCTP protein is most often described to be monomeric in solution as shown by
the solution structures of the native protein from various species, covalent and non-covalent
dimers of TCTP were reported in the literature under particular circumstances. Non-covalent
dimers and oligomers were found by yeast two-hybrid screen with cDNA library from
rats [158] and upon heme addition [159]. Interestingly, hemin-induced TCTP dimer was
found more resistant to urea denaturation than the monomeric form promoted upon calcium
addition. Non-covalent interactions between TCTP units in crystals from the protein were
conserved through species, giving indications about possible interfaces for non-covalent

dimers in solution.
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1.2.2.3 The pleiotropic YB-1 protein associates with TCTP

Among the recently identified TCTP-binding protein, YB-1 is a pleiotropic protein originally
described for its role in DNA transcription but has recently emerged as a potential biomarker
and novel therapeutic target [160]. TCTP was recently found to interact with YB-1 pro-
tein [151]. Using co-immunoprecipitation (co-IP) and Mass Spectrometry (MS) in HeLa cells
the authors found 98 different TCTP partners and the interaction with YB-1 was confirmed
through in vitro and in vivo experiments. The authors have demonstrated the dependence of
the interaction toward segments of YB-1 (1-129) and TCTP (42-83). Additionally, they have
calculated a structural model of the complex in direct interaction through MD experiments
(Fig. 1.10 B). However, no information regarding the interplay of YB-1/TCTP and RNAs
was unveiled yet. Indeed, unpublished data suggest that TCTP and YB-1 could be involved

in RNA sorting and more specifically the subcellular and extracellular distribution of RNA.

1.2.2.4 Post-translational modifications in TCTP protein

TCTP is predicted to undergo Post-Translational Modifications (PTM) [145] after estimation
with the ELM server [161]. Among these, phosphorylation at residues S46 and S64 by Plk-1
was confirmed in vivo and was required for correct mitosis [33] and meiosis [32] termination.
Indeed, the phosphorylation events in TCTP IDR permits to detach TCTP from the mitotic
spindle [31], thus allowing to proceed in anaphase and further to achieve cell division.
This example of PTM in TCTP IDR influences the localization of TCTP [33, 162, 163]
and S46 phosphorylation is also a biomarker of Plk-1 activity in cancer cells as well as
a prognosis factor [164] with potential interest in anti-cancer strategy. In another study,
only phosphorylated TCTP at residue S46 was reported in mitotic cells [165]. Others In
vitro experiments [166] suggest that TCTP could be phosphorylated at position S64 in
specific conditions. In general, a hierarchical mechanism is proposed for Plk-1 mediated
phosphorylation of protein targets. Moreover, S46 residue is conserved across all eukarya
whereas S64 is only conserved in mammals. Thus, the impact of the couple might then be
limited to higher eukarya. Other sites were experimentally reported to be phosphorylated
upon particular events. Residues S9 and S15 in an insulin-dependent manner [167] and
T39, S53 in mitotic cells [165]. Different other PTM events were experimentally validated
such as N-glycosylation [168] and sumoylation. The latter contributes to regulate TCTP
localization in cells [169]. Notable predicted PTMs include cleavage sites for caspases 3 and

7 in solvent-exposed regions of the protein.
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1.2.3 TCTP-regulated pathways in apoptosis and tumor reversion
1.2.3.1 Apoptosis inhibition routes

TCTP directly interacts and regulates several proteins involved in cell cycle and apoptosis
regulation including the E3 ubiquitin ligase MDM2 [170] and the antiapoptotic Bcl-2 family
proteins Bcl-xL [171] and Mcl-1 [172]. The pro-survival properties of TCTP in cancer cells
is likely to originate at least in part from these interactions since TCTP diminishes p53
levels via inhibition of MDM?2 autoubiquitinylation [173] and stimulates the antiapoptotic
properties of Bcl-2 family members Bcel-xL and Mcl-1 [171, 172].

On the p53 axis, TCTP was reported to directly interact with p53-MDM2 containing com-
plexes in a competitive manner with NUMB [173]. The direct nature of TCTP and MDM2
interaction was validated in vitro by SPR experiments [173] and TCTP was shown to inhibit
MDM?2 auto-ubiquitinylation in functional assays, thus promoting p53 proteasome-dependent
degradation. TCTP was proposed to bind MDM?2 C-terminal domain through its N-terminal
segment (1-68). In another study a small molecule known to promote apoptosis and cell
cycle arrest by blocking binding between MDM?2 and p53 had inhibitory effect on TCTP
and MDM?2 interaction, suggesting a common binding site for p53 and TCTP on MDM?2
protein [150]. This suggests that TCTP may have multiple binding sites on MDM2 to regu-
late its activity and p53 cellular fate. In the same study, the interaction site was in MDM?2
N-terminal domain and the Bax-homology domain (x-helices o, «3) in TCTP (Fig. 1.10 A).
To add complexity in the interplay, the direct binding of TCTP to p53 and its functional
impact was also reported a few years ago [174]. The authors developed an overexpression
system of TCTP and p53 in lung carcinoma cancer cells and found that TCTP overexpression
reversed p53 mediated apoptosis. Consistently, RNA silencing of TCTP did restore apoptosis
in the corresponding cells. Overexpression of TCTP was accompanied by degradation of
p53, consistently with the suggested inhibition of MDM?2 degradation upon interaction with
TCTP.

Although controversial, TCTP could also inhibit apoptosis by scavenging calcium ions upon
efflux from the Endoplasmic Reticulum (ER) [175, 176]. To summarize, TCTP prevents
cancer cells from undergoing tumor reversion at least in part by inhibiting apoptosis and thus

favoring tumor cells maintenance and progression.
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1.2.3.2 TCTP and Bcl-2 family members Bcl-xL and Mcl-1 at the MOM

Death stimuli - Intrinsic pathway Cytosol
BH3-only
O Mule &
----------- > |0
=

Mcl-1

Bel-xL o ,
| R\ MOMP
O |
MOM | ¢ .

Peripheral space

Fig. 1.11 Intrinsic pathway activation via BH3-only proteins. In presence of cellular stress such
as DNA damage BH3-only proteins are induced by tumor suppressors such as p53. These can be
activators BH3s and bind Bax-related proteins (pink circle) or they can be sensitizer BH3s (red circle)
and inhibit antiapoptotic Bcl-2 family proteins to prevent heterodimerization with proapoptotic Bcl-2
proteins. The latter can oligomerize to form pores in the MOM, leading to membrane permeabilization,
cytochrome c release and death induction. For Bcl-xL, the cytosolic dimer is reported to dissociate
upon ligand binding, but cytosolic heterodimers can still be observed. Additionally, Mcl-1 undergoes
a fast degradation through the proteasome pathway, possibly under the dependence of the E3 ligase,
such as Mule.

Regulation of the Bcl-2 family by BH3-only proteins

Bcl-2 family members can be regulated by BH3-only (Fig. 1.11) and non canonical BH3
containing proteins, referred to as BH3-like proteins. In general, BH3-only and BH3-like
proteins are proapoptotic in the context of the intrinsic apoptosis pathway and thus they
inhibit antiapoptotic Bcl-2 family members or activate proapoptotic proteins from the same
family. Even though Bcl-2 family proteins share common structural properties, they have
specific BH3-only protein partners [177] and mode of action. This was theorized by the
"embedded together" model [178, 179, 99, 180] and simplified "unified" model [88] which
describe the interplay between Bcl-2 family and BH3-only proteins at the MOM in the
context of pro-death stimuli. BH3-only proteins that inhibit antiapoptotic Bcl-2 family
members such as Bcl-xL and Mcl-1 are said sensitizer BH3s. BH3-only proteins that activate
proapoptotic Bcl-2 family members such as Bax are activator BH3s. Inhibited Bcl-xL and
Mcl-1 could not heterodimerize anymore with Bax and Bak, respectively. Bax is activated



24 Introduction

swapped helix
.

Free Mcl-1

Fig. 1.12 Structures of free Bcl-xLL and Mcl-1 and complex with BH3 peptides. (A) Crystal
structure of Bcl-xL/TCTPgys [111]. Bcel-xL (white) and swapped helix «; (black) as well as TCTPgy3
(blue) are differentiated. (B) Structural alignment of free Bcl-xL (pdb code: 2ME9) (green) and Mcl-1
(pdb code: 2MHS) (pink). (C) Structural alignment of free Mcl-1 (pdb code: 2MHS) (white) and
upon complex formation with Muleggs (pdb code: SC6H) (black). Mulegys (blue ribbon) is shown.

by the direct binding of activator BH3 and can then oligomerize in the MOM, as Bak also
does from its free state directly, leading to pore formation and membrane permeabilization,
cytochrome c release and subsequent activation of the intrinsic apoptosis pathway. In term of
cellular localization in presence of death stimuli, Bcl-xL and Mcl-1 exist as MOM-anchored
heterodimer with sensitizer BH3 or proapoptotic Bax and Bak, respectively. Mcl-1 can be
readily degraded via the proteasome pathway upon binding and ubiquitinylation by Mule, an
E3 ubiquitine ligase with canonical BH3 sequence that targets Mcl-1 (Fig. 1.11).
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Fig. 1.13 State of the art in TCTP complex with Bcl-xL and Mcl-1. (A) Mitochondrial membrane
permeabilization assay with TCTP at increasing concentrations on a Bcl-xL/Bax in vitro mitochondrial
membrane permeabilization assay [111]. (B) Detection of ubiquitinylated Mcl-1 at increasing concen-
tration of TCTP [172]. (C) Graphical overview of the TCTP effect on Bcl-xL/Bax association and
Mcl-1 ubiquitinylation. Crystal structure of Bcl-XxL/TCTPgy3 [111] and Bel-xL/Baxgys are shown
with the structure of isolated Mcl-1 (pdb code: 2MHS) with highlight on K194, K197 ubiquitinylation
sites (magenta) and BH3 binding groove (mauve).

TCTP stimulates the antiapoptotic Bcl-xL to promote Bel-xL/Bax interaction

TCTP and Bcl-xL interaction was reported to be dependent of the N-terminal region of
TCTP [171] and to be abolished upon R21A and Y101K mutation at TCTP or Bcel-xL [111],
respectively. In this context, the anti-apoptotic activity of TCTP was linked to its capacity to
bind Bcl-xL. The N-terminal region of TCTP was shown to contain a BH3-like motif [111]
with residue D16 in position h1 where canonical BH3 motifs have conserved hydrophobic
type of residue. Despite being anchored in a globular domain and structured, the BH3-
like motif still interacts with Bcl-xL but efficiently form complexes only in alkaline (pH 9)
conditions, low salt concentration (50 mM NaCl) and high temperature (35 °C). This suggests
a high energetic cost for the TCTP and Bcl-xL complex to assemble. In the crystal structure
of Bcl-xL/TCTPgy3 published in 2016, the BH3-like peptide adopted an helical conformation
in the BH3 binding groove of Bcl-xL, forming an heterotetrameric complex with 3D swapped
Bcl-xL dimer (Fig. 1.12). Interestingly, the main difference in the binding of TCTP to the
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BH3 binding groove of Bcl-xL compared to canonical BH3 of higher affinity is the absence
of the first helix turn just before canonical hl position, which is non-conserved in TCTP
since D16 residue is present [111]. This also presumes that full length TCTP should undergo
a dramatic structure and dynamics change to accommodate in the crystal structure of the
Bcl-xL/TCTPgy3 complex since the BH3-like motif is «-helical as a bound peptide whereas
it is a (3-sheet in free full length TCTP (TCTP FL).

In a functional frame, it was reported from mitochondrial membrane permeabilization assay
that TCTP inhibits Bax dependent cytochrome c release by interacting with Bcl-xL, since
it was also shown to not interact with Bax. This means that TCTP potentiates Bcl-xLL
ability to interact with Bax protein, reducing Bax oligomers and pores formation, finally
preventing cytochrome c release (Fig. 1.13 A). It is unknown how full length TCTP could
promote Bcl-xL/Bax interaction, especially when considering that BH3 peptides from Bax
and TCTP do share the same binding pocket in Bcl-xL protein (Fig. 1.13 C). This could be
possibly mediated by Bcl-xL. 3D swapped dimer, since this form crystallized with TCTPgys3
(Fig. 1.12 A) whereas it was reported that Bcl-xL self-oligomerization could compete with
binding of BH3 ligands [83].

TCTP/Mcl-1 interaction has pro-survival impact

TCTP was also proposed to stabilize Mcl-1 against proteasome-dependent degradation [172]
by reducing its ubiquitinylation, thus reinforcing its anti-apoptotic signaling (Fig. 1.13 B).
In another study, it was proposed that Mcl-1 itself did stabilize TCTP [181]. Despite
unclear mechanism, the functional interaction between TCTP and the Bcl-2 family protein
Mcl-1 could also be mediated by the BH3-like motif in TCTP, as shown with Bcl-xL. To
explain how TCTP could inhibit Mcl-1 ubiquitinylation, the protein could either mask the
ubiquitinylation sites K194 and K197 in Mcl-1 or compete with the E3 ligase Mule to bind
the BH3 binding groove of Mcl-1 if we consider the APEST ATM protein truncate generally
used for structural studies (Fig. 1.13 C). Interestingly, it was reported that TCTP and Mcl-1
achieve their antiapoptotic functions independently, since siRNA strategies in Human Bone
Osteosarcoma Epithelial Cells (U20S) showed that upon silencing of TCTP or Mcl-1, the
remaining partner was still able to protect cell from 5-FU induced apoptosis in a dose-
dependent manner [182]. Thus, the biological relevance of this interaction between TCTP
and Mcl-1 could be linked to the mutual stabilization of TCTP and Mcl-1, thus allowing both

proteins to exert their antiapoptotic functions.

Binding profiles of BH3 ligands at Mcl-1 protein
Since we more extensively worked on Mcl-1 protein compared to Bcl-xL, we report a NMR

study with a human Mcl-1 construct. In this work, the binding of Bidgy3 induced spectral
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perturbations from residues at the BH3 binding groove (-;.4) but also in helix «-5 [89],
with respect to the nomenclature of the manuscript (Fig. 1.12 B). In the same study [89], the
authors claim these perturbations are consistent with published structures of Mcl-1 complex.
The helix «-5 in Mcl-1 is seen to displace upon binding of BH3 ligands, which explains why
it is affected whereas it does not define the BH3-binding groove of the protein. We give an
example with the Mcl-1/Mulegys complex (Fig. 1.12 C) (pdb code: SC6H) where s moves
from 2 A backwards in the bound Mcl-1 state compared to free state. Between the free and
bound Mcl-1 structure, helix «s is pushed by helix oz which moves from 2.5 A.

1.2.3.3 TCTP-inhibitors for cancer treatment

AC014
AC339 R
CA592

(confidential)

Thioridazine . 3 Affinity (K,) ~ 1-100uM (SPR)

Fig. 1.14 Ligands targeting TCTP available for studies. The conserved molecular scaffold is
highlighted (thick black bars). Molecules name are indicated and atoms are colored according to their

type.

TCTP is a pharmacological target of interest in cancer treatment [183], especially when
considering that its overexpression is often associated with malignancy and chemoresistance,
consistently with its major role as a blocker of tumor reversion and apoptosis recovery.
Historically, antihistamine drugs were thought to be putative inhibitors of TCTP since the
protein was first identified through its activity in histamine release. Based on this idea, the
antihistamine drug hydroxyzine was shown to bind TCTP and to decrease its levels in cell,
and to present anti-tumoral activity [139]. Hydroxyzine is a substituted piperazine which
has antagonist activity at histamine H; receptors in smooth muscles, vascular endothelial
cells, heart and Central Nervous System (CNS). On-label use of hydroxyzine includes itch-
iness, anxiety, nausea and other histamine-related allergies. In the hydroxyzine molecule,
the piperazine scaffold is substituted by a substituted diphenylmethyl- motif. Research for
structurally close molecules led to discover more efficient drugs at targeting TCTP in both
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in vitro binding assays and ex vivo or in vivo contexts. These were other antihistamine
drugs [184] or the antipsychotic thioridazine [139, 185, 173, 186] and the antidepressant ser-
traline [139, 173, 186]. Thioridazine has a phenothiazine scaffold where the diphenylmethyl-
is conserved through the analogous diphenylamine- motif. It has an antagonist activity at
dopamine D; receptors and is used as antipsychotic in psychiatry. Sertraline contains the
diphenylmethyl- scaffold and is a famous antidepressant, number two in the USA under
the brand name Zoloft. It is a Selective Serotonin Reuptake Inhibitor (SSRI) and binds to
the serotonin transporter (SERT) in the CNS, principally. Interestingly, both drugs were
shown to have anti-tumor activity in lung cancer thus permitting longer survival in patients
when administrated for depression-related purpose, originally [187]. Targeting TCTP to
induce tumor reversion with sertraline was tested through clinical studies phase I and II
about fifteen years ago which were stopped due to unfavorable benefit/risk balance [188].
Nowadays, sertraline is tested in bi-therapy with cytosine arabinoside in adults with relapsed
and refractory AML [189].

Sertraline and thioridazine were shown to directly bind TCTP by SPR [173] experiments with
34 uM and 47 uM dissociation constant (Kg), respectively. The interaction between TCTP and
sertraline was also observed by Thermal Shift Assay (TSA) where, surprisingly, the molecule
did destabilize TCTP and decrease its melting temperature by five degrees [155], while
intermolecular molecular interaction usually stabilizes complexes. The impact of thioridazine
and sertraline in elevating p53 levels in cells was proposed to be mediated by TCTP since
the interaction between TCTP and MDM2 is inhibited upon ligands addition in vitro, thus
recovering higher p53 levels in vivo [173]. However, the binding interaction between TCTP
and the molecules was not confirmed by other techniques and data describing the binding
site of the molecules on TCTP are still unavailable. We know that phosphorylation mimetics
with mutations S46E and S64E did abolish ligand binding, suggesting that the TCTP IDR
where the two phosphorylation sites are located might be involved in the association process.
Moreover, a study confirmed the in vitro interaction of TCTP with phenothiazine-derived
ligands by Microscale Thermophoresis (MST) with similar affinities in the micromolar range.
Further docking experiments have shown that all molecules docked at the same site on the
TCTP IDR. The binding pocket included path T39-148 and E60-T65, both containing the
phosphorylation sites S46 and S64. However, this study was done on a single conformation
of TCTP whereas the IDR is described to sample conformations highly divergent between
each other considering the highly flexible nature of the protein segment. Besides the well
known inhibitors such as sertraline and thioridazine, our collaborators A. Telerman and S.
Messaoudi’s group are currently developing new molecules based on a novel scaffold to
improve TCTP inhibition (Fig. 1.14) with micromolar affinity in SPR experiments and are
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of interest to study by NMR in order to further improve drug development targeting TCTP

protein.

1.3 Structural insights into TCTP and its interactions with

ligands and proteins

We published a chapter in the book [145] in TCTP/TPT1 - Remodeling signaling from
stem cell to disease [190] after invitation from our collaborators A. Telerman and R. Am-
son (IGR, CNRS/Université Paris-Saclay). We reported data from the literature regarding
TCTP interactions with partners of diverse nature such as proteins, peptides, nucleic acids,
carbohydrates or small molecules in both structural and functional perspectives. We also
extensively described TCTP structure, post-translational modifications, conservation and
structural resemblances to evolutionary unrelated proteins. Even though high-resolution data
are still poor concerning TCTP and its interactions, we reported that most TCTP surface
patches are potential binding sites as compared with structurally related proteins from the
[3-tent family [148]. Interestingly, the essential of the published experimental work regarding
binding sites in the protein were obtained by peptidic approaches of questionable relevance
since the protein is a single-domain entity, thus likely loosing its tertiary organization upon
production of separated segments. This raises the need for interaction studies with full
length TCTP to confirm and complement the work with peptides but also encourages to think
that TCTP has a labile structure. Indeed, if unfolded peptides from TCTP are functional at
partners, we can expect them not to be active in the context of the well folded protein. We
develop the case example of the BH3-like motif at Bcl-xLL and Mcl-1 that is buried and not
accessible for interaction in the native protein. As the main conclusion of the book chapter,
we predicted that TCTP could undergo major structural rearrangements upon binding to

partners

Structural Insights into TCTP and Its Interactions with Lig-
ands and Proteins

Nadine Assrir, Florian Malard, and Ewen Lescop
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Structural Insights into TCTP and Its
Interactions with Ligands and Proteins

Nadine Assrir, Florian Malard, and Ewen Lescop

Abstract The 19-24 kDa Translationally Controlled Tumor Protein (TCTP) is
involved in a wide range of molecular interactions with biological and nonbio-
logical partners of various chemical compositions such as proteins, peptides,
nucleic acids, carbohydrates, or small molecules. TCTP is therefore an important
and versatile binding platform. Many of these protein—protein interactions have
been validated, albeit only few received an in-depth structural characterization. In
this chapter, we will focus on the structural analysis of TCTP and we will review the
available literature regarding its interaction network from a structural perspective.

2.1 Introduction

This chapter will focus on the structural aspects of TCTP in the context of its wide
interaction network, with the aim of being as comprehensive as possible. First we
will describe the available structures of TCTP and compare them with other struc-
turally related proteins. Then in a second part, we will discuss the properties of
some amino acid regions of TCTP that are important due to their conservation
and/or specific functions. Then the last two parts will describe the large interactome
of TCTP involving non-proteic or proteic molecules. Two recent reviews
(Kawakami et al. 2012; Amson et al. 2013) also covered part of the topics of this
chapter. However, the last 4 years have witnessed astonishing progress in TCTP
field, and we felt that an updated description of TCTP interactome was necessary.
We believe this chapter will be useful not only for the general reader but also for
TCTP experts, to overcome the difficulties associated with the multiple names of
TCTP found in literature. Indeed, depending on its intra- or extracellular local-
ization, or on the species, TCTP is also called Histamine-Releasing factor (HRF),
p23, p21, Q23, fortilin, Mmilp (yeast), or Tptl. This confusing nomenclature
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undoubtedly hinders the diffusion of knowledge on this protein within the commu-
nity and hence slows down the progress of its characterization.

2.2 Sequence and Structure of TCTP

2.2.1 Description of the Structure of TCTP

The high-resolution structures of TCTP from different organisms have been deter-
mined by NMR or X-ray crystallography (see Fig. 2.1). These include the malaria
parasites Plasmodium falciparum (Eichhorn et al. 2013) and knowlesi (Vedadi et al.
2007), the yeast Schizosaccharomyces pombe (Thaw et al. 2001), the worm
Caenorhabditis elegans (Lange et al. 2012), and wild type (Feng et al. 2007; Susini
et al. 2008) or E12V mutant (Dong et al. 2009) human TCTP. The structures of
TCTP are highly conserved between different organisms. TCTP is a monomeric
protein, although covalent and non-covalent TCTP dimers have been observed, as
discussed in Sect. 2.4.3. The TCTP fold contains three a-helices (o, oy, o3) and
eleven fB-strands arranged in two small B-sheets f,—f1—f;; and fs—Pe and a larger
p-sheet B7—Ps—Po—P1o—Pa—P3 (Fig. 2.1a). The two p-sheets B,—B1—P11 and P7—Ps—Po—
B10—Ps—P3 are twisted and their relative arrangement forms a p-tent (Lupas et al.
2015). The helices o, and a3 are connected by a short loop that creates a kink to
form a helical hairpin. This hairpin sits on one side of the large surface defined by
the six-stranded B-sheet. The different TCTP structures differ by the secondary
structure elements that slightly vary in length and relative positioning. For example,
the B-sheet B,—P1—P1; is severely distorted in C. elegans TCTP compared to the
other structures. One conserved feature of TCTP structures is the long ~30-33-
amino acid loop connecting strands Ps and P¢ (between residues T39 and V66 in
human TCTP sequence, see sequence alignment in Fig. 2.2). This loop is highly
flexible as judged from missing electron density in crystal structures (Eichhorn
et al. 2013; Vedadi et al. 2007; Susini et al. 2008; Dong et al. 2009) and from the
scarcity of long-range NOE restraints in this region leading to poor structural con-
vergence in NMR structures (Thaw et al. 2001; Lange et al. 2012; Feng et al. 2007).
The '°N relaxation NMR study revealed that, in human TCTP, the loop explores a
wide conformation range at the pico- to nano-second timescale (Feng et al. 2007).
The N- and C-extremities of the loop are more or less rigid and tend to form a short
B-sheet Ps—P¢ that projects the loop towards the bulk solution and away from the
core structure. This is clearly visible in the NMR structures of human and S. pombe
TCTP (Fig. 2.1b). The NMR structure ensemble of C. elegans TCTP (Fig. 2.1b) is
more compact and the loop explores a more restricted conformational space, sug-
gesting that a few long-range NOE-derived distances bring the loop in relative close
proximity to the core TCTP structure. It is therefore possible that this loop may
have distinct dynamic properties in the different species.
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C. elegans (NMR, PDB Code 2LOY) C. elegans (NMR, PDB Code 2KWB)

Fig. 2.1 Ribbon representation of the structures of TCTP from different organisms. (a) Crystal
structure of the human TCTP [PDB Code 1YZ1 (Susini et al. 2008)]. The secondary structure
elements are shown using the nomenclature from Fig. 2.2 and the a-helical, f-strand, and coil
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TCTP is a highly charged acidic protein with an isoelectric point around 4.5.
Accordingly, the 172 amino acid human TCTP contains up to 31 Asp/Glu and
20 Lys/Arg amino acid residues. The vast majority of these charged residues are
solvent-exposed at the surface of the protein, making TCTP a highly water-soluble
molecule. TCTP is amongst the most abundant proteins in many eukaryotic cells,
and the high solubility of TCTP is therefore an important feature. Several charged
residues form salt bridges that are partially buried at the surface of the protein. In all
TCTP structures, one aspartate residue (D6 in human TCTP sequence) located at
the C-terminus of strand B; is significantly buried in a hydrophobic environment
where it makes hydrogen bond with the main chain amides of I8 and S9 forming an
Asx-turn motif on the loop B;—,. D6 forms an additional H-bond with the amide
group of M145 at the N-terminus of strand ¢ and, hence, creates contact between
the P,—P;—P11 and P;—Ps—Po—P1o—Ps—P3 P-sheets that define the P-tent. Another
aspartate (D11), located at the beginning of strand f,, is also partially buried and
form H-bond with the backbone of N139 in the loop Bs—po. Both D6 and D11 are
strictly conserved, thus revealing their potential roles in the stabilization of the
B-tent conformation and consequently of the TCTP fold.

2.2.2 Structural Homologues of TCTP

The long helical hairpin represents a hallmark of TCTP and shares strong structural
similarity with other proteins (Susini et al. 2008). These include transmembrane
domains of diphtheria toxin and bacterial colicins as well as the helices H5-H6
found in Bcl-2 family proteins, such as Bax (Susini et al. 2008). However, the sim-
ilarity is restricted to structural features since there is poor amino acid homology
between these proteins. The helical hairpin, and in particular residue K102, plays a
role in the anti-apoptotic function of TCTP (Susini et al. 2008). Bax has a strong
pro-apoptotic property, and remarkably, replacing the essential helices H5-H6 of
Bax by helices a, and az from TCTP does not change much Bax pro-apoptotic
functions suggesting that TCTP helical hairpin can structurally and functionally
replace Bax helical hairpin (Susini et al. 2008).

With the determination of the structure of TCTP, it was also realized that TCTP
shares strong structural similarities with the MsrB and Mss4/Dss4 families (Thaw

Fig. 2.1 (continued) regions are colored cyan, magenta, and rose, respectively. The 30-33 amino
acid long loop between strands f5 and fg is not visible in the crystal structure and is indicated as a
dotted line. Of note, the length of the dotted line does not represent the effective length of the loop.
(b) TCTP structures from human (Feng et al. 2007), fission yeast Schizosaccharomyces pombe
(Thaw et al. 2001), the parasites Plasmodium falciparum (Eichhorn et al. 2013) and knowlesi
(Vedadi et al. 2007), and the worm Caenorhabditis elegans (Lange et al. 2012). For NMR
structures, the ensemble of conformations is shown to illustrate the flexibility of the long loop
due to the absence or scarcity of experimentally determined long-range distance constraints in this
region
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et al. 2001; Lowther et al. 2002) (see Fig. 2.3f,g). The methionine-R-sulfoxide
reductase B (MsrB) is an enzyme involved in the protection of cell against oxi-
dation damages by reducing methionine sulfoxide back to methionine. The Mss4/
Dss4 proteins bind the GDP/GTP free form of Rab GTPase proteins and act as a
poorly efficient guanine nucleotide exchange factor or guanine nucleotide-free
chaperon (Itzen et al. 2006). Despite their different functions, the three protein
families share a similar topology. Although the length of the f-strands differs in the
different families, they all have in common the two B-sheets forming the p-tent.
Nevertheless, some clear variations occur. Firstly, the long flexible loop is absent in
MsrB and Mss4/Dss4 proteins and is specific to TCTP. Secondly, the MsrB and
Mss4/Dss4 families do not possess the long helical hairpin present in TCTP. In the
case of Mss4/Dss4 proteins, an additional two-stranded p-sheet occupies roughly
the position where the helical hairpin is located in TCTP structure (see Fig. 2.3d.f,
g). In MsrB, a short helical hairpin is present roughly at the same spatial position as
the long helical hairpin of TCTP with respect to the pB-tent; however, in MsrB the
two helices represent insertions at the N-terminus instead of being inserted between
strands f;—Pg as in TCTP. The size and the position of the helical hairpin in MsrB
allows the positioning of the substrate on the solvent accessible surface of the larger
[B-sheet as seen in Fig. 2.3g. The similarity of TCTP and Mss4 folds has prompted
studies to explore the role of TCTP in guanine nucleotide exchange. TCTP was
found to be a GDP exchange inhibitor in the elongation step of protein synthesis
(Cans et al. 2003). In contrast, it has been proposed to stimulate the GTP/GDP
exchange on the Rheb GTP-binding protein to control mTORCI1-dependent cell
growth and proliferation (Dong et al. 2009; Hsu et al. 2007), although this function
has been challenged (Rehmann et al. 2008; Wang et al. 2008).

The Protein DataBank was recently interrogated for structural similarities
(Amson et al. 2013; Lupas et al. 2015) and several new TCTP structural homo-
logues were identified, although the proteins shared very little sequence homology:
Cereblon, Mis18, RIG-I, and DUF427 (Fig. 2.3). Because structural similarities
could reveal hints about yet unknown TCTP function, we will describe those
proteins from a structural but also interactome perspective.

Cereblon (CRBN) is a multidomain protein that interacts with the damaged
DNA-binding protein 1 (DDB1) and forms one component of the CUL4-RBX1-
DDBI1-CRBN E3 ubiquitin ligase complex to regulate the selective proteolysis of
key proteins in DNA repair, replication, and transcription (lovine et al. 2011). The
N-terminal extremity of Cereblon contains the LON protease domain and the
DDB1-binding region whereas the C-terminal extremity contains the CULT
domain [Cereblon domain of Unknown activity, binding cellular Ligands and
Thalidomide (Lupas et al. 2015)] that shows structural homology to TCTP.
Cereblon has been identified as the primary teratogenic target of the well-known
thalidomide drug (Ito et al. 2010), and the thalidomide-binding region is located in
the CULT domain (Fischer et al. 2014) (see Fig. 2.3a). The binding of the immuno-
modulatory (IMiD) agents such as thalidomide to Cereblon inhibits ubiquitination
of the CUL4-RBX1-DDB1-CRBN E3 ubiquitin ligase substrates and redirects the
enzyme towards new protein targets such as the ikaros family of transcription



Introduction

C-terminal domain of RIG-I in complex with dsRNA
(PDB Code 3LRR)

S/

TCTP (PDB Code 1YZI)

\/?
e )
Mss4 in complex with Rab8 (PDB Code 2FU5) MstB in complex with Ac-Met-R-O-NHMe (PDB Code 3HCI)

Fig. 2.3 Comparison of structures showing homology to TCTP: TCTP [PDB code 1YZ1 (Susini
et al. 2008)], Cereblon in complex with thalidomide [PDB Code 4CI1 (Fischer et al. 2014)],
C-terminal domain of RIG-I in complex with dsRNA [PDB 3LRR (Lu et al. 2010)], DUF427 (PDB
Code 3DJM, unpublished), the dimer of Mis18 [PDB Code SHJO (Subramanian et al. 2016)], Mss4
in complex with Rab8 [PDB Code 2FUS5, Rab8 protein is shown as a light blue surface (Itzen et al.
2006)], and MsrB in complex with the substrate Ac-Met-R-O-NHMe [PDB Code 3HCI
(Ranaivoson et al. 2009)]. The structures were superimposed on their common p-tent fold. The
protein ribbons are colored according to the secondary structure elements with the o-helical,
B-strand, and coil regions colored cyan, magenta, and rose, respectively. For the dimeric Mis18,
the two monomers are colored with different schemes. When available, zinc ions are represented
as green spheres, and ligands are shown in red

factors IKZF1 and IKZF3 (Fischer et al. 2014) or casein kinase 1a (CK1a) (Kronke
et al. 2015). This IMiD-induced reprogramming of CUL4-RBX1-DDB1-CRBN
E3 ubiquitin ligase relies on novel interactions at the surface of the IMiD-CULT
domain complex (Petzold et al. 2016) that allows new substrate recognition such as
CKla. Cereblon is involved in several protein—protein interactions including
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BKCa, CIC-2, AMPK, PSMBA4, ikaros and aiolos (IKZF3), and MEIS2 as well as
with Ago2 (Xu et al. 2016).

The protein Mis18 is a component of the kinetochore, an essential actor in centro-
mere localization. In S. pombe, Mis18 acts as an obligatory homodimeric form
mediated by the N-terminal Yippee-like domain that adopts a f-tent conformation
(Subramanian et al. 2016) (see Fig. 2.3e). The interface of the dimer is stabilized by
strong interactions between the three-stranded p-sheets of the two protomers. An
additional a-helix at the C-terminus is involved in tetramerization (not visible in fig
2.3e). In human Mis18, oligomerization is conserved but involves an heterodimer
formed between two Mis18 isoforms, Mis18a and Mis18p that share 29% identity
(Subramanian et al. 2016). Within the Mis18 complex, the Mis18a and Mis18f have
evolved to different functions. Mis18a interacts with the Mis18-Binding Protein
1 (Mis18BP1) through its Yippee-like domain whereas Mis18f interacts with the C
terminus of CENP-C also through its Yippee-like domain (Stellfox et al. 2016). The
conserved substrate-binding pocket in Mis18 is required for its function although the
partners are not known exactly (Subramanian et al. 2016).

The retinoic acid-inducible gene I (RIG-I) and its homologs MDAS5 and LGP2 of
the RIG-I like receptors (RLR) family recognize replicating viral RNA for the
innate antiviral immune response. They possess a helicase domain followed by a
C-terminal conserved Yippee-like domain responsible for the binding specificity to
double stranded and 5'-triphosphated single stranded RNA. RNA binding induces a
major conformational change that releases RLR autoinhibition and results in the
activation of type I interferon for the control of viral infection (Leung and
Amarasinghe 2012, 2016). The C-terminal region that shows homology to TCTP
contributes to RNA recognition through a positively charged groove formed by the
large B-sheet and involves interactions essentially with strands B;—Ps—PBo—10—P4s—P53
(Lu et al. 2010; Cui et al. 2008) (see Fig. 2.3b).

The DUF427 protein also belongs to the same structural family as judged from its
3D structure (see Fig. 2.3c). The function of this protein is currently unknown. As
proposed before (Lupas et al. 2015), the glutathione-dependent formaldehyde-acti-
vating enzyme (GFA) that catalyzes the formation of S-hydroxymethylglutathione
from formaldehyde and glutathione also shares some structural similarities with the
abovementioned proteins. We did not include this enzyme in the analysis because the
similarities are restricted to a structural subdomain.

One common feature of a subset of proteins from the -tent family is to bind a
zinc (Zn>*) ion at the apex of the p-tent. This zinc ion is present in Mis18, Cereblon,
RIG-I, and MSS4 and is coordinated by two conserved CXXC motifs. It has been
demonstrated that zinc binding is essential for RIG-I in vivo (Cui et al. 2008), and
the zinc-binding site may contribute to stabilize the two [3-sheets forming the p-tent.
In contrast, the cysteines required for zinc binding are largely absent in TCTP and
DUF427 and most often are lacking in MsrB. Accordingly, zinc binding has not
been reported for these proteins. Consequently, zinc likely does not play any sub-
stantial role for these proteins. Alternative processes therefore stabilize the p-tent
fold in proteins lacking the zinc-binding site. We proposed that the conserved
aspartates D6/D11 could contribute to the TCTP fold (vide supra).
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Proteins from the p-tent fold family share no detectable sequence homology and
have very distinct biological activities and functions. They bind a wide spectrum of
compounds ranging from small molecules to nucleic acids and proteins. As noted in
arecent survey (Lupas et al. 2015), Cereblon, RIG-I, and MsrB bind partners (small
molecules or RNA) through the solvent-exposed large C-terminal $-sheet. This is
clearly illustrated in Fig. 2.3 that shows the similar positioning of the ligands
(shown in red) sitting on the same face of the large p-sheet. It is likely that the
B-tent conformation has converged to expose this binding surface. In TCTP, the
binding position is occupied by the helix hairpin, which reinforces the versatility of
the C-terminal p-sheet to bind various molecular types, including internal peptide
resulting from gene evolution. The presence of the helical hairpin in TCTP clearly
hampers binding of TCTP ligands on the C-terminal pB-sheet but, at the same time,
provides a novel surface formed by the helix hairpin. As shown in Fig. 2.3, other
proteins adopting the p-tent fold expose other interfaces for interaction. In Mis18,
homo- or heterodimerization occur through the smaller 3-sheet. Another example of
the versatility of the pB-tent to expose binding surface is provided by the structure of
the Mss4/Rab8 complex. In this structure, the stretch encompassing helix «; and the
following strand f; from Mss4 is largely involved in the interaction with Rab8.
Taken together, these proteins most likely result from a convergent process to adopt
the p-tent fold that can accommodate various binding modes and binding partners.
Not surprisingly, structural elements that represent extensions when compared to
the minimal fold also occupy known binding interface. This is for example illus-
trated by the helical hairpin of TCTP and the long insertion between strands 33 and
B4 in Mss4 that both interact with the C-terminal p-sheet. Taken together, TCTP
belongs to a large structural family that exposes different binding surfaces and has
the ability to interact with molecules of various types. Due to this diversity, it is
difficult to predict the interactome and the function for members from this family on
the sole basis of the fold.

2.2.3 Functional Elements Within TCTP Sequence
2.2.3.1 Conserved Signatures

TCTP amino acid sequences are highly conserved across eukaryotic cells, including
in animal and plant kingdom, as well as in yeast (Hinojosa-Moya et al. 2008)
(Fig. 2.2). TCTP homologues have also been detected in spider venom, C. elegans
or various parasites. Two primary regions of high sequence homology were identi-
fied and termed TCTP1 and TCTP2 signatures (Thaw et al. 2001). TCTP1 is an
eight amino acid sequence (consensus sequence IG[A-G]N[A-P]SAE) located
between residues 48 and 55 in the flexible loop (we use here by default human
TCTP numbering, see Fig. 2.2) and is largely hydrophilic. Because this region is not
involved in the stabilization of the overall fold of the protein, its conservation is
most likely related to functional constraints, such as protein—protein interaction or
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posttranslational modifications. The residue S53 is a predicted phosphorylation site
for PI3K kinase and its phosphorylation was observed in human cell line during
mitosis (Dephoure et al. 2008), but not confirmed in two other studies (Maeng et al.
2015; Zhang et al. 2012). The conservation of S53 in TCTP1 signature might
therefore be related to TCTP regulation. The TCTP2 signature is located between
residues 133 and 151 and largely conserved residues are: F134-F135 in strand g,
G137-E138-M140-D143 in the following f;—fg loop, and Y151 at the C-terminal
extremity of strand fo. Many of these residues are solvent-exposed and do not
contribute significantly to the 3D TCTP fold, suggesting that their conservation
reveals nonstructural evolutionary pressure. Beyond TCTP1 and TCTP2, other resi-
dues are extremely well conserved in TCTP, including D6, D11, E12, D16, L78,
K93, F114, V156, and K171. D6 and D11 have already been discussed. E12 has
been shown to be essential for protein—protein interaction (Dong et al. 2009; Hsu
et al. 2007; Hong and Choi 2016) and for TCTP guanine nucleotide exchange
(GEF) activity (Dong et al. 2009; Hsu et al. 2007). The conserved solvent exposed
residue K93 in helix o, is involved in protein—protein interaction (Wu et al. 2015).

2.2.3.2 Functional Motifs in TCTP
TCTP Contains a Noncanonical Cell-Penetrating Peptide

TCTP is able to spontaneously penetrate cells of various types but also multiple
organs (Kim et al. 2011a). This property is associated to a protein transduction
domain (PTD) corresponding to the first ten residues of human TCTP
(MITYRDLISH) (Kim et al. 2011a). The internalization seems to involve lipid
raft-mediated endocytosis and macropinocytosis (Kim et al. 2011a, 2015). The
mechanism is not yet understood and seemingly differs from other known protein
transduction domain, in the sense that it does not involve recognition by the cell
surface heparin sulfate (Kim et al. 2011a). TCTP-PTD has been advantageously
used as a cargo for the internalization of fused peptides or proteins with potential in
drug delivery (Bae and Lee 2013; Kim et al. 2011b; Lee et al. 2011). Nevertheless,
the biological meaning of the cell-penetrating property of TCTP is not yet clarified.
A recent study pointed out that extracellular TCTP is sufficient to reprogram
intracellular signaling pathways to promote migration and invasiveness in colorec-
tal cancer cells (Xiao et al. 2016), which strongly supports the idea that TCTP cell
penetration may play (patho)physiological roles. In these processes, TCTP import
may mirror the exosome-mediated TCTP export process for cell-to-cell communi-
cation (Amzallag et al. 2004). From a structural perspective, the PTD domain
encompasses the first strand ; and the following loop f;—f, that form the central
part of the smaller f-sheet. In TCTP structure, most of the side chains of the PTD
are accessible for interaction at the surface. However, the 3D conformation of the
peptide seems not to be required for cell penetration since the 10-mer TCTP-PTD
peptide can efficiently transport various molecules, although it probably lacks
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stable 3D conformation. Hence, it is not clear whether TCTP remains folded or
undergoes severe unfolding during cell internalization.

TCTP Contains a Noncanonical BH3-like Domain

The anti-apoptotic Bcl-xL protein is a partner of TCTP, and the N-terminal fifty
residues of TCTP were identified to contribute to TCTP/Bcl-xL interaction (Yang
et al. 2005). An in-depth sequence comparison with classical BH3 domains, that are
known as Bcl-xL ligands, revealed that TCTP contains a BH3-like domain between
residues 16 and 27 (Thebault et al. 2016). BH3 domains usually fold as an a-helix in
protein—protein complexes and are characterized by highly conserved residues at
positions h1, h2, h3, and h4 that line on one face of the a-helix and that contribute to
stabilize the helix in the BH3-binding groove of the partners, such as Bcl-xL.
Compared to classical BH3 domains, the TCTP BH3-like domain contains the
conserved residues 120, 123, and L.27 at h2, h3, and h4 positions, respectively, but
lacks the hydrophobic residue commonly found at hl position in canonical BH3
domains (see Fig. 2.2). In TCTP, the hl position is occupied by the strictly
conserved D16. Accordingly, the structure of Bcl-xL in complex with a peptide
derived from TCTP,_3; sequence showed that residues 16—27 of TCTP folds into a
a-helix that occupies the classical BH3-binding groove of Bcl-xL (Thebault et al.
2016). Surprisingly, instead of decreasing the anti-apoptotic activity of Bcl-xL, as
would be expected from competition of TCTP BH3-like domains with canonical
BH3 domains at the same binding groove on Bcl-xL, TCTP appears to potentiate
the anti-apoptotic activity of Bcl-xL through a yet unknown mechanism (Thebault
et al. 2016). Whether TCTP BH3-like domain acts also on other BH3-binding
proteins, such as Mcl-1, remains to be investigated.

TCTP Contains an ADP/Cofilin Motif

TCTP interacts with the actin cytoskeleton (Bazile et al. 2009). The comparison of
the primary sequences of TCTP and of ADF/cofilin, a family of actin-binding
proteins that destabilize actin filaments, unveiled a region of high sequence homo-
logy (Tsarova et al. 2010). Indeed, the stretch of residues G69 to E105 that encom-
passes the helices o; and o, and the intervening strand P; shows significant
conservation with the G-actin-binding site of cofilin (Tsarova et al. 2010). Accord-
ingly, TCTP preferentially binds to the globular actin (G-actin) than to filamentous
actin (F-actin), but TCTP binding does not alter actin dynamics (Tsarova et al.
2010).
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2.2.3.3 Posttranslational Modifications of TCTP

Several posttranslational modifications are predicted on mammalian TCTP. The
ELM server (Dinkel et al. 2016) (http://elm.eu.org) predicts for TCTP solvent-
exposed regions the following modifications: cleavage sites for caspases 3 and
7, glycosaminoglycan or N-glycosylation attachment site (S53), CK2 phosphory-
lation sites (residues S9, S37), or Polo-like kinase-1 (Plk1) phosphorylation sites
(846, S64, T65 and S82). Experimentally, only a few posttranslational modifi-
cations have been observed.

Biologically important phosphorylations occur at residues S46 and S64. In vivo,
the polo-like kinase Plk1 phosphorylates these two serines to detach TCTP from the
mitotic spindle for proper mitosis (Yarm 2002). The Plk1-dependent phosphoryla-
tion of TCTP contributes to the subcellular localization of TCTP (Yarm 2002;
Cucchi et al. 2010; Lucibello et al. 2015). S46 phosphorylation has been proposed
to be a biomarker of Plkl level and kinase activity, with potential interest in
antitumor drug design strategy targeting Plk1 (Cucchi et al. 2010) and is observed
in mitotic cells (Dephoure et al. 2008). In vitro, the activated Plk1 can phosphory-
late TCTP at position S46 but not at position S64 (Johnson et al. 2008). A
hierarchical mechanism by which S64 phosphorylation occurs only when S46 is
already phosphorylated has also been proposed (Yarm 2002). The serine S46 is
conserved in higher eukaryotes whereas S64 is only partially conserved (conserved
in mammalian but not in chicken sequences for example, see Fig. 2.2a). Therefore,
the impact of S46/S64 phosphorylations is limited to higher eukaryotes (Johnson
et al. 2008). Mutations of serines 46 or 64 to glutamate residues abrogate TCTP
binding to MDM2 and to the drugs sertraline and thioridazine (Amson et al. 2012).
Considering that these mutations mimic phosphoserines, it might indicate that
TCTP phosphorylation could also perturb TCTP interactome. Furthermore, it has
been proposed that phosphorylated TCTP could be a target of dihydroartemisinin in
cancer cells (Lucibello et al. 2015). More recently, the insulin-dependent phos-
phorylation of S9 and S15 has been reported (Maeng et al. 2015), albeit with yet
unknown functional consequences. T39 and S53 phosphorylation have also been
observed in mitotic human cell (Dephoure et al. 2008). Phosphorylation of TCTP at
definite sites is therefore prone to play important roles in TCTP function.

Beyond phosphorylation, the N-glycosylation of TCTP has been reported
(Teshima et al. 1998). The attachment site is not known but S53 is a serious candi-
date, as judged from ELM predictions. The BioGrid server (http://thebiogrid.org)
reports several proteomics studies indicating that TCTP can be ubiquitinated or
sumoylated. The Ubc9-mediated sumoylation of TCTP controls its subcellular local-
ization, and the residue K164 was identified as a SUMO-1 substrate (Munirathinam
and Ramaswamy 2012). The ubiquitination sites are not precisely known, although
K19 and K112 could be potentially ubiquitinated (Kim et al. 2011c).

TCTP is known as IgE-dependent histamine-releasing factor (HRF) when it acts
in the extracellular space during the human allergic response. The cytokine-like
activity of TCTP seems to correlate with extensive posttranslational modifications
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that may include proteolytic cleavage, dimerization, or oxidation (Kim et al. 2013).
According to the group of Lee (Kim et al. 2013), dimerization is the dominant
process that activates TCTP for its extracellular cytokine-like function. TCTP
contains two cysteine residues C28/C172, of which C172 seems more important
for dimerization (Kim et al. 2009). This can be rationalized by the fact that residue
C28 is located at the beginning of strand B4 and its side chain is completely buried,
and in contrast the C-terminal C172 is largely solvent accessible and available for
self-association (Kim et al. 2009). Dimers were also observed in the C172S mutant
suggesting that intermolecular C28-mediated disulfide bridge also exists (Kim et al.
2009). Dimerization as a posttranslational modification might be required for TCTP
recognition by its receptor during allergy (Kim et al. 2009). To date, there is no
report of the intracellular existence of such covalent dimer, suggesting that the
formation of covalent dimer would be specific of the extracellular function of
TCTP. Obviously, the different redox potentials in the intra- and extracellular envi-
ronments might control the formation of such dimers.

2.3 Binding Properties and Structural Aspects of TCTP
in Complex with Ions, Small Molecules,
Carbohydrates, Peptides, and Nucleic Acids

Since its discovery, the number of TCTP ligands has continuously increased. TCTP
has the ability to interact with ions, small molecules, carbohydrates, nucleic acids,
and proteins for its biological functions, and several small molecules or peptides
have been designed to interfere with TCTP-based cellular processes. In this part, we
will introduce the different TCTP non-proteic ligands (see Table 2.1).

2.3.1 Calcium Binding

Calcium (Ca®") is one of the first molecules shown to interact with TCTP. The first
evidence of calcium binding came in 1992 on the TCTP from Trypanosoma brucei
parasite (Haghighat and Ruben 1992) and was further extended to other species such
as in Wuchereria bancrofti (Gnanasekar et al. 2002), Brugia malayi (Gnanasekar
et al. 2002), Schistosoma mansoni (Rao et al. 2002), rat (Kim et al. 2000), and human
(Sanchez et al. 1997; Arcuri et al. 2004). Nevertheless, Ca2+—binding 1s not conserved
across the phyla since TCTP from ixodid ticks (Mulenga and Azad 2005) and shrimp
(Bangrak et al. 2004) does not bind calcium. The functional relevance of calcium
binding to TCTP is not well understood. It has been proposed that TCTP may act as a
calcium scavenger in the cytosol to protect cells against Ca**-dependent apoptosis
(Graidist et al. 2007). Accordingly, cells expressing TCTP mutant lacking the ability
to bind calcium become more sensitive to thapsigargin-triggered apoptosis (Graidist
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Table 2.1 The list of non-proteic molecules interacting with TCTP is shown in this table. The
species in which the interactions have been observed and some functional insights into the
interaction are also reported

Binding partner Species Function and distribution | References
Calcium (Ca®*) Trypanosoma | Regulation of Ca®* Feng et al. (2007),
brucei, homeostasis and Ca**- Haghighat and Ruben

Schistosoma
mansoni, rat,

induced apoptosis

(1992), Rao et al.
(2002), Kim et al.

human (2000), Sanchez et al.
(1997), Arcuri et al.
(2004), Mulenga and
Azad (2005), Bangrak
et al. (2004), Graidist
et al. (2007), Lucas et al.
(2014), Xu et al. (1999)
Sertraline/thioridazine/ | Human Antihistaminic and Amson et al. (2012),
levomepromazine/ antihistaminic-related Tuynder et al. (2004),
buclizine small molecules. Zhang (2014), Seo and
Efferth (2016)
Peptides Human WGQWPYHC with spe- | Kadioglu and Efferth
cific cytotoxicity against | (2016)
tumor cells.
Human WYVYPSM and Kim et al. (2011d)

WEFPGWM against the
covalent dimeric TCTP.

Artemisinin and

Plasmodium

TCTP is targeted and

Eichhorn et al. (2013),

analogues falciparum, covalently modified by Krishna et al. (2004),
human artemisinin and ana- Bhisutthibhan and
logues, possibly at mul- | Meshnick (2001),
tiple sites from F12 to Bhisutthibhan et al.
Y22 in PfTCTP. (1999), Bhisutthibhan
et al. (1998), Zhou et al.
(2016), Li et al. (2016a)
Heme Human Heme binds TCTP and Lucas et al. (2014)
promotes its
dimerization.
DNA (Sfl promoter of | Xenopus Activates transcription of | Koziol et al. (2007). See
oct4)? oocyte, human |oct4 and nanog. also Cheng et al. (2012)
mRNA* HeLa cells TCTP belongs to mRNA | Castello et al. (2012)

interactome

Chitin, lipopolysaccha-
ride, peptidoglycans,
Bb (Bacillus
bombyseptieus), Sm
(Serratia marcescens)

Bombyx mori

TCTP as a novel opsonic
molecule. Induces the
production of antimicro-
bial peptide.

Wang et al. (2013)

*The interactions of TCTP with DNA and RNA were observed in oocyte extracts and in HeLa
cells, respectively, and have not been confirmed yet in vitro
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et al. 2007). Following this idea, the anti-apoptotic role of TCTP could be due to
multiple mechanisms including the direct interaction with anti-apoptoptic proteins
(including Bcl-xL and Mcl-1) to control their activity but also by preventing the Ca**-
induced permeabilization of the mitochondrial membrane and the resulting release of
pro-apoptotic molecules. The sequestering effect for calcium led recently to the
hypothesis of a “buffer-like” role for TCTP to regulate cellular homeostasis by
avoiding the unwanted excess of soluble ligands (Lucas et al. 2014). The interplay
between TCTP and calcium is reinforced by the observation that calcium regulates
TCTP at the transcriptional and posttranscriptional levels (Xu et al. 1999).

The binding of calcium was studied by different techniques that gave somehow
inconsistent conclusions. In one study (Graidist et al. 2007), two rather high-affinity
(~10 pM range) and one lower-affinity binding modes were detected. In contrast,
recent NMR (Feng et al. 2007) and fluorescence (Lucas et al. 2014) studies detected
low-affinity binding modes (mM range) but not the high-affinity binding modes,
although both techniques are sensitive over an extreme wide range of affinity. The
apparent discrepancy could be due to different purification protocols or binding
conditions. From a structural perspective, the double mutant (ES8A/E60A) looses
the ability to bind calcium with high affinity (Graidist et al. 2007), indicating that
these residues that are located in the long loop are crucial for the interaction. The
same study revealed that calcium binding was accompanied by a change in the
secondary structure of the protein, as judged from circular dichroism (CD) (Graidist
et al. 2007). In the NMR study (Feng et al. 2007), the calcium-binding site was
mapped to a region of the protein involving the C-terminal extremities of helix o
and of strand fy and the loop between strand f¢ and helix a,. The oxygens from the
side chains of residues N131, Q133, and D150 were proposed to coordinate Ca’".
The chemical shift and intensity changes upon calcium binding were rather limited
in amplitude and localized to a few amino acid residues. This suggests that TCTP
conformation and oligomeric state is well conserved upon Ca”* interaction, thus
corroborating another CD study (Lucas et al. 2014) in which no secondary structure
nor oligomeric change was observed up to 50 mM calcium concentration. Calcium
triggers monomerization of hemin-induced dimerization (Lucas et al. 2014), pos-
sibly through direct competition against hemin binding. Indeed, hemin and calcium
seem to share a similar binding area on TCTP (Lucas et al. 2014). In their study,
Lucas et al. also observed that the presence of calcium contributes to destabilize
TCTP by reducing the urea concentration required for denaturation (Lucas et al.
2014).

2.3.2 Antihistaminic Drugs and the Related Sertraline/
Thioridazine

Any compound leading to reduced TCTP levels in vivo may have potential anti-
tumor activity. Accordingly, because TCTP is a histamine-releasing factor, the
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group of R. Amson and A. Telerman hypothesized that antihistaminic drugs inhi-
biting the histaminic pathway were interesting candidates in anticancer strategies
(Tuynder et al. 2004). This approach was successful, and a few antihistaminic
compounds such as hydroxyzine and promethazine (see Fig. 2.4) proved efficient
to kill tumor cells and to decrease the level of TCTP either directly or indirectly
(Tuynder et al. 2004). Even greater antitumor activity was reported for the struc-
turally related thioridazine and sertraline (see Fig. 2.4), although they do not display
antihistaminic properties (Amson et al. 2012; Tuynder et al. 2004). The drugs
thioridazine and sertraline are used for their antipsychotic and antidepressive
activities, respectively. The direct interactions of sertraline and thioridazine with
TCTP have been confirmed by surface plasmon resonance (SPR) (Amson et al.
2012), and dissociation constant (K4) of 47 puM and 34 pM was estimated for sertra-
line and thioridazine, respectively. The interaction was later confirmed for sertra-
line by thermal shift assays (Zhang 2014). Surprisingly, whereas ligand binding
usually stabilizes proteins, sertraline has a destabilizing effect on TCTP by reducing
its melting temperature. Both thioridazine and sertraline disrupt the TCTP/MDM?2
interaction in vitro which provides a rationale for the restored levels of p53 in cells
treated with these pharmacological compounds (Amson et al. 2012).

To date, the structural information on TCTP/ligands complexes is very limited.
Two TCTP mutants (S46E and S64E) loose their ability to bind sertraline and
thioridazine (Amson et al. 2012), suggesting that the residues S46 and S64 are
involved in the interaction with the drugs. Accordingly, the drugs do not interfere
with the interactions between MDM?2 and TCTP mutants (Amson et al. 2012). As
already discussed, residues S46 and S64 are located in the long inserted flexible
loop. However whether these residues are directly or indirectly involved in the
interaction surface with ligands remains an open question. Additional high-
resolution structural information is still awaited to better characterize TCTP/ligand
complexes. Interestingly, because these S->E mutants can be seen as phosphoserine
mimics, it is possible that Plk1-mediated phosphorylation perturbs TCTP/ligands
interaction. Drug design programs targeting TCTP should therefore take into
account the potential distinct binding properties of the molecules to phosphorylated
and unphosphorylated TCTP in order to inhibit the proper TCTP forms in vivo.

A recent in silico docking study (Seo and Efferth 2016) provided new insights
into the molecular interaction of TCTP with 12 antihistaminic compounds. The
binding of levomepromazine or buclizine (see Fig. 2.4) was confirmed in vitro by
microscale thermophoresis giving dissociation constants of 57 pM and 430 pM,
respectively (Seo and Efferth 2016). All tested ligands (except cetirizine) were
found to dock onto TCTP at the same position, in an area of the loop encompassing
the stretches T39-148 and E60-T65 that contains both S46 and S64, thus confirming
that these two serines could be binding hotspots in TCTP (Seo and Efferth 2016).
However, the simulation was carried out on a single conformation of TCTP, and
loop flexibility and the potential conformation change of the loop upon binding
were not taken into account. Therefore, the binding site derived from this study
remains to be confirmed.
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2.3.3 Peptides

TCTP is now an established pharmacological target in cancer- or allergy-related
diseases and hence different groups are making efforts to develop peptide-based
TCTP inhibitors to interfere with the protein—protein interactions network of TCTP
(Kim et al. 2011d; Kadioglu and Efferth 2016).

In their study (Kadioglu and Efferth 2016), Kadioglu and Efferth carried out an
in silico screening of peptide libraries and selected octamer peptides with predicted
high affinity. The peptide sequences were rather similar with a consensus sequence
WGQWPYHX, where the last residue X is the only difference between the different
peptides. In spite of the small sequence difference, the docking poses of the
different peptides segregated into two families differing by the binding groove.
One groove is defined by the bottom of the long flexible loop and strands 7, fg, and
o on one side of the larger f-sheet whereas the other groove is located on the other
side of large B-sheet and includes the C-terminus of helix az. Although the binding
with TCTP was not confirmed in vitro, one peptide WGQWPYHC induced specific
cytotoxicity against tumor cells in a TCTP-dependent manner without affecting
normal cells (Kadioglu and Efferth 2016).

In another study (Kim et al. 2011d), the dimeric TCTP was targeted. The
covalent dimer is thought to be the active TCTP state in inflammatory processes.
With the aim to inhibit TCTP in chronic allergic diseases, three peptides dTBP1/
dTBP2/dTBP3 were isolated by screening a phage-displayed 7-mer peptide library.
Peptides dTBP2 (WYVYPSM) and dTBP3 (WEFPGWM) were shown to interact
with TCTP and with the TCTPg4_;0g peptide corresponding to the helix o, in TCTP.
The interaction with dTBP2 was demonstrated to be specific to the dimeric versus
the monomeric TCTP, and dTBP2 inhibited the cytokine-like effect of TCTP (Kim
et al. 2011d). Although they have been designed for different applications and
obtained by unrelated approaches, the peptides dTBP1/dTBP2 (Kim et al. 2011d)
and WGQWPYHC (Kadioglu and Efferth 2016) show striking similarities: they
start by a tryptophan residue and tend to contain an aromatic residue at positions
3 or 4 and a proline residue at positions 4 or 5. However, whether all these peptides
share the same binding modes remain to be investigated.

2.3.4 Heme, Artemisinine, and Analogs

P. falciparum TCTP (PfTCTP) is found to be one target of the antimalarial drug
artemisinin (Krishna et al. 2004; Bhisutthibhan and Meshnick 2001) and forms
complexes with artemisinin and its metabolites. Covalent but also non-covalent and
reversible complexes have been reported (Eichhorn et al. 2013; Bhisutthibhan et al.
1998, 1999). The artemisinin-mediated alkylation of TCTP is facilitated by the
presence of hemin in particular in a reducing environment (Bhisutthibhan et al.
1998, 1999; Zhou et al. 2016). To date, the exact residues of PfTCTP involved in
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alkylation are not identified but could be mapped within three peptidic fragments of
PfTCTP (Eichhorn et al. 2013). A more recent study showed that multiple amino
acid at the N-terminus can be modified by a reactive artemisinin analog and that
F12 and C19 are key residues for the interaction (Li et al. 2016a). The reaction is
thought to occur through the naturally rare endoperoxide bridge (1,2,4-trioxane
structure) that becomes activated by ferrous iron, such as heme, to generate free
radicals. The direct binding of heme with human TCTP has been also demonstrated
(Lucas et al. 2014) and involves the dyad H76-H77. It was proposed that hemin and
calcium shares a common binding pattern on TCTP (Lucas et al. 2014) and,
accordingly, competes with each other. Upon complex formation with heme,
TCTP forms dimers, which can be easily disrupted by calcium (Lucas et al.
2014). Therefore, ligand binding is prone to conduct to oligomers of TCTP. In
P. falciparum, heme/TCTP interaction could be important for the fate of arte-
misinin in the parasite. Indeed, TCTP is associated with the parasite food vacuoles
that are rich in hemin, as a product of degradation of hemoglobin by the intra-
erythrocytic parasite (Slomianny 1990; Abu Bakar et al. 2010; Klonis et al. 2011).
However, it is yet not fully demonstrated if such mechanism can explain the anti-
malarial mode of action of artemisinin.

The heme-assisted artemisinin-alkylation of TCTP could potentially affect the
various TCTP-related functions. Artemisinin can be effective in cancer (Crespo-
Ortiz and Wei 2012; Krishna et al. 2008), and it has been proposed that artemisinin
could adopt a similar mode of action in human cells as in parasites. Interestingly,
dihydroartemisinin, a metabolite of artemisinin, binds human TCTP in vitro (K4 of
38 pM) and reduces TCTP half-like in a proteasome-dependent manner by increas-
ing its ubiquitination (Fujita et al. 2008). Furthermore, an artemisinin analog targets
human TCTP in HeLa cancer cells (Zhou et al. 2016), suggesting that artemisinin
might covalently interact with TCTP from different organisms. PfTCTP shares 35%
sequence identity with human TCTP, and the structures of the two proteins are very
similar (Eichhorn et al. 2013). Therefore, a deeper characterization of the interac-
tion of artemisinin with TCTP and its derivatives would be helpful for a better
understanding of its antimalarial activity, which is still largely unknown (O’Neill
et al. 2010), but also of the role of TCTP in cancer biology.

2.3.5 Nucleic Acids

TCTP has been isolated from a search for proteins binding to the mouse oct4
promoter region using radioactively labeled DNA incubated in Xenopus oocyte
extract. The direct interaction between TCTP and the steroidogenic factor-1 (Sf1)
site of oct4 promoter was demonstrated in vivo from two independent studies
carried out in Xenopus (Koziol et al. 2007) and in mouse pluripotent cells (Cheng
etal. 2012). The first 60 amino acids of TCTP appear to be sufficient for Sf1 binding
(Cheng et al. 2012). Three studies assessed the function of TCTP as a transcription
factor with diverse outputs (Koziol et al. 2007; Cheng et al. 2012; Johansson and
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Simonsson 2010). In one study carried out in Xenopus (Koziol et al. 2007), the
transcription of a subset of genes including oct4 was activated by TCTP. In their
study, Johansson et al. (Johansson and Simonsson 2010) did not observe a change in
oct4 transcription upon shRNA knockdown of TCTP but observed that TCTP
interacts with Oct4 protein in vivo. They proposed a mechanism in which TCTP
controls oct4 transcription by perturbing the self-regulatory transcriptional prop-
erties of the Oct4 transcription factor. The third study (Cheng et al. 2012) confirmed
the binding of TCTP to the Sf1 site of oc#4 promoter in vivo, but demonstrated that
DNA binding of TCTP negatively regulated the expression of Oct4 in mouse pluri-
potent cells. They proposed that different epigenetic modifications in amphibian
oocytes and mammalian cells could explain the conflicting results. We retain from
these works that TCTP has also the ability to act as a transcription factor, although
the direct interaction between TCTP and DNA has to be confirmed in vitro.

TCTP has been captured in a systematic approach targeting RNA-binding pro-
teins in HeLa cells (Castello et al. 2012). In this study, a “zero-distance” strategy
was used to select direct contacts between proteins and RNA and to avoid protein—
protein crosslinks. This work therefore suggests that TCTP has also the ability to
directly bind RNA in cellulo (Castello et al. 2012).

2.3.6 Bombyx mori TCTP as a Binding Platform
Jor Saccharides

In the silkworm Bombyx mori, BmTCTP is produced in intestinal epithelial cells
and is released into the hemolymph and gut lumen in response to oral microbial
infection (Wang et al. 2013). A study exploring the interaction of BmTCTP with a
range of pathogen-associated molecular patterns (PAMP) revealed the broad bind-
ing spectrum of BmTCTP (Wang et al. 2013). BmTCTP interacts with chitin, a
polymer formed of N-acetylglucosamine, and mixtures of E. coli lipopolysaccha-
rides (LPS) or of B. subtilis peptidoglycans (PG). The binding of TCTP with highly
negatively charged bacterial wall molecules was proposed to involve the lysine
residues at the surface of TCTP (Wang et al. 2013). BmTCTP also tends to bind
bacteria such as Bacillus bombyseptieus or Serratia marcescens. In response to
PAMP, BmTCTP induces the production of antimicrobial peptides through the
ERK pathway (Wang et al. 2013). Therefore, BmTCTP contributes to the insect
intestinal immunity by acting as opsonin to enhance phagocytosis. To the best of
our knowledge, no mammalian TCTP has been reported to date to bind saccharides
(other than nucleic acids). Considering that peptide cell-penetration often involves
recognition of cell-surface carbohydrates, this study on BmTCTP could inspire
future research for a better characterization of the mechanism of TCTP cell
penetration.



50

Introduction

2.4 Structural Aspects of TCTP in Complex with Proteins

2.4.1 TCTP Directly Interacts with Dozens of Proteins

Over the years, the number of proteins that interact in vivo with TCTP has progres-
sively increased and several dozens of TCTP partners have been identified and
further confirmed in vitro, by pull-down assays for example. One review by
Amson et al. (2013) reported the extensive list of partners known in 2013. These
partners were classified according to their functions as anti-apoptotic, GTPases, p53
axis, cytoskeleton/mitotic machinery, DNA processing and repair, and
RNA/ribosome/protein biogenesis. This protein repertoire has continuously
expanded to include, for example, proteins such as 14-3-3 (Le et al. 2016), Apaf-1
(Jung et al. 2014), HSPA9 (Li et al. 2016b), YBX1 (Li et al. 2016b), HSP27
(Katsogiannou et al. 2014), peroxiredoxin-1 (Chattopadhyay et al. 2016), ATG16
complex (Chen et al. 2014), nucleolin (Johansson et al. 2010a), or IgE/IgG
(Kashiwakura et al. 2012).

Despite the ever-accumulating evidence of the functional importance of TCTP
and of its interaction with partners, the amount of structural information regarding
protein—protein interaction (PPI) is yet rather limited. Each discovery of novel
TCTP-related PPI is often associated to attempts to decipher the molecular basis
of the PPI through peptide fragments approaches. In such strategies, peptides
derived from the native proteins are designed, and the analysis of the preservation
of peptide—peptide contacts leads to the identification of the protein region(s)
important for the interaction under scrutiny. The TCTP-related PPI analyzed
using peptide fragments were summed up in a review in 2012 (Kawakami et al.
2012). Because several novel interactions have been identified and characterized
meanwhile, we propose an updated table of interactions in Table 2.2. Partners
identified by coimmunoprecipitation or two-hybrid techniques may be indirect by
the implication of a third partner. It is, therefore, crucial to confirm the direct
interaction in vitro between recombinant proteins. In this table, two types of
interaction were selected amongst the long list of known TCTP partners. On the
one hand, we listed interactions confirmed in vitro, whether the biological impact is
known or not. On the other hand, we chose interactions with clear biological
impacts although the involvement of a third partner is not ruled out yet. The second
type was included to foster future in vitro study to confirm biologically relevant
interactions.

Table 2.2 clearly illustrates the versatility of TCTP to bind proteins of distinct
cellular functions but also biochemical functions (enzymes, DNA/RNA/protein-
binding proteins, scaffold proteins, . ..). The consequences of TCTP binding range
from direct enzyme activation or inhibition, protein stabilization by promoting or
preventing ubiquitination, protein stabilization in response to heat shock, facilitat-
ing or hindering the recruitment of other partners, and the control of phosphory-
lation of the partner. To play all these functions, TCTP evolved to interact with a
large interactome and despite its relatively small size, it proposes different binding
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modes. Table 2.2 suggests that almost all TCTP regions are potentially involved in
the direct interaction with partners. For example, when mutated, residues Y4, E12,
120, R21, E22, D25, E138, or E168 abrogate binding to a range of partners. All
these residues cover a wide surface on TCTP, reinforcing the idea that TCTP does
not expose a unique interface for interaction. This parallels the many binding modes
observed for the proteins from the pB-tent family (see Fig. 2.3).

2.4.2 Structural Information on Native Complexes

The strategy consisting in deleting large portions of protein is extremely efficient
when it comes to isolate interacting domains from multidomain proteins. This
approach is also useful to identify short peptide fragments from independent
folding units such as protein globular domains, in particular when these fragments
folds as helices at the interface of protein—protein complex. Nevertheless, short
fragments might not properly fold or keep the same 3D conformation as in the
native protein. In such situation, the peptide fragment approach is prone to give
false negative results. Oppositely, the disruption of the 3D native fold in short frag-
ments is prone to facilitate nonnative interaction, leading to potential false positive
results. These limitations may explain some discrepancies observed in the dissec-
tion of TCTP interactions as reported in Table 2.2, such as with the p53 or MDM2
partners. For these reasons, proper interaction analysis are better carried out with
native proteins, preferentially with full length proteins or at least by preserving
folding units, followed by point mutations. To date, our understanding of TCTP
interactions using native proteins is limited to the TCTP/eEF1Bd complex, for
which a high-resolution structure have been obtained from a mixed approach based
on classical NMR-based structure determination followed by molecular docking
driven by experimental NMR data (Wu et al. 2015) (see Fig. 2.5a). This structure
was validated by extensive site-directed mutagenesis and highlighted the role of the
helical hairpin (Site I) and of a surface patch (Site II) formed by the stretch con-
necting helices o; and a, and including strand f; (around F83) and the loop Ps—P9
(containing M 140 and P142) in the interaction with the CAR domain from eEF1B&
(Fig. 2.5a). In the complex, the negatively charged N-terminus of CAR adopts an
extended conformation that wraps around the positively charged helical hairpin,
including residues K90, 192, K93, M96, K97, K100, M115, T116, A118, A119, and
1122. At its C-terminus, CAR adopts an a-helical conformation that docks on a
surface overlapping sites I and II through hydrophobic contacts with F83, M 140,
P142 and electrostatic contacts with D143 and D94. Electrostatic and hydrophobic
interactions both contribute to stabilize the complex.

This work provides the most convincing study of the key role of the helical
hairpin in TCTP PPL. It is most likely that this structure element is also involved in
other PPIs as suggested from other studies (Amson et al. 2012; Kashiwakura et al.
2012; Rid et al. 2010; Gachet et al. 1999; Rho et al. 2011; Funston et al. 2012), with
strong functional impacts such as in apoptosis (Susini et al. 2008). Another hint
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about the key role of the helical hairpin is provided by a structural model of the
complex formed by TCTP and the N-terminal domain of MDM2 (Fig. 2.5b). The
molecular interface of this complex has been well characterized on MDM2 side by
competition with with a well-known MDM2 binder (nutlin-3) or by using MDM2
mutants (M62A). However, the interface on TCTP still awaits validation with high
resolution structural data from native protein and/or from point mutations. This
could also resolve the somehow inconsistent results obtained from independent
studies on TCTP/MDM?2 interaction (Amson et al. 2012; Funston et al. 2012).

The TCTP/Bcl-xL complex is the only TCTP complex for which a crystal struc-
ture has been obtained (Fig. 2.5¢). The TCTP/Bcl-xL complex with full-length
proteins could be purified but only a complex of Bel-xL with a peptide derived from
the TCTP BH3-like domain was crystallized. This structure illustrates how the
TCTP BH3-like peptide binds to the BH3-binding groove of Bcl-xL (Thebault et al.
2016). The crystal contained a swapped dimeric Bcl-xL, which appears to be an
hallmark of this protein. Six TCTP peptides were observed, although only two of
them were considered as significant. This work (Thebault et al. 2016) provided
sound basis to demonstrate the existence of a functional BH3-like element in TCTP,
but at the same time, raises novel questions. The BH3-like domain (residues 16 to
27) folds as strand f; in the native TCTP structure and undergoes a severe conform-
ational rearrangement in the complex with Bcl-xL. Because residues 16 to 27 play a
key role in stabilizing TCTP larger f-sheet, it is difficult to predict the impact of the
global conformation change of TCTP in the complex: is strand {3 the only element
being affected? does TCTP completely unfold and remain unfolded at the exception
of the helical BH3 region? does TCTP remold into another stable conformation
unrelated to the fold of the unbound protein? does other region than the BH3 region
of TCTP interact with Bcl-xL.? Because TCTP binds at the Bax-binding groove of
Bcl-xL, one would expect that TCTP competes with Bax to inhibit the
Bax-mediated anti-apoptotic activity of Bcl-xL. Paradoxically, TCTP appears to
potentiate the anti-apoptotic activity of Bcl-xL (Thebault et al. 2016). The appar-
ently counter-intuitive structural mechanism by which TCTP activates Bcl-xL
remains largely unknown. Clearly, additional structural, thermodynamic, and
kinetic studies on full-length proteins are required to assess the plasticity of
TCTP and to understand its role to control apoptosis.

<
N«

Fig. 2.5 (continued) shown. Picture taken with permission from Wu et al. (2015). (b) Energy-
minimized structural model of the complex between TCTP and the N-terminal domain of human
MDM2 obtained from molecular docking based on peptide deletion analysis and MDM2 M62A
mutant (Funston et al. 2012). Picture taken with permission from Funston et al. (2012). (c)
Structure of the full-length Bcl-xL in complex with the BH3-like domain of TCTP (residues
16-27) [PDB code 4Z9V (Thebault et al. 2016)]. The proteins are shown as ribbons. Bcl-xL (cyan
and green) crystallized as a swap dimer and six BH3-like peptides were observed (magenta,
yellow, orange, grey, salmon, marine). Only the magenta and yellow peptides were considered
meaningful, while the others were considered as crystallization artifacts (Thebault et al. 2016). (d)
Potential TCTP dimer structure. The chains A and D from the 1YZ1 crystal structure of TCTP are
represented as ribbons. The two monomers have different color codes for their secondary struc-
tures. The amino acid residues at the dimer interface are labeled
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2.4.3 TCTP Tends to Self-associate

TCTP tends to self-associate. For example, non-covalent dimers/oligomers of rat
TCTP have been detected from yeast two-hybrid system (Yoon et al. 2000). The
deletion of the region 126—172 resulted in loss of self-interaction of TCTP in vivo
(Yoon et al. 2000). The authors concluded that this region was involved in oligomer
formation. The amino acids 126172 encompass the last four pB-strands of TCTP
that largely contribute to create the large p-sheet at the core of TCTP structure.
Hence, its deletion is prone to severely impact the proper folding of TCTP and its
oligomerization properties. It is therefore highly possible that the peptide missing
residues 126—172 is not able to oligomerize because of the global unfolding of the
protein, which questions the involvement of these residues in oligomerization of the
native TCTP. As noted before, heme tends to favor TCTP dimer in vitro with
potential role in cellular homeostasis (Lucas et al. 2014). The details of the dimer
interface have not been investigated yet. In the analysis of TCTP structures so far
available, we have noticed that human wild-type and E12V mutant TCTP crystal-
lize with four molecules in the unit cell although they were obtained in different
space groups. Interestingly, in the two crystals, an intermolecular interface and a
relative protein orientation were clearly conserved within a pair of molecules. This
is illustrated by the contacts between chains A and D from the human wild-type
structure (Fig. 2.5d). Because this self-association mode is observed in different
crystal packings, it is possible that the interactions at this interface of these two
molecules are strong enough to exist in solution. We propose that the complex
observed between chains A and D could represent the structure of TCTP dimer in
solution. The proposed interface is formed by the hydrophilic and charged residues
such as E80, S82, T84, Q130, and K133 as highlighted in Fig. 2.5d.

2.5 Conclusions

In this chapter, we have presented the structural features of TCTP with a focus on its
posttranslational modifications and interaction network. Despite its relative small
size and globular nature, the TCTP structure is extremely versatile and is able to
interact with ions, small molecules, carbohydrates, nucleic acids, and proteins.
Although high-resolution structures and more precise delineation of complex inter-
faces are still required, it seems that most TCTP surface patches are potential
binding hotspots, which might be the hallmark of proteins from the f-tent family.

To date, our knowledge of the structural property of TCTP in interaction is still
very limited. Although the structure of TCTP is apparently highly stable, there are
some lines of evidence that TCTP is prone to major rearrangement upon interaction.
On the one hand, TCTP interacts with Bcl-xL by the BH3-like domain that is
partially buried in the unbound TCTP, suggesting that TCTP undergoes a severe
conformational change in the complex. This could explain the difficulty to form the
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TCTP/Bcl-xLL complex (Thebault et al. 2016). In this regard, TCTP also interacts
with the Bcl-xL-related Mcl-1, although it is not clear yet if the interaction is also
mediated by the BH3-like domain. The formation of TCTP/Mcl-1 complex is also
rather difficult and is greatly facilitated by the truncation of the first ten residues
(Liu et al. 2005). It is likely that the removal of the N-terminal residues prevents the
proper folding of TCTP. Thus, by alleviating the kinetically unfavorable unfolding
barrier, this truncated TCTP form probably already exposes interacting residues,
possibly in the BH3-like region, thus making the formation of the complex easier.
Such a truncated form was also proved to be more active to trigger the IgE response
(Kim et al. 2009). Shortened TCTP has not yet been observed in vivo but a TCTP
1soform lacking the first 34 amino acids is reported by UniProt (P13693-2), which
could have variable binding properties compared to the canonical TCTP isoform.
On the other hand, TCTP penetrates cells by using a protein transduction domain
that folds as a B-strand. It is possible that TCTP also undergoes a significant fold
rearrangement during cell entry to facilitate recognition and internalization. Future
researches are necessary to confirm these hypotheses. Importantly, it will be crucial
to identify the molecular triggers, to assess the extent of the conformational change,
and to assess the functional consequences of the rearrangement on the partners. We
speculate that TCTP plasticity greatly contributes to the versatility of its effects on
partners and to its multifunctional nature.

One intriguing feature of TCTP is the 30-33 amino acid long flexible loop. This
region is very well conserved throughout the phylum, both in length and amino acid
composition and contains the TCTP1 signature at its center. Compared to structured
regions, flexible regions are in general less under evolution constraints of keeping
structurally important amino acids and are therefore prone to vary in length and
composition. The conservation of the loop in TCTP therefore suggests that other
forces drive its conservation during evolution. In particular, one may wonder if the
loop directly interacts with partners, if it controls the access to other binding
hotspots on TCTP, or if it contributes to the proposed conformational rearrange-
ment. For this, it is crucial to characterize complexes between native proteins, with
a focus on the dynamics of this loop. The loop might be involved in other regulatory
events such as the phosphorylation of serines S46, S53, or S64. Being part of
TCTP1 signature, S53 is strictly conserved and its phosphorylation could regulate
biological functions shared throughout the phylum. In contrast, S46 and S64 are
found only in mammalian TCTP and most likely regulate mammalian-specific
functions. The impact of phosphorylation on the dynamics of the loop and, beyond,
on the structure of the protein will also provide insights into the role of the loop.

Although our knowledge of TCTP functions has greatly expanded over the
last years, much remains to be done to characterize the biochemical and structural
features of TCTP. No doubt that such gain in knowledge will contribute to decipher
the multiple functions of TCTP in physiological and pathophysiological processes.
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Fig. 1.15 TCTP interactome in apoptosis and beyond: PhD objectives. TCTP (lightblue ellipse)
inhibits apoptosis through promoting Bcl-xL (darkgreen) and Mcl-1 (lightgreen) antiapoptotic activity,
thus indirectly inhibiting Bax-related proteins (red) and cytochrome c release. TCTP also inhibits
MDM2 autoubiquitinylation and thus promotes pS3 degradation, also resulting in apoptosis inhibition.
TCTP sequestrates calcium and protect from thapsigargin-induced apoptosis [175]. Drugs targeting
TCTP can restore p53 level and apoptosis sensitivity and decrease TCTP level in cancer cells.
The protein YB-1 is a new TCTP partners and the interplay with RNA could be important for
regulating RNA processing and export. The BH3-like motif (blue), TCTP1/2 signature (red), S46/S64
phosphorylation sites (green) and Bax as-o¢ homology domain (white) are highlighted on TCTP
structure (pdb code: 2HR9).

The current PhD thesis aims at deciphering the molecular basis of TCTP function in tumor
reversion with a major focus on apoptosis pathway (Fig. 1.15). The first objective of the
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work was to test if isolated TCTP could present alternative structures in near-physiological
or mild environmental pressure (salt, pH, urea...) in order to propose a comprehensive
model that would describe the diversity of TCTP structures in solution (Sec. 1.4, 3). The
second objective was to characterize the TCTP/Mcl-1 complex and to compare with the
related TCTP/Bcl-xL complex in order to provide clues about the molecular basis of this
TCTP-induced reinforcement of Bcl-xL and Mcl-1 antiapoptotic properties, in line with the
particular BH3-like nature of TCTP protein (Sec. 1.4, 4). Especially, we paid attention to
structure and dynamics changes that could occur in TCTP upon binding since we suggested
that the BH3-like motif is likely to unpin from the globular core domain of the protein to bind
Bcl-2 family partners. Our third objective was to explore TCTP interactome and beyond, by
first characterizing interactions between TCTP and MDM?2 in apoptosis and YB-1/RNA in
nucleic acids processing pathways. We also wanted to use organic ligands in order to detect
and map interactions on TCTP and also Mcl-1 protein (Sec. 1.4, 5) and their potential effect
on the protein/protein complexes. In the current section, we present strategy to fulfill all three
objectives by means of principles from biochemistry, molecular biology, analytical chemistry,
biophysics and computational chemistry that we briefly present in the section (Sec. 1.4) with
a more extensive description given in the next chapter of material and methods (Sec. 2).

Structural characterization of TCTP and alternative states

TCTP interacts with many partners of various natures, functions and all share high structural
heterogeneity [145] (Sec. 1.3). In the other hand, TCTP structure is relatively simple and
the protein is small, which is counter-intuitive with its pleiotropic nature. Accordingly, we
formulate the hypothesis that TCTP is prone to structural plasticity to explain how it can
adapt to its myriad of partners. The first objective of the PhD was to test if isolated TCTP
could present alternative structures in near-physiological or mild environmental pressure in
order to propose a comprehensive model that would describe the diversity of TCTP structures
(Sec. 3).

To do so, we first characterized native TCTP structure and dynamics and probed for the
existence of non-covalent dimers in solution. We used site-directed mutagenesis and in
vitro phosphorylation by Plk-1 to detect if changes in the primary sequence of TCTP could
induce structure transition in the protein. To evaluate the possible role of TCTP IDR in
remodeling the protein core domain, we studied phosphorylated TCTP and upon calcium
binding using a combination of in vitro and in silico approaches. Finally, we wanted to
question the existence of a minor, pre-existing TCTP state in solution that could further

mediate binding to protein partners. To answer the question, we identified the determinants
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of local (backbone stability) and global (buffer conditions of pH, salt) stability in TCTP. We
tracked TCTP alternative states and thus we used environmental parameters such as salt, pH,
urea or even hydrostatic pressure to populate minor states of the protein in solution. We
extensively characterized the structure of TCTP alternative states at all primary, secondary

and tertiary structure organization levels and we also assessed the oligomeric state.

Structural analysis of TCTP in interaction with Bcl-xL/Mcl-1

Studies have highlighted that TCTP can inhibit apoptosis in cancer cells by binding to
both Bcl-2 family members Bel-xL [111] and Mcl-1 [172], thus promoting their antiapop-
totic properties by distinct mechanisms (Sec. 1.2.3.2). Recently, the crystal structure of
TCTPgp3/Bcl-xL complex was released [111] and the BH3-like peptide turned o-helical
in the BH3-binding groove of the protein, rising question about a structural transition for
the (3-sheet fold from free TCTP [145] (Sec. 1.3). Thus, the second objective of the PhD
was to characterize the TCTP/Mcl-1 complex and to compare with the related TCTP/Bcl-xL
complex in order to provide clues about both structure changes in TCTP and molecular basis
of this TCTP-induced reinforcement of Bcl-xLL and Mcl-1 antiapoptotic properties (Sec. 4).

We wanted to characterize the protein complexes at all organization levels, and we carefully
looked at each TCTP, Mcl-1 and Bcl-xL proteins, isolated and in complex. To achieve the
task, we estimated the hydrodynamic volume of TCTP and BH3-derived peptide in complex
with Bcl-2 family partners. We looked for the apparent molecular weight of molecular
species to gain informations on complex stoichiometry. In order to detect structure changes,
we evaluated the secondary and tertiary structure content of isolated proteins and upon
complex formation. Efforts were made at characterizing possible fluctuations in TCTP
tertiary structure upon complex formation. We questioned if a stabilized folding intermediate
of TCTP could change association kinetics with Mcl-1. Beyond the characterization of
TCTP structure in complex with partners, we studied the impact of complex formation on
the structure of Bcl-xLL and Mcl-1. To do so, we first evaluated if the BH3-like peptide
from TCTP could bind Mcl-1 and we looked to map the binding site on the protein. Then
we went through full length TCTP and we extensively compared with the binding mode
of the isolated BH3-like peptide in term of complex size, dynamics and binding interface
to determine how the rest of TCTP structure impacts the interaction with Mcl-1. TCTP
and Bcl-xL interaction was also studied and compared to Mcl-1/TCTP, considering that
Bcl-xL is known to form 3D swapped dimer in solution. We also precisely deciphered the
interaction mode of the two Bcl-xLL and Mcl-1 with TCTP or BH3-like peptide to look for a

transient association in parallel of the formation of the more stable complex. We also used
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BH3-derived peptides from TCTP and Mule to bring clues about the importance of full length
TCTP and the impact of aspartate residue at position hl in the BH3-like sequence where
a conserved hydrophobic amino-acid is found in canonical BH3s. Finally, we extensively
compared BH3-derived peptides from Mule and TCTP to Mcl-1 to bring clues about the
importance of h1 position and the differences between canonical and BH3-like sequence at
Mcl-1 protein in term of binding site and complex dynamics. Finally, we computed molecular
models of Mcl-1 complexes with BH3-derived sequences and estimated the binding affinity
of all three TCTPgy3, TCTPgu3pi6r and Mulegys peptides.

TCTP complex with MDM?2, YB-1/RNA, ligands and beyond

The impact of TCTP in apoptosis was also described at MDM?2 protein (Fig. 1.15) with
unclear binding interface (Sec. 1.2.3.1). It was shown that ligands targeting TCTP such
as sertraline and thioridazine disrupted the TCTP/MDM?2 interaction, preventing p53 from
degradation (Sec. 1.2.3.3). In TCTP interactome, the Mcl-1 protein is also a target of choice
in cancer treatment (Sec. 1.1.2.2). Beyond apoptosis, a recent report found TCTP and YB-1
protein in complex and we speculate a putative role in the metabolism of RNA (Fig. 1.15)
(Sec. 1.2.2.2). Consequently, our third objective was to explore TCTP interactome, by
characterizing interactions between TCTP, MDM?2 and YB-1/RNA. We also wanted to use

organic ligands in order to detect and map interactions on TCTP and Mcl-1 (Sec. 5).

We aimed first at characterizing the interaction between TCTP and MDM?2 N-terminal
domain to latter discuss the binding mode compared to other TCTP complexes. Also, we
could obtain from our collaborator D. Pastre (SABNP, INSERM/Université Paris-Saclay) full
length YB-1 and variant 1-180 truncated for the C-terminal IDR. We tested if TCTP could
bind RNA sequences in a direct manner. Next, we evaluated if YB-1 and TCTP could directly
interact in vitro and tested the importance of the YB-1 C-terminal IDR for the interaction.
We could finally measure the impact of RNA on TCTP/YB-1 complex and we investigated
to known if a ternary complex could still assemble. Second, we used historical ligands
and newly developed drugs targeting TCTP to investigate the impact of the molecule on
TCTP structure and stability. Beyond TCTP, the team of our collaborator F. Roussi (ICSN,
CNRS/Université Paris-Saclay) has developed ligands selective to Mcl-1 versus Bcl-xL and
disposed of encouraging results in competition assays using ligands, BH3 peptides and Bcl-2
like proteins by fluorescence polarization. Thus, we finally characterized the interaction
between these ligands and Bcl-xL plus Mcl-1 and mapped binding interface together with
investigating the ligand selectivity for Mcl-1 compared to Bcl-xL.
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Methods

NMR was the main analytical method we used to monitor proteins and complexes structure
and dynamics. NMR informs on all levels of structure organization in solution and thus is a
tool of choice to study biomolecular systems, as reviewed in the next chapter (Sec. 2.3.1.2).
We used 2D and 3D NMR experiments to characterize protein structure and binding affinity
or interface at a residue resolution. 15N—spin relaxation, 1H-{ ]5N} heteronuclear NOEs,
Chemical Exchange Saturation Transfer (CEST) and Carr-Purcell-Meiboom-Gill (CPMG)
experiments were routinely used to evaluate the local and global dynamics of ’N-labeled
proteins, isolated or upon complex formation. Diffusion-Ordered SpectroscopY (DOSY)
NMR was also useful to estimate the translational diffusion coefficient (D) of proteins and
complexes. We also probed the backbone stability of proteins toward amide hydrogen solvent-
exchange by doing Hydrogen/Deuterium-eXchange (HDX) NMR experiments. Beyond
NMR, we used other biophysical methods to study proteins and complexes structure and
dynamics. To estimate protein stability and test interactions with ligands, we used the
Thermal Shift Assay (TSA) protocol that allows to determine the melting temperature (Tp,)
of a protein in given conditions. To modify proteins primary sequence, we used Plk-1
mediated in vitro phosphorylation and site-directed mutagenesis to obtain protein variants.
We could detect modification in protein primary sequence by doing MS and Polyacrylamide
Gel Electrophoresis (PAGE) experiments. The secondary structure content in proteins and
complexes was estimated by far-UV Circular Dichroism (CD) experiments. For the tertiary
structure evaluation, we used near-UV CD and limited proteolysis. 8-Anilinonaphthalene-1-
sulfonic acid (ANS) fluorescence assay, that detects Molten-Globule (MG) states, was also
used to determine how the tertiary structure in globular proteins could fluctuate, ultimately
leading the ANS probe to enter in the core domain with raised fluorescence in hydrophobic
environment. We could estimate tertiary structure and quaternary organization of proteins
and complexes by doing Dynamic Light Scattering (DLS), Size Exclusion Chromatography
(SEC), Multi-Angle Light Scattering (MALS) and Small-Angle X-ray Scattering (SAXS)
experiments. DLS and SEC permit to estimate the hydrodynamic volume of proteins whereas
MALS and SAXS experiments yield the apparent molecular weight of the molecular entity
which is crucial to describe complex stoichiometry or self-association equilibrium. Finally,
computational approaches such as molecular docking with HADDOCK web server [191]
were used to compute structural models of protein-peptide complexes. We also used MST
method to measure protein-protein and protein-peptide interaction affinity. Notably, MD
via GROMACS software suite were used to compute conformational ensemble of proteins

upon modification like phosphorylation or calcium binding. This work was facilitated by
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a vast ensemble of home-made scripts and command-line processing routines. All the

before-mentioned methods are more extensively described in the next chapter (Sec. 2).






Chapter 2

Materials and Methods

Our investigations in the molecular mechanisms by which TCTP and partners associate have
required the use of a large panel of biophysical methods and principles from biochemistry
and molecular biology. In the current chapter, we will report methods we used in term
of principles, objectives and practical aspects. Wetlab routines will be presented first and
include protocols related to bacteria, sample integrity control and cristallogenesis (Sec. 2.1).
Second, we will report our rationale to design protein construct and protocols from protein
expression and purification (Sec. 2.2). This work heavily relies on analytical, biophysical
and computational methods and we will briefly describe all of them with the corresponding
setups (Sec. 2.3). We will more extensively introduce NMR since we extensively used it in

experiments we present in the manuscript.

2.1 Wetlab routines

Here, we report practical information and methods for small-scale preparation of bacteria
incorporating a plasmid of interest. As part of the major routine techniques, PAGE and MS
based experiments that report on the primary sequence integrity of a protein are also detailed
in the section. Information on crystallization assays we carried out on TCTP and related
complexes are also provided.



76 Materials and Methods

2.1.1 Bacterial transformation, storage and culture
2.1.1.1 Transformation protocols

Bacterial strains were genetically engineered using both thermal shock and electropora-
tion methods. DNA fragments were controlled by commercial DNA sequencing (Eurofins

Genomics). Competent E. coli for thermal shock were produced for daily use.

DHS« and BL21 STAR production

DHS5«x and BL21 STAR E. coli strains (code: DH5,, BL21 (DE3) pLysS in [192]) are
chemically competent and sensitive to the thermal shock transformation method. Both were
obtained by regenerating bacteria in rich medium (2xYT) from a small (5 mL) to a large
(100 mL) culture to Optical Density (OD)ggg 0.3-0.4. Bacterial pellet was isolated at 4 °C by
slow (500 g, 5 min) centrifugation and resuspended in a cold calcium-rich buffer (5 mL of
0.1 M CaCl, and 15% glycerol). This process was repeated twice. Aliquots (100 uL) were
immediately flash-frozen. After the end of culture, all materials were kept on ice.

Thermal shock procedure

The aliquot of chemically competent E. coli cells (100 uL) was kept on ice until melting.
A small volume of plasmid (1-10 % v/v @ 100-1000 ng/uL) was gently mixed with the
cell suspension and the sample was kept on ice for 30 min. Homogeneous samples were
incubated at 42 °C during 90 s before putting the suspension back on ice. A minute later a
volume of rich medium (2xYT) was added (900 uL) and the sample incubated at 37 °C for
1-3 hours with vigorous agitation to prevent bacteria sedimentation. The resulting culture
was centrifuged at low (500 g) speed to harvest bacteria and those were spread directly
on a pre-heated agar plate of standard composition (LB, 2% (w/v) agar-agar and specific

antibiotics).

Electroporation

In special cases, such as low efficiency transformation or low plasmid concentration, the
electroporation method was used with associated commercial strains. The aliquot of E. coli
cells competent for electroporation (50 uL) was kept on ice until melting. A small volume of
plasmid solution (1-10 % v/v @ 100-1000 ng/uL) was gently mixed with the cell suspension
and the sample was transferred in an electroporation cuvette (EP-102, Cell projects). Current
voltage was set at 2500 V according to the manufacturer specific recommendations (Eppen-
dorf electroporator 2510). Bacterial transformation was then promoted by the application of
a short (5 ms) electric current through the cell suspension. Rich medium (2xYT) was added
(900 pL) immediately after electric shock and the suspension was incubated at 37 °C for

1-3 hours before spreading on agar of standard composition (see above).
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2.1.1.2 Glycerol stocks

The inoculation of agar plates by freshly transformed bacteria yielded colonies after 12-
48 hours of incubation at 37 °C. Generally, a single colony was inoculated in rich medium
(2xYT, 5 mL) and incubated at 37 °C until saturation of ODggg. Glycerol stocks (1 mL) were
then prepared by adding glycerol in the bacterial culture (25% v/v). Stocks were stored at
-80 °C. Alternatively, minimal medium M9 or D,0O can be used to prepare specific glycerol
stocks. For M9 cultures in D, 0 the gradual increase in concentration during successive small
cultures (5 mL) was employed to make the corresponding glycerol stocks. All available
stocks with details are reported for DNA storage (Ann. 1) and expression strains (Ann. 2).
On a daily basis, single-use glycerol stocks (20 uL.) were preferred in order to preserve the

master bank.

2.1.1.3 Preculture to main culture

Preculture were started 24 hours before main culture by inoculating a small (5 mL) volume
of medium with a trace of the desired glycerol stock (Ann. 2). The relevant antibiotics
were added and the flask incubated at 37 °C until the day after. Then the main culture was
inoculated with a volume of saturated preculture to reach ODgpg = 0.05 in presence of the
relevant antibiotics. Bacterial growth was monitored at ODgg until next decision. 2xYT
rich medium was preferred (NaCl, tryptone and yeast extract at 5, 16 and 10 g.L™! in milliQ
water). Poor medium M9 was prepared for stable isotopic labeling needs (*H, 1°N, 13C)
using a classical recipe (M9 salts, 4 g.L"! glucose, 200 uM MgSOy, 10 uM CaCl,, 1 X MEM
vitamins (invitrogen) 1 X oligoelements mix). For 1 L of medium, M9 salts were prepared as
follow: NapHPOy4, 7H,0 (12.8 g), KH,PO4 (3 g) and sodium chloride (1 g). Oligoelements
recipe is as follow for 200 mL of 100 X preparation: 1 g EDTA, 0.9 g CaCl,, 88 mg CuSO;4
5H;0, 240 mg MnCl, 4H,0, 4 mg H3BO3, 140 mg ZnSO,4 7H,0, 1.2 g FeSO4 7H,0 and
40 mg of reduced ascorbic acid in water (qsp 200 mL).

2.1.2 Protein analysis
2.1.2.1 PAGE experiments in various setup

Methods relying on PAGE look at the migration of a protein under an electric current through
a polymer of variable density. Information about purity, molecular weight, isoelectric point
and polydispersity can be derived from such experiments. PAGE technique was used in
native, denaturing and reducing conditions in function of the specific need. Gel composition
and setup are all recapitulated (Tab. 2.1). All PAGE-derived experiments were stained by
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Type Gel % Acrylamide Water Buffer APS 10 % TEMED SDS 10 % Urea Glycerol
(mL)  (mL) (mL)  (uL) (uL) (uL) © (%)
SDS-PAGE Stacking 4 0.4 2.6 1 5 50 5 - -
Resolving 9 2.7 6.3 3 12 120 12
12 3.6 54 3 12 120 12
15 4.5 4.5 3 12 120 12
18 5.4 3.6 3 12 120 12
Native-PAGE Stacking 4 0.4 2.6 1 5 50 No
Resolving 12 3.6 54 3 12 120 No
Tris-tricine PAGE ~ Stacking 4 0.32 2.33 1.33 12 3 Run. Buffer -
Separation 20 4.85 0-2 4 40 9 Run. Buffer 5.76 (8§ M) 1.2

Table 2.1 Composition of gels for PAGE based experiments (2 gels 1 mm thickness). For the
preparation of 4 mL stacking and 12 mL resolving gels. Acrylamide refers to a 40 % w/v solution of
37.5:1 acrylamide:bisacrylamide ratio for SDS-PAGE or Native-PAGE and 49.5% w/v solution of
32:1 acrylamide:bisacrylamide ratio for Tris-tricine gels. Buffer refers to 1.5 M Tris-HCI pH 8.8 for
stacking and 0.5 M Tris-HCI pH 6.8 for resolving gel in the SDS-PAGE and Native-PAGE section.
Otherwise buffer refers to 3 M Tris-HCI pH 8.45 and 0.3% w/v SDS in the Tris-tricine section. For
SDS-PAGE and Native-PAGE a unique running buffer was used for the anode and cathode: 25 mM
Tris base pH 8.3, 192 mM glycine and finally 0.1% SDS for SDS-PAGE. For Tris-tricine gel the
anode buffer (100 mM Tris-HCI pH 6.8) and the cathode buffer (0.1 M Tris-base pH 8.25, 0.1 M
tricine and 0.1% (w/v) SDS) were used. pH of running buffer should never be adjusted. The sample
buffer should contain 50 mM Tris-HCI pH 6.8, 25% (v/v) glycerol, 8% (w/v) SDS, 100 mM DTT and
0.02% (w/v) bromophenol blue. Concentrated solution of loading buffer was generally added to the
sample prior to heating at 95 °C during 5 min and spotting on the gel. For Native-PAGE experiments,
SDS, high DTT concentration and heating were prohibited. Typical running setup was 80 V at 20 mA
for stacking and up to 600 V with max 80 mA for resolving gels in SDS-PAGE and Tris-tricine PAGE
experiments. For Native-PAGE, gels were run at 80 V and 20 mA until desired migration.

using standard methods relying on Commassie blue (R250, with ethanol (30 % v/v) and
acetic acid (10 % v/v) in milliQ water) or silver ions (SilverQuest, Invitrogen/Thermofisher).

Gels of interest were conserved in 10% acetic acid at 4 °C.

2.1.2.2 Mass Spectrometry (MS) MALDI-TOF

An UltrafleXtreme mass spectrometer (Bruker) was used with Matrix-assisted laser desorp-
tion/ionization (MALDI) of the sample with Time Of Flight (TOF) analyzer to determine
molecular weight of proteins. Samples were all readily crystallized with MALDI matrix
(sinapinic acid) since they contained low NaCl concentration (< 150 mM). Acquisitions were
performed in positive ion mode and laser intensity was set close to the ionization threshold
to ensure the best signal to noise ratio. Mass calibration was achieved with Bovine Serum
Albumin (BSA) protein prior to analysis to estimate uncertainty. All data were processed
using FlexAnalysis (Bruker) and text file were further exported. The experiments were done
at ICSN under the guidance of V. Guérineau (ICSN, CNRS/Université Paris-Saclay).
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2.1.3 Ciristallogenesis

Cristallogenesis assays were done on isolated Mcl-1 and in complex with TCTPgy3 or TCTP
FL. Mcl-1 and Mcl-1/TCTPgy3 were prepared at neutral pH (Tris 5 mM pH 7, 50 mM NaCl)
and high concentration (10 mg.mL™"). TCTPgy;3 peptide (3 eq.) was added to Mcl-1 to fully
form the complex without further purification. Mcl-1/TCTP FL complex was prepared in
alkaline conditions (50 mM CHES pH 9, 50 mM NaCl, 2 mM TCEP) due to limitation of the
complex solubility at more acidic pH. For the latter complex, 20 min of incubation at 35 °C
was required to accelerate complex formation. Crystallization assays were carried out via
the I2BC crystallization platform (CNRS/Université Paris-Saclay) with a Mosquito system
(TTP Labtech) using 1:1 and 2:1 mix ratio (protein:reservoir) for session 1 (PEGs, PEGS_II,
Classics) and session 2 (Protein_Complex), respectively [193]. Online monitoring via the
CRIMS system (EMBL-GR) allowed for drops observation and statistics over several months.
The experiments were done under the guidance of A. Vigouroux and S. Plancqueel (I12BC,
CNRS/Université Paris-Saclay) and P. Retailleau (ICSN, CNRS/Université Paris-Saclay).

2.2 Protein design, production and purification

In studying TCTP interactome, we needed several protein constructs and here we present
corresponding procedures and methodology for protein production from gene design and
cloning to expression and purification protocols. We list here several important elements
such as DNA sequences for the major plasmid we used for protein production (Ann. 1),
available glycerol stocks of bacteria for protein expression and DNA storage (Ann. 1, 2) but
also general and specific information for protein expression and purification (Tab. 2.2.2).
Finally, we summarize all primary sequences of protein we expressed and used in the study
(Ann. 3).

2.2.1 Design and engineering of relevant proteins
2.2.1.1 TCTP constructs and derivatives

TCTP protein (Fig. 2.1 A, C) is a 172 amino-acid single-domain protein encompassing an
Intrinsically Disordered Region (IDR) in the 38-66 segment of the molecule, presumably
important for protein function [145] and undergoing crucial phosphorylations at residues
S46 and S64 for correct mitosis termination [33]. Moreover two conserved signaturesTCTP1

and are present in the IDR region and helix o.
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Fig. 2.1 TCTP and variants. (A) Primary sequence of human TCTP in fusion with a N-terminal
Hisg tag. The sequence of the tag (lightgrey) and Tobacco Etch Virus protease (TEV) cleavage site
(grey) are highlighted. TCTP is obtained with two extra N-terminal GP residues from TEV cleavage
(black). On the sequence of the native TCTP (cyan), the conserved TCTP signature 1 (red) in the
IDR region (green) and the phosphorylation site S46 are highlighted. The BH3-like motif is also
shown (blue). Secondary structure elements are represented for «-helix (rounded rectangle) and
[3-sheet (arrows). (B) TCTP constructs and properties. Full length TCTP (black) and variants lacking
the TCTP signature 1 (TCTP1) (red) or the whole IDR (green) were expressed and purified. A
recombinant peptide encompassing the BH3-like motif of the protein was also produced and purified
(blue). (C) Representation of TCTP structure elements relevant to current protein constructs. On the
protein structure (pdb code: 2HR9) the IDR region (40-66, orange), the TCTP1 signature (50-56, red)
and the BH3-like motif (11-31, blue) are highlighted. Protein sequences are numbered according to
the human canonical isoform.

TCTP FL and mutants were designed (Fig. 2.1 A, B) in order to question the role of the TCTP
signature 1 and IDR region in the protein structure and interactions. Consequently, TCTP
constructs lacking the conserved signatureTCTP1 (50-56) (referred as TCTP ATCTP1) or
the whole disordered segment (40-66) (referred as TCTP AIDR) were designed. We finally
post-translationally modified TCTP FL by means of Plk-1 mediated phosphorylation to yield
S46P-TCTP FL for evaluating the impact of IDR modification on protein structure, dynamics
and interactions.
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The DNA template encoding human TCTP was a pET-M11 plasmid [194] and we list the
corresponding DNA sequence (Ann. 1). Deletion within TCTP sequence to obtain TCTP
AIDR (A40-66) and TCTP ATCTP1 (A50-56) were done with partially overlapping primer
using a single step of Polymerase Chain Reaction (PCR) amplification combined with
Dpnl mediated digestion of the original pET-M11 template [195]. Primers were designed
paying attention to the GC content and melting temperature prediction from Serial Cloner
software [196] (Ann. 2). For mutagenesis, PCR samples were prepared with the QuickChange
kit (Agilent) and protocol [197]. PCR cycle was set as follow: 10-15-180 s for denaturation
(98 °C), hybridation (~ Ty,-5 °C) and amplification (72 °C) of the template, respectively. The
mixture was kept at 4°C after the end of the run until use. DNA sequences of PCR products
were subcloned into expression vectors and amplified after transformation of DNA production
bacterial strains to be further sequenced for control of the TCTP gene sequence (Eurofins
Genomics). For TCTPgys3 , the plasmid encoding Hisg-GST-TCTPgy3 was commercially
obtained (pRSETA vector, Invitrogen). In addition to the protein constructs for which
expression was detected several others were successfully cloned but no protein expression
could be detected (TCTP C27W, C27R, ABH3 AIDR, and A1-10) (Ann. 1).

2.2.1.2 Bcl-xL constructs and derivatives

Bcl-xL protein (Fig. 2.2 A, C) is a single-domain protein predominantly anchored in the MOM
through its C-terminal transmembrane o-helix (TM). Otherwise, the protein is organized in a
globular bundle of helices from which an IDR segment (32-87) projects away and samples
a wide range of conformations (Fig. 1.5). In Bcl-xL, the BH3 binding region is shared
between helices o3, a4, &5 and xg. Bel-xL protein construct and variants (Fig. 2.2 A, B)
were designed in agreement with established sequences for IDR partial [198] or total [111]
removal and deletion of the transmembrane part [199].

The DNA template encoding human Bcl-xL was a pUC-19 plasmid [200] from commercial
gene synthesis. Cloning of Bcl-xL. Open Reading Frame (ORF) in expression vector into
pET-M11 was carried out through targeted amplification of Bcl-xLL gene and integration via
relevant restriction enzymes and ligase that was facilitated by the use of floating tail primers
(Ann. 2). The final DNA sequence of the plasmid is listed (Ann. 1). To establish mutants,
single-step targeted mutagenesis [195] was used on the pET-M11 template containing Bcl-xL
ORF. Deletions of the C-terminal x-helix and within the Bcl-xL IDR were then carried out
as already described for the removal of TCTP IDR using floating tail primers and single
PCR step to yield the desired plasmid. DNA sequence of PCR products were sequenced for
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Fig. 2.2 Bel-xL and variants. (A) Primary sequence of human Bcl-xL in fusion with a N-terminal
Hisg tag. The sequence of the tag (lightgrey) and TEV cleavage site (grey) are highlighted. Bcl-xL.
is obtained with two extra N-terminal GA residues from TEV cleavage (black). On the sequence of
the native Bcl-xL (green), the IDR region (red) and extended IDR region (orange) are highlighted.
Secondary structure elements are represented for «-helix (rounded rectangle). (B) Bcl-xL constructs
and properties. Full length Bcl-xL (black) and variants lacking the IDR region (TCTP1) (red) plus the
extended IDR region (27-44) (orange) were expressed and purified. (C) Representation of Bcl-xL
structure elements relevant to current protein constructs. On the protein structure (pdb code: 2ME9)
the IDR region (45-84, red) and the extended IDR region (27-44, orange) are highlighted. Protein
sequences are numbered according to the human canonical isoform.

validation (Eurofins Genomics) after inclusion in the pET-M11 plasmid and bacteria-mediated

amplification.

2.2.1.3 Other proteins Mcl-1, MDM2 and YB-1, peptides and proteases

Mcl-1 protein construct (172-329)
Mcl-1 protein is mostly anchored in the MOM through its C-terminal transmembrane -
helix. Homologous to Bcl-xL, the protein is organized as a globular bundle of helices.



2.2 Protein design, production and purification 83

A Mcl-1 APESTATM (172-329)
17919.38 Da, pl = 8.07
-386 A4 1(172)
LEVLFQ | GPDELYRQSLEIISRYLREQATGAKDTKPMGR
Prescission —

SGATSRKALETLRRVGDGVQRNHETAFQGMLRKLDIKNEDDVKSL
.= . |

SRVMIHVFSDGVTNWGRIVTLISFGAFVAKHLKTINQESCIEPLAESITD
D e e

156 (327)
VLVRTKRDWLVKQRGWDGFVEFFHVEDLEGG

B MDM2 N, domain (1-125)
14714.83 Da, pl = 7.01

-5
| GSHMAS

Thrombine

I 8 b

e g ) GEEm

YB-1 FL YB-1 A180-324
35924.19 Da, pl = 9.87 18832.58 Da, pl = 9.07
1 A/P rich domain (disordered) 52

MSSEAETQQPPAAPPAAPALSAADTKPGTTGSGAGSGGPGGLTSAAPAGGDKKVIATKVLGTVKWFNVRNGYGFINRNDT
Cold Shock Domain 129
KEDVFVHQTAIKKNNPRKYLRSVGDGETVEFDVVEGEKGAEAANVTGPGGVPVQGSKYAADRNHYRRYPRRRGPPRNYQQNY
OB (CSD)
QNSESGEKNEGSESAPEGQAQQRRPYRRRRFPPYYMRRPYGRRPQYSNPPVQGEVMEGADNQGAGEQGRPVRQNMYRGYR

Charge cluster (+/-) domain

PRFRRGPPRQRQPREDGNEEDKENQGDETQGQQPPQRRYRRNFNYRRRRPENPKPQDGKETKAADPPAENSSAPEAEQGGAE
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Fig. 2.3 Other protein variants. (A) Primary sequence of Mcl-1 APEST ATM with N-terminal
Hise-GST tag and prescission cleavage site (right). Two extra N-terminal GP residues from prescission
cleavage site remain (black). (B) Sequence of MDM2 N-terminal domain in fusion with N-terminal
Hise-GST tag with thrombine cleavage site (left). Six N-terminal GSHMAS residues from thrombine
cleavage remain after cleavage (black). (C) Sequence of YB-1 (bottom). The N-terminal A/P rich
domain (green), the Cold Shock Domain (CSD) domain (maroon) and the clusters of charged residues
(yellow) are highlighted. Below all sequences secondary structure elements are represented for «-helix
(rounded rectangle) and {3-sheet (arrow). NMR structures of (A) Mcl-1 APEST ATM (pdb code:
2MHS), (B) MDM2 N-terminal domain (pdb code: 1Z1M) and (C) YB-1 CSD (pdb code: 1H95).

The N-terminal IDR region, known as the PEST domain, occupies 50% of Mcl-1 primary
sequence. Here, the BH3 binding region is shared between helices o, o3 and oy. Plasmid



84 Materials and Methods

pET15b (AmpR) encoding for the human Mcl-1 deleted for the PEST domain and C-terminal
transmembrane segment (Fig. 2.3 A) in fusion with an N-terminal histidine tag followed
by a Maltose Binding Protein (MBP) segment was generously shared by L. Carlier (LBM,
CNRS/Sorbonne-Universités) and incorporated into BL21 Rosetta pLysS (ChloR®) using

electroporation method.

MDM2 N-terminal domain (1-125)

MDM2 protein has E3 ubiquitine ligase activity in its C-terminal domain and a p53 binding
domain in N-terminal extremity. TCTP was reported to interact either with the N- or
C-terminal moiety of MDM2 [173, 150]. This interaction promotes p53 degradation by
inhibiting MDM2 autoubiquitinylation. To answer the question of where and how does TCTP
bind to MDM2, a glycerol stock of E. coli BL21 STAR that contain pET28a (Kan®) encoding
for human MDM?2 N-terminal domain (Fig. 2.3) was generously shared by E. Jacquet (ICSN,
CNRS/Université Paris-Saclay) for further binding assays (Fig. 2.3 B).

The RNA binding protein YB-1 (1-324, full length)

YB-1 protein binds to nucleic acids mostly through its central Cold Shock Domain (CSD).
IDR regions span both moieties of the protein. Notably, the C-terminal extension is organized
in clusters of charges. Human full length YB-1 and a truncated version in C-terminal
region (1-180) (Fig. 2.3) were generously shared by D. Pastré (SABNP, INSERM/Université
Paris-Saclay) to evaluate the interaction with TCTP recently proposed in the literature [145]
(Fig. 2.3 C).

BH3-derived peptides from TCTP and Mule

In order to achieve binding studies with Bcl-2 family partners and BH3-derived peptides, we
also ordered synthetic peptides (Proteogenix). Sequences of peptides derived from TCTP and
Mule protein are all 22 amino-acids length and were designed paying attention to predicted
solubility properties. Peptides were dialyzed against milliQ water using a 1 kDa Molecular
Weight Cutoff (MWCQO) membrane to remove residual contaminants from synthesis, prior to
lyophilisation and further use. Alternatively, they could be readily used at low concentration

without visible impact on buffer conditions (pH, conductivity...). Corresponding sequences
are all listed (Ann. 3).

TEV and prescission proteases for purification tag digestion

We finally produced TEV and prescission proteases that cleave at ENLYFQ | [S/G] and
LEVLEFQ | GP sites, respectively, to use in tag digestion during purification processes. Glyc-
erols stocks expressing the proteins were either available in our team (TEV) or generously
shared by L. Carlier (LBM, CNRS/Sorbonne-Universités). TEV and prescission encoding
plasmids were contained in BL21 Rosetta (AmpR + ChloR) and SE1 cells (AmpR), re-
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spectively. Proteases were produced by our own according to the later detailed protocols.
Thrombine protease which cleaves at P4P3;P[R/K] | P;-P,> with P3, P4 hydrophobic and Py,
P,- non-acidic residues was obtained from commerce (Sigma-Aldrich).

2.2.2 Large-scale protein production protocols

Protein Construct Temp. IPTG Induct. Base A Wash/Elution ~ Protease  Protease  Digest. Comments
induc. conc. time urea- NaCl (mM Imi.) conc. temp.
0  @M) (hrs)  (M)-M)) (% viv) — (°C)
native Neer G
TCTP AIDR 25 500 16 1-0.5 20-60/60+ TEV 5-10 34 G + M9 only
ATCTPI Nier G
TCTPgy3 TCTP P2 10 500 48 1-05 70/500 prescission  0.1-1 4 His-GST-TCTPgp3
peptide Weak Expr. M9
ATM Nier GA
Bel-xL A45-84ATM 25 1000 16 1-05 40-70/500 TEV 2-5 25 Nier GA
A27-82ATM Nier GA
Mcl-1 APESTATM 15 250 16 1-0.5 0-20/20+ prescission 1 4 Nier GP
MDM2 N Domain 25 1000 16 0-0.3 70/250 Thrombine 1 4 Nyer GP
Prescission His-mC-HRV143C 37 1000 3-4 0-1 80/250 - - -
TEV His-TEV 25 1000 3-4 0-0.2 80/250

Table 2.2 Protein-specific information for the purification procedure. Important parameters for
the purification of proteins are presented.

About a dozen of protein constructs were expressed in a large-scale setup and further purified.
We also produced accessory proteins such as proteases (TEV, prescission) to yield close to
native proteins for biophysical studies. For all bacterial strains expressing protein constructs,
rich medium (2xYT) and minimal medium (M9) were used. The IDR-truncated mutant of
TCTP (TCTP AIDR) was produced in every case in minimal medium since it is particularly
prone to proteolysis in rich medium culture (Tab. 2.2.2). For all expression protocols, the
biomass was made in a 1 L culture under agitation (200 rpm) to an optical density of 0.6-0.9
prior to induction. Between four and height hours were necessary in rich medium to obtain a
relevant biomass. In minimal medium, the same biomass takes longer to develop, yielding
a 6-12 hours wait before induction. Induction of protein expression was carried out by
adding isopropyl [3-D-1-thiogalactopyranoside (IPTG) in the culture flask and setting up
the protein specific induction temperature and time (Tab. 2.2.2). The culture was finally
harvested (5000 g, 20 min) at 4C and the bacterial pellet containing the protein of interest
was collected. All bacterial pellets were stored at -80 °C until use.

2.2.3 General procedure for protein purification

The proteins we expressed share common and different purification steps. Here, we report
the generic procedure for all proteins that consists in lysis, histidine-affinity chromatography,

tag digestion and purification of the digested product. Specific informations are detailed
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Fig. 2.4 Protein purification workflow: example with TCTP. (A) Histidine-affinity chromatog-
raphy profile of lysate soluble fraction containing TCTP FL and obtained after centrifugation (red).
Gradient of elution buffer is indicated with buffer B (500 uM imidazole) (green). Starting 60 mM
imidazole (peak 2, 12 % buffer B) TCTP FL is eluted while contaminants were partially eliminated at
20 mM imidazole (peak 1, 4 % buffer B). (B) SDS-PAGE profile of fractions from histidine-affinity
chromatography. (C) SDS-PAGE profile of fractions from major purification steps. (D) SEC profile
of digested, tag-free TCTP sample. Here TEV migrates at the same rate as cleaved TCTP so that this
can hinder the interpretation of SDS-PAGE gels

for the purification of recombinant TCTPgy3 peptide, phosphorylated TCTP and proteases
we produced and used for tag digestion. The value of parameters such as temperature of

induction and concentration of IPTG are all listed for specific proteins (Tab. 2.2.2).
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Bacterial lysis

Bacterial pellet (4-8 g) was kept on ice during melting in presence of 10 volumes (w/v)
of lysis buffer (50 mM Tris pH 8, 0-1 M NaCl, 0-1 M Urea, 2 mM DTT and 0.1 mg/mL
lysozyme) (Tab. 2.2.2) supplemented with half a tab of protease inhibitors (Roche, EDTA-
free). For TEV and prescission, urea, lysozyme and protease inhibitor were not present in
the lysis buffer because we need active proteases and we proceed fast during the purification,
thus limiting incubation times. prescission purification required higher (1 M) concentration
of sodium chloride and the use of DNAse to avoid DNA contamination. Bacterial pellet was
resuspended in lysis buffer by magnetic agitation on ice until suspension homogeneity. To
prevent excessive viscosity in the pressure-assisted lysis, the suspension was briefly sonicated
when needed (20 s) at maximum power under agitation before the french press operation.
Additional dilution can be envisaged prior to the first passage. After 3 cycles at 1500 bars the
lysate was finally centrifuged at 12500 g during 30 min and the supernatant was collected,
leaving small (<10 % of the original mass) residual pellet with dark inclusions. These two

parameters indicate the lysis was successfully achieved.

Histidine affinity chromatography procedure for all proteins

The supernatant collected after lysis was loaded on a histidine affinity chromatography
column (5 mL HisTrap FF crude, GE) equilibrated with imidazole-free bruffer (50 mM Tris
pH 8, 0-1 M NaCl, 0-1 M Urea and 2 mM DTT) (Tab. 2.2.2) with a flow-rate of 2.5 mL.min"!
at 4 °C. The loaded column was washed with imidazole-free buffer (10 Column Volume
(CV)) and by increasing imidazole concentration to specific values for washing steps (10 CV)
and for protein elution (5 CV) (Tab. 2.2.2). For TEV and prescission purification, urea was
prohibited. These did not need further purification and were stored at -20 °C in 25% glycerol
vIv).

Digestion and tag removal: TCTP, Mcl-1 and Bcl-xL constructs

The elution product (5-15 mL) from histidine-affinity chromatography was dialyzed against
the digestion buffer for specific TEV (50 mM Tris base pH 8, 300 mM NaCl, 2 mM DTT) or
prescission (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 10 mM EDTA and 1 mM DTT) that
also removes imidazole and urea (Tab. 2.2.2). After about two hours TEV or prescission
were added to the sample for digestion at the required temperature and the sample was left in
the dialysis buffer overnight (Tab. 2.2.2). The completion of protein digestion was checked
through SDS-PAGE experiments. Once completed, the digestion product was concentrated
with an adapted centrifugal filter (Amicon) to 10 mL and diluted with 5 X imidazole-free
buffer (see HisTrap procedure) to reach 1 X concentration. The sample was loaded on a
histidine affinity chromatography column (5 mL HisTrap FF crude, GE) equilibrated with
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imidazole-free buffer 1 X. The column was washed with 3-4 CV of imidazole-free buffer
and the flowthrough from loading and washing steps that contains the cleavage product were

pooled together and concentrated (2 mL) prior to SEC purification.

Size-exclusion chromatography and storage: TCTP, Mcl-1 and Bcl-xLL

The SEC purification step was done to ensure aggregate removal and sample polishing. S200
column (S200 10/300 GL, GE) was generally used since it allowed for larger differences in
elution volume of aggregates and protein of interest. Flow-rate of 0.7 mL/min and maximal
pressure of 1.5 MPa were considered as generic parameters for all protein purification
by SEC. After equilibration of the FPLC system in the SEC buffer for TCTP, Bcl-xLL
(50 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM EDTA and 2 mM DTT) or Mcl-1 (with
20 mM Tris pH 7, 300 mM NaCl) and the samples (2 mL) were loaded into the column.
Protein-containing fractions were analyzed by SDS-PAGE, pooled together and concentrated
(1-2 mM range). Absorbance is measured at 280 nm for tryptophan and tyrosine residues
with a NanoDrop device (ND-1000, Thermofisher) and we list all molar extinction coefficents
(Ann. 3). Proteins are stable at -80 °C for years.

Specific procedure for TCTPgy3 purification

The elution product from histidine-affinity chromatography was dialyzed against the digestion
buffer for prescission (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 10 mM EDTA and 1 mM
DTT). After about two hours prescission was added to the sample (1 % v/v) in the dialysis
membrane for digestion at 4 °C in a collection tube with no agitation overnight (Tab. 2.2.2).
We took advantage of the low Molecular Weight (MW) of TCTPgy3 (2.6 kDa) by using a
centrifugal filtering device (10 kDa MWCO, Amicon) to isolate the peptide in the flowthrough
since both purification tag and prescission have a MW above 2 MWCO and then were
retained in the upper part of the filtering device. The collected flowthrough was collected
and lyophilized. Lyophilized TCTPgy3 was resuspended in a small volume (2 mL) of water
and dialyzed against pure water using the relevant membrane (1 kDa MWCO) during 3 hrs.
Concentration determination of the sample was done by measuring absorbance at 280 nm.
Splitting and lyophilization of aliquots followed. Those were kept at room temperature in

dark environment to prevent light-induced alteration until use.

Specific procedure for the purification of pTCTP

We also post-translationally modified TCTP FL by means of Plk-1 mediated phosphorylation.
The kinase was generously shared by S. Zinn-Justin (LBSR, CEA Saclay/Université Paris-
Saclay). TCTP (100 uM) was prepared in the reaction buffer (40 mM HEPES pH 8, 20 mM
MgCl,, 5 mM ATP, 1 mM EDTA and 1 mM DTT) and the Plk-1 was added from the frozen
stock (4 uL, 160 nM final) in the reaction tube at 303 K overnight. Sample was then incubated
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with EDTA (100 mM) to sequestrate Mg?* ions that are TCTP binders prior to filtration
(0.2 uM) and injection on a SEC column (S75 10/300 GL, GE) equilibrated with the generic
TCTP NMR buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP) at 0.5 mL.min"!.
Fractions of interest were pooled together and concentrated (200 uM) prior to storage at
-80 °C.

2.3 Biophysical and computational methods

2.3.1 Nuclear Magnetic Resonance (NMR)

All NMR experiments were conducted using the following Bruker spectrometers: 600 MHz
Avance 111, 800 MHz Avance III and 950 MHz Avance III HD equipped with cryoprobes.
Here, we present basics of NMR theory [201] and keys for analysis of protein spectra and
characterization of molecular interactions. Sample preparation, experiment types and data

processing routines are also detailed.

2.3.1.1 Principles of NMR theory

Magnetic resonance of nuclear spins and vector model for 1D NMR

We briefly present core principles of the NMR theory and we detail the vector model which
gives a theoretical description of simple 1D NMR experiments (Fig. 2.5). In absence of a
static magnetic field B (T), the magnetic moment of spins orient in all possible directions.
Upon application of By, the magnetic moment of non null spins orient parallel or anti-parallel
to Bg direction (Fig. 2.5 A). The energy difference between the two orientations depends
on B and on the gyromagnetic ratio y (rad.s!) of the considered nucleus. Populations are
slightly unequal in both orientations under B and these are characterized by Boltzman’s
equations, with a weak energy difference between them which increases with the field
strength. However, the net magnetization is still non-zero along the By axis due to the
small population difference. In addition, spins precess around the B axis at a characteristic
frequency described as the Larmor’s frequency which depends of the gyromagnetic ratio
and is modulated by the local environment and shielding as the basis for the chemical
shift definition. In the classical pulse-acquire experiment, a radiofrequency pulse of short
duration is applied to put the net magnetization from z-axis along the y-axis (Fig. 2.5 B).
Spin-relaxation causes the transverse and longitudinal components of the net magnetization
to decrease and increase over time, respectively. The precession of magnetization around
By leads to time-domain data characterized by attenuated cos or sine wave along the x and

y axes (Fig. 2.5 C). This signal contains information about environment in its frequency
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Fig. 2.5 Basic theory of NMR: energy levels and vector model. (A) Boltzmann energy levels of
spin 1/2 in function of the strength of By magnetic field and resulting net magnetization. The nucleus
specific gyromagnetic ratio (y, rad.s™) is highlighted (red). (B) Vector model for pulse-acquire
experiment. A 90° -x pulse was applied to spin at equilibrium under By. Free precession of the spin is
monitored in the xy spectrum until total decay of transversal magnetization. (C) The Free Induced
Decay (FID) is a time-domain data that is readily converted into frequency-domain data by Fourier
Transform (FT), yielding a resonance peak that owns chemical shift (parts per million (ppm)) and
linewidth (Hz).

(chemical shift) and about dynamics (motion of atoms) that affects spin-relaxation as seen
in the attenuation rate of the NMR signal. After FT in a single spin system, the frequency-
domain data is a single lorentzian defined by chemical shift (position) and lineshape (broad
or sharp). Using a 1 GHz NMR spectrometer, a chemical shift of 1 ppm means that 1 kHz

difference is observed during the acquisition period between the precession rate of a given
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spin around the z-axis in the xy plane compared to Larmor’s frequency reference (10° kHz
for 'H at 1 GHz). This theoretically allows for probing every atom of a single molecule since
they all have specific environment and dynamics, such providing specific NMR signatures
(chemical shift, relaxation properties).

Concepts in multidimensional NMR

Molecules can contain thousands of spins and all have close chemical shift in ppm. The
capacity we have to distinguish and resolve two close resonances is directly linked to the
strength of By field and peak lineshape. However, this still impedes detailed study of
proteins and other large systems if only using 1D techniques because the many signals will
inevitably overlap. Bidimensional NMR allows to correlate two same or different nuclei
through spins coupling or spatial proximity to spread the original 1D data by one dimension,
accordingly to the chemical shift of nucleus in the second, so-called indirect dimension of
the NMR experiment. In the pulse-acquire experiment, only one time variable was used
and corresponds to the acquisition time (t;). In 2D NMR, there is one more time variable
(tp) but also a supplementary block called the mixing period. Time t; is the evolution time
between block pl and the mixing period (p2) and t; is still the acquisition time. 1D spectra
series are recorded with variable evolution time (t,) for each 1D experiment, which results in
to-modulated FID that are FT in the acquisition dimension first to yield as many 1D spectra
as different evolution time t;. Along the indirect, ty;-modulated dimension, this leads to
cos/sin wave curves at given chemical shift in the direct dimension. These are also FT and
the resulting spectrum is much simpler than the original 1D spectrum and consists in a 2D
map on which there is, schematically, all the information present in the 1D counterpart,
now made readable by filtering/selection of isotopic labels, coupling schemes and related
dimensional splitting that spread signals on a multidimensional map. 'H-'>N spectra are
common representations of such 2D NMR since they contain one crosspeak for each HN
in the protein which theoretically allows for probing along the backbone and side-chains
of Asn, Gln, Trp residues. These spectra are often called NMR fingerprints because the
distribution of signals are dependent on the primary and tertiary structure of the protein.
In 2D NMR, other nuclei such as '3C can also be correlated to 'H. Beyond cross-nuclei
correlation experiments, other types of parameters can be used in multidimensional NMR.
For the simplest experiments, Heteronuclear NOEs experiments rely on 'H-'"N correlation
schemes and are pseudo-3D that detect flexible region in protein by means of 'HN saturation,
yielding two different reference and saturated experiments. For spin-relaxation studies, a
time variable is used in a pseudo-3D experiment to compute the corresponding relaxation
parameters after examination of each 2D spectrum and extraction of peak intensities that

decay over the increase of the relaxation time. Gradients in encoding/decoding combined
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with diffusion delays in DOSY NMR permit to measure translational coefficient diffusion (D)
of molecules, also through pseudo-2D experiments in which the whole signal intensity from
a single structural entity decreases with the gradient strength increasing. Relying on variable
refocusing frequency and saturation offset, CEST and CPMG methods are two different

approaches that also use pseudo-3D experiments for measuring chemical exchange kinetics.

2.3.1.2 NMR is useful to monitor protein structure, dynamics and interactions

The chemical shifts of NMR active spins such as 'H, >N or 13C are sensitive to the specific
environment of the spin and thus inform on binding events at the protein surface since
local spins have different environments and thus chemical shifts between free and bound
state. The chemical shift analysis permits to delineate binding interfaces since the largest
chemical shift perturbations observed in a protein spectrum upon addition of binding partner
originate from residues located at the molecular interface and this can be mapped on a protein
structure [202]. This is valid if we assume that no allosteric changes are present in both
interacting partners upon complex formation and in the opposite case we should also observe
chemical shifts perturbations from structure transition still related to molecular interaction
but not defining the binding interface by itself. We extensively used the NMR titration
method to evaluate the impact of proteins, drugs, ions and others on labeled proteins that
were monitored to observe changes in the protein structure and dynamics upon environmental
parameter variation. During the NMR titration experiment, we increase the concentration of a
binding partner and we monitor the changes at the protein surface using ' H->N Heteronuclear

Simple-Quantum Correlation (HSQC) experiments, typically.

Different exchange regimes (fast, intermediate, slow) relative to the exchange rate between
free and bound state (kex, s71), expressed as key = kon[L] + kosy, are seen in spectra series
and generally indicate affinity (low-medium-high) considering that the dissociation constant
is Kg = % (Fig. 2.6). For two interacting molecules, when the exchange rate kex is
greater than the chemical shift difference between resonances from the free and bound
state, then exchange is fast (us) on the chemical shift timescale and a unique peak tend to
represent both free and bound state at averaged position regarding population fraction. This
means that populations and dissociation constant K4 can be readily computed by fitting a
single-parameter model in the most simple case upon titration and analysis of spectra series.
Also, crosspeaks undergoing rapid exchange perturbations can be more easily followed
in the multidimensional map upon perturbation. When kex is equivalent to the chemical
shift difference, severe line broadening leads to signal disappearing and exchange is said
intermediate (ms). When k¢x is weaker than the chemical shift difference, the exchange
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Fig. 2.6 Methods to study motions at different timescales in biomolecular systems. Motions
in biomolecular systems proceed at different timescales and several are highlighted. Biophysical
methods to study dynamics in biomolecules are shown with respect to relevant timescales. For NMR,
more detail is given by experiment types, covering specific ranges of timescale. A definition of slow,
intermediate and fast exchange on the chemical shift timescale is also given (frame).

is slow (s) and signal intensity from free and bound states decrease and increase upon
interaction, respectively. Moreover, affinity can be estimated since slower kex generally
correlate with lower dissociation constant (Ky) since the dissociation rate (ko) is usually
lower in high affinity interactions. In case of slow or intermediate exchange perturbations,

backbone assignment of the bound form or mapping of disappearing resonances in a protein
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NMR spectrum upon titration can bring crucial elements to describe a protein structure in
complex with partners. Moreover, carbon backbone resonances (Cx, C[3, CO, C’) reliably
inform on the local secondary structure environment of a given residue, which is useful
to provide information about structural transitions upon complex formation or to map the

topology of a protein.

In conclusion, chemical shifts in NMR are essential to distinguish species in solution and to
characterize interactions in term of binding affinity and interface. Upon full formation of
a molecular assembly, "N-spin relaxation and lineshape analysis of spectra series can be
used together to delineate the respective impact of global size and local interaction on line
broadening, thus refining interaction-specific perturbation set from a dynamics perspective.

2.3.1.3 NMR Experiments to study protein structure and dynamics

Dim. Nucleus Gen. name Pulse prog. Use Ref
ID H H 28 Control
'H 'H with water sup. zgesgp Proteins
'H "H with "N and '3C filter ELzgesgp_filtrI5SN13C Ligands -
'H 'H DOSY 1D_DOSY_MET Diffusion Mori [203] adapted by Schanda
2D 'H, PN SOFAST HMQC >N SOFAST HMQC 'H-°N Fingerprint Schanda [204]
'H, Bc SOFAST HMQC *C SOFAST HMQC 'H-"*C Fingerprint Amero [205]
'H, BN HetNOE {'H}-"N hsqcnoef3gpsi Local flexibility
'H, 5N 'H->N DOSY ELHSQC_XSTE_2D Diffusion -
'H,'H NOE SpectroscopY (NOESY) 'H-'H  noesyesgpph Correlation through space -
3D 'H,N,BC  HNCO HNCO Backbone Ass. -
'H, 15N, 3C  HNCA BEST-Transverse Relaxation-Optimized SpectroscopY (TROSY)-HNCA  Backbone Ass.
'H, BN, 3C  HNCACB BEST-TROSY-HNCACB Backbone Ass.
'H, BN, 13C  HN(CO)CACB BEST-TROSY-HN(CO)CACB Backbone Ass.
'H, BN, 3C  HN(CO)CA BEST-TROSY-HN(CO)CA Backbone Ass.
'H, BN, 3C  HN(CA)CO BEST-TROSY-HN(CA)CO Backbone Ass.
'H, 5N, SN HN(CA)NH BEST-TROSY-HNCANH Backbone Ass.
'H,PN,'"H  HNHA BEST-TROSY-HNHA Dihedral angle
'H, 5N, Time SN TI hsqctletf3gpsitc3d Local dynamics
'H, N, Time N T2 hsqct2etf3gpsi3d Local dynamics -
'H, N, Freq. N CPMG hsqcrexetf3gpsi3d Exchange Tollinger [206]
'H, N, Freq. N CEST nl5cest_gb_v2.4 Exchange Vallurupalli [207]

Table 2.3 Routine NMR experiments. Experiments are ordered by increasing dimension number.
Related names refer to Bruker notation system and local pulse-program names.

NMR is unique among spectroscopic techniques because it informs on both protein structure
and dynamics at atomic resolution. They were used for investigating the structural and
dynamics properties of our molecular systems are recapitulated (Tab. 2.3). For 1D 'H
experiments, the zgesgp (Fig. 5) was preferred for its better water suppression through
gradients use. Filtered 1D 'H results from its adaptation to remove signals from N and or
3C bound 'H.

Bidimensional (2D) NMR was carried out to correlate 'H and either >N or 13C nuclei.
For recording 'H-X spectra, the SOFAST Heteronuclear Multiple-Quantum Correlation
(HMQC) experiments (Fig. 5) from NMRIib [208], a library of NMR experiments from IBS
Grenoble, were preferred for their superior sensitivity. 2D 'H-'>N correlation experiments

(HSQC, HMQC) are useful to inform on the local environment at the protein backbone
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which changes upon interaction with partners and thus we extensively used them for NMR
titration to map binding interfaces and to estimate binding affinity. The 'H-">N HSQC
also yields information about local and global dynamics by analyzing the lineshape of the
residue-specific crosspeaks. Bidimensional DOSY with selection of "N bound protons
was adapted from hsqctletf3gpsi3d.2 to measure of translational diffusion coefficient (D) in

protein mixtures with heterogeneous labeling.

Tridimensional (3D) NMR was carried out between 'H, 1N and a third nucleus (13C, PN)
or a third parameter of variable nature. For backbone assignment the BEST-TROSY [209]
(Fig. 5) series of experiments from NMRIib [208] was preferred for its excellent sensitivity
due to the combination of BEST and TROSY-based recovery of multiple coherence pathways.
Protein backbone assignments and NMR titrations relied on such experiments. We measured
global and local dynamics along the protein backbone using '°N longitudinal (T;) and
transverse (T,) "N-spin relaxation experiments. Both experiments consist in applying
increasing delays before in which "N-spin relaxation occurs along the z-axis or in the
xy plane for T and T,, respectively. At the end of the relaxation delay, the residual
magnetization along z-axis (T) is detected in the xy plane by applying a 90 °pulse whereas it
can be readily detected at the end of the relaxation period for T, experiments. The exponential
decay of the residue-specific signal intensity in function of increasing relaxation delay (T)
can be fitted from the '>N-relaxation spectra series and the decay rate informs on the local
and global dynamics. For example, for a globular protein with a flexible tail (~ 20 kDa),
we expect higher longitudinal (T;) and lower transverse (T») relaxation time in structured
regions whereas the opposite is expected for flexible residues, thus informing on dynamics
on a fast timescale (ps-ns) and also yielding information about chemical exchange at slower
timescales. {!H}-'"N Heteronuclear NOEs experiment also informs on local dynamics
through bond saturation transfer increased for mobile backbone NH bond vectors, yielding
a greater loss of intensity in crosspeaks upon saturation compared to more rigid segments.
When the intensity ratio between saturated and reference experiments is in the range 0.8-1
(depends of By), the specific residue is very rigid whereas lower ratios down to -1 indicate
more to extremely flexible regions with corresponding mobility of the residue-specific
backbone NH bond vectors. For local dynamics, '’N-spin relaxation informs on motions
at fast to slow timescales (ps-ms) and can be combined with Heteronuclear NOEs derived
parameters for treatment via the Lipari-Szabo or modelfree formalism [210] to obtain the
amplitude (S?) and timescale of internal motions as well as the global motion of the protein.
The modelfree is based on the spectral density spin-relaxation theory that explains NMR
relaxation and yields local parameters related to molecular motions in models of increasing

complexity. It also serves to compute global information on dynamics such as the rotational
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diffusion of the protein, expressed as the correlation time (T.), which describes is a tumbling
time usually higher with the MW of the protein. Methodology for CPMG experiment in
investigating chemical exchange at intermediate timescale (us-ms) results from the original
scheme [206] and the CPMG block consists in applying refocusing pulses at increasing
CPMG frequency (vcpmg, 0-1600 Hz) before starting the acquisition period. By increasing
vepma, the dephasing of signal is reduced and the residue-specific '°N transverse Roeff
parameter decreases for residues undergoing chemical exchange at intermediate timescales,
enabling kinetics and thermodynamics parameters determination. CEST experiments were
adapted from a sequence shared by the developers of the method (G. Bouvignies, CNRS/ENS
and L. Kay in Toronto) to detect chemical exchange at slower timescale (5-50 ms) [207]
compared to CPMG experiments. This scheme involves irradiating various regions of the
spectrum with a weak B field while monitoring the effect on the visible resonances from the
major state. Indeed, irradiating invisible peaks from minor states exchanging with the major
one results in signal loss in the latter upon saturation at the minor peak offset. This allows
to detect and characterize in solution invisible species that are slowly exchanging with the

major, NMR-visible state.

2.3.1.4 Sample preparation and material for NMR

For NMR measurements, all samples were desalted in the experimental buffer prior analysis.
The latter usually contained a suited buffer molecule regarding the experiment specific
pH (mainly 10-50 mM HEPES pH 7.4, EPPS pH 8, MES pH 6.5) and sodium-chloride
(0-500 mM) with TCEP (0-2 mM) often used as reducing agent. Here TCEP helped to
keep the two cysteins C28 and C172 in their reduced state, and to prevent the formation
of covalent TCTP dimers. Importantly, no anti-protease cocktail (Complete or EDTA-free
Protease Inhibitor Cocktail (PIC)) should be added in the NMR tube in order to preserve
proteins stability. Indeed, we have observed that such agents chemically evolved during
our NMR experiments and influenced crosspeaks position with patterns characteristic of
protein degradation. A standard amount of D,O (5 % with a cryo-probe) was finally diluted
in the sample. Experiments were generally done using a 3 mm NMR tube to ensure the best
signal to noise ratio using a limited amount of protein sample (200 pL, > 50 uM protein

concentration).

For NMR titration of proteins by ligands, aliquots of organic molecules were prepared as
follow. A mass of solid molecule was dissolved in a volatile buffer (acetonitrile, methanol,
chloroform...) according to the specific solubility of the compound. Relevant volumes were
transferred in collection tubes and those were lyophilized to remove the solvent. The NMR
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sample containing the protein to be titrated was added onto the dried aliquot with vigorous
and extended mixing. Comparison with liquid addition from stock solution of ligand was
done to validate the protocol. For NMR sample preparation and titration of proteins by
proteins, dried aliquots were prepared as follow. Proteins were desalted in pure water at
high (= 200 uM) concentration and immediately put on ice. For Mcl-1, a quick (30 s)
centrifugation (16000 g) ensures the removal of the species that aggregate upon desalting.
Relevant volumes were transferred in collection tubes and those were lyophilized. The
resulting white solid will be dissolved in the NMR sample when needed.

High-Pressure NMR (HP-NMR) [211] experiments were conducted on the 800 MHz Avance
III spectrometer with the use of an hydrostatic pumping system (Daedalius Inc.) providing
up to 2500 bars in the dedicated NMR tube containing the protein of interest. Mineral oil was
used to ensure impermeability between water from the pump coil and the aqueous protein
sample. Separately, HDX experiments report on the strength of H-bond, and thus assess
tertiary and secondary structure stability. In the HDX experiment we resuspend a dried
aliquot of protein initially prepared in an acidic buffer with protonated solvent (H,O) into
D, 0 buffer and 'H-1SN fingerprint of the protein sample were measured at regular intervals
at 288 K during 24 hrs. HDX exchange was monitored by following intensities on the 'H-'"N
spectrum of the protein and fast (slow) exchanging 'HN indicates weak (strong) H-bonds or
water accessibility. Exponential decays could be fitted for each residue-specific resonance
and extrinsic H/D exchange rates were computed. Intrinsic exchange rates were gained using
ClntX server [212] and Protection Factor (PF) were calculated as the ratio of the intrinsic and

extrinsic rates (kin/kyc) [213] to remove the amino-acid type contribution to the exchange.

2.3.1.5 NMR data processing and extraction

NMR processing of raw Bruker data and spectra analysis were achieved with Topspin 3.5 pl 5
(Bruker) and CcpNmr [214] when looking at chemical shifts and NMRpipe [215] when
looking at intensities and volumes. For NMRpipe [215] processing of 2D and 3D spectra,
samples of script fid.com (Ann. 4) and nmrproc.com (Ann. 5) are presented. NMRpipe peak-
lists were built with ipap.tcl module in combination with a protein assignment list exported
from CcpNmr in nmrDraw format. For intensities extraction and non-linear modelling the
procedures autofit.tcl and model Exp.tcl were applied. Data visualization was permitted by
the homemade fitPlotListXYdYinPDF.py script which also refits the data for comparison. This
general procedure is detailed in fitModPlot.csh (Ann. 7). Specific script for CPMG treatment
getR2eff.sh (Ann. 8) was developed whereas CEST experiments were treated with the generic
routine for pseudo-3D experiments which include intensity extraction with NMRpipe and
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the script fitPlotListXYdYinPDF.py to plot and visualize CEST profiles for each residue in a
single PDF file. For accurate intensities comparison between two peaklists, calcHetNoe.sh
(Ann. 9) was used with nlin.tab files (output from autofit.tcl) from two spectra as inputs. 5N
relaxation and "H-'"N heteronuclear NOEs experiments were analyzed by relying on the
modelfree formalism [210] integrated in the TENSOR?2 program [216] after parameters ex-
traction. Using this approach we fitted the data with an isotropic diffusion tensor to estimate
the correlation time (T.) of protein and complex. The modelfree formalism was also used to
compute local order parameters S2, describing the local dynamics of the amide backbone

NH vector on a fast timescale ( ns) from very rigid (S%2 ~ 0) to extremely mobile (S2 ~1).

2.3.2 Biophysical methods for investigation of proteins structure

For all methods listed below, samples were systematically centrifuged (16 000 g, 5 min)
prior to measurement in order to remove aggregates which could interfere with the signal of

interest.

2.3.2.1 Dynamics Light Scattering (DLS)

DLS measurements were carried out using a Zetasizer Nano ZS (Malvern Panalytical)
machine to evaluate hydrodynamic radius and polydispersity of proteins. In the method, the
sample is illuminated by a laser beam and fluctuations of the scattered light at fixed scattering
angle over time (©) permit to estimate the hydrodynamic volume of species in solution since
light scattering is higher for big particles and it fluctuates slower due to smaller translational
diffusion coefficient (D) compared to small entities. After centrifugation (16 000 g, 5 min),
samples (60 pL) were disposed in the cuvette and measurements were done in the 25-35 °C
range. Protein concentrations were variable (1-20 mg.mL!) but all allowed for a correct
signal to noise ratio to be further considered. Constant parameters were set as follows:
scattering angle 90°, wavelength 632.8 nm refractive index 1.33. Experiments results are
analyzed predominantly through distribution by intensity and distribution by volume plots in

the Zetasizer software (Malvern Panalytical).

2.3.2.2 Size-Exclusion Chromatography (SEC)

SEC experiments allow to separate proteins using a column matrix that discriminates hydro-
dynamic volumes by means of nanoporous material. Routine SEC was performed using the
FPLC system Akta Explorer (AKTAexplorer, GE) with S75 and S200 10/300 GL columns
for globular proteins in the range 3-70 kDa and 10-600 kDa, respectively. Room temperature

was maintained at 18 °C and flow adjusted (0.5-1 mL.min!) to limit the system pressure
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below 1.8 MPa and 1.5 MPa for the S75 and S200 columns, respectively. Proteins were
monitored at 260 nm and 280 nm. Text files were exported for further processing. System

was systematically equilibrated with the sample buffer prior to each session.

2.3.2.3 Small Angle X-Ray Scattering (SAXS)

The Synchrotron SOLEIL facility (Saint-Aubin, France) and the SWING beamline were
used to measure SAXS profile of proteins and complexes thereof. Those inform on the
MW, radius of gyration and they allow to compute the 3D envelope of the molecular entity.
Temperature was set to 25 °C and samples were detected after passing through a SEC column
(S200 Increase, GE) at 0.5 mL.min"'. In-line SAXS measurement on elution fractions was
done and data were processed using ATSAS software suite [217] and US-SUMO processing
tool for signal deconvolution. The experiments were done under the guidance of A. Thureau
(Synchrotron SOLEIL).

2.3.2.4 Circular Dichroism (CD)

The far-UV (180-260 nm) and near-UV (260-320 nm) CD spectra were recorded at 25 °C
under N; atmosphere using a JASCO J-810 spectropolarimeter to observe secondary structure
content and 3D folding of proteins. The method relies on polarized light and absorption by
the protein chromophores to yield a deviation of light that is measured to estimate structure
properties. Protein concentrations were kept in the range 2-5 mg.mL-!. Path lengths were
0.1 mm and 1 mm for the far-UV and near-UV CD, respectively. Ten accumulations at 100
nm.min"! with data pitch 0.2 nm and digital integration time (DIT) 1 s were recorded for
each sample. Detector voltage never exceeded 700 V in the work presented. Text file were
further exported for plotting. For simulation of CD spectra, the BeStSel [218] online software
was used. All experiments were conducted in EPPS or MES buffers, low salt concentration
(< 50 mM) and with TCEP (1 mM). For accuracy in low wavelengths, phosphate buffer
(2.5 mM) and no salt were preferred with low TCEP concentration (100 uM).

2.3.2.5 Tyrosine and ANS fluorescence spectroscopy

To identify changes in tertiary structure of proteins upon conformational transition or complex
formation, we used fluorescence-based methods. Using a temperature-regulated F-2500
fluorescence spectrophotometer (Hitachi), we measured the emission spectrum of protein
with focus on the intrinsic fluorescence of Tyr residues since TCTP has no Trp in its primary
sequence. Excitation wavelength was determined by first determining maxima on the

absorbance spectrum of TCTP (Aaps). Then an emission spectrum of TCTP at excitation
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wavelengths corresponding to maxima of absorption (280 nm) were recorded to identify
the electronic transitions that yield the strongest relative fluorescence signal in the emission
spectrum. The corresponding peak apex was used to record an excitation spectrum at fixed
Aem (303 nm) which yields the refined Agxc (277 nm). In all experiments, protein samples
were prepared at 5 uM and complexes at equimolar ratio in the following buffer: 50 mM
EPPS pH 8, 50 mM NaCl, 2 mM TCEP. For urea-based experiments, different samples in
specific buffers were prepared to prevent dilution upon addition of solid urea in the sample
tube. Samples were all incubated overnight at 37 °C and measurement of Tyr fluorescence
was recorded at the same temperature with the following setup: Agxc = 277 nm, Agy =
220-700, scan speed = 500 nm.min"!, delay = 1 s, Ex and Em split = 10 nm, response =
0.08 s). We also used the fluorescent hydrophobic probe ANS since it binds to hydrophobic
surfaces that are overexposed in MG proteins with strong enhancement of fluorescence
emission from the bound probe [219]. After incubation at 37°C overnight, ANS was added
at 1 mM which correspond to 1:200 or 1:100 protein: ANS ratio for sample of protein and
complex, respectively. Samples were kept at 37°C (2 hrs) prior to the measurement of ANS
fluorescence in same setup than listed above excepted for Agx. which was set to 342 nm and
fluorescence emission from ANS was broad over the 500-600 nm region of the emission
spectrum. We corrected all spectrum with baseline separately recorded on buffers and upon
ANS addition at the Agx. of Tyr and ANS.

2.3.2.6 Thermal Shift Assay (TSA)

TSA is a biophysical method that quantifies the change in protein folding using an hydropho-
bic and fluorescent probe that preferentially binds to the unfolded state compared to the
folded state of the protein, thus increasing fluorescence intensity upon unfolding [220]. The
TSA method detects such change in the probe fluorescence, thus allowing to measure the
melting temperature (Ty,) of proteins. Interactions between a protein and partners can modify
the melting temperature and thus TSA can also describe such interactions. TSA experiments
were done by monitoring the fluorescence of SYPRO probe when applying a temperature
gradient from 25 °C to 95 °C at 3 °C.min"! speed. A real-time PCR instrumentation (StepOne-
Plus, Applied Biosystems) was used to measure the fluorescence along the gradient. Samples
were prepared in various buffers according to the considered session: TCTP_buffers (diverse),
TCTP_ligands (10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP and 5 mM EDTA),
TCTP_proteins (50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP) and TCTP_urea (50 mM
EPPS pH 8, 50 mM NaCl, 2 mM TCEP, 2.5 M urea). For experiments involving urea or
protein complexes, samples were all incubated 12 hrs at 25 °C or 1 hr at 35 °C prior to

measurement, respectively. All measurements were done in triplicate by a robot. Raw results
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were analyzed (StepOne software, Applied Biosystems) and the melting temperature (Ty,)
was computed as the derivative of the SYPRO raw fluorescence curve in function of the tem-
perature. The experiments were done by E. Jacquet (ICSN, CNRS/Université Paris-Saclay)
from our team at ICSN and we list all tested buffer conditions (Ann. 11) with variable pH
(6-8.5) and salt concentration (0-500 mM) or type (NaCl, KCI).

2.3.2.7 Microscale Thermophoresis (MST)

MST is based of the thermophoresis of molecules, which provides informations about
molecule size, charge, and hydratation shell [221]. Thermophoresis properties are affected
upon interactions and the method monitors the changes to estimate binding affinities and
interaction modes. MST experiments were carried out on a Monolith NT.115 (Nanotemper
Technology) to determine affinity of protein-partner complexes. Standard capillaries (for
Monolith NT.115, Nanotemper Technology) were used with "green" labeling of Mcl-1
protein at lysine residue and 1:1 protein:label in average. Labeling was achieved with the
manufacturer recommendation [222] and materials. Raw fluorescence of the labeling product
was measured and sample subsequently diluted before storing for further MST measurement.
Samples were prepared according to the manufacturer comment [222]. In brief, serial 1:1
dilution of a partner stock solution over 16 collection tubes previously filled with analysis
buffer (10 uL) was done. Then an equivalent volume of labeled protein (10 uL) was added
in each collection tube. All samples were made in triplicates and incubated 1 hr at 35 °C
prior to MST run. The experiments were done under the guidance of P. Llinas (I2BC,
CNRS/Université Paris-Saclay).

2.3.3 Informatics, software routines and modelling tools

Bioinformatics and more generally computer-based strategy in molecular sciences and data
management have allowed to greatly accelerate research and were used on a daily basis in the
work presented in the manuscript. Here, we recapitulate the essential of publicly available
tools we used and to report on the original algorithms and codes we developed to speed up

data processing during the project.

2.3.3.1 Hardware & Desktop environment

The current work was supported by an ACER laptop equipped with an Intel-i7 7700HQ @ 3.4GHz,
24 GB of RAM DDR4 and both Hard Disk Drive (HDD) and Solid State Drive (SSD) disks.
Gnu’s Not Unix (GNU)/Linux Debian [223] Stretch was the main operating system and Mac
OS X/ Windows 7 were run with virtualization tools when needed. The GNU [224] software
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suite provides a scientist-friendly environment and open-source tools of great interest. For
data processing and treatment, programmation language such as Bash [225], awk [226] and
Python [227] were extensively used. For text processing, LaTeX [228] was preferred and
WPS Office suite was used to ensure an optimal compatibility with MS Office. Graphic plots
were obtained using Grace [229], Gnuplot [230] or Python with Matplotlib library [231].
All the figures were retreated through Adobe Illustrator CS6 running on Win7/VMWare.
Tridimensional structures of molecules were visualized through PyMOL software [232].

2.3.3.2 Bioinformatic tools

Molecular docking was carried out with HADDOCK [191] for protein-peptide modelling,
respectively. We also used PTools [233] to achieve TCTP-TCTP docking [234]. Finally we
used the open-source GROMACS [235] molecular dynamics software to compute confor-
mational ensemble of native TCTP and upon modifications. This work was done under the
guidance of T. Ha-Duong (BioCIS/CNRS, Université Paris-Saclay). For common tasks such
as getting the protein properties via its primary sequence, treating nucleic acid sequences
(reverse, complement...), predicting and modelling, the ExXPASy [236] online suit was used
on a monthly basis. For computation of hydrodynamics radius and >N relaxation parameters
of a protein the HydroNMR [237] program was executed.

2.3.3.3 Algorithms for data processing and bibliography

Routines for data processing, treatment and visualization

Numerical data were processed automatically most of the time by the use of scripting
facilities in Bash, awk and Python. As example, peaklists exported from 2D experiments
in CcpNmr [214] were formatted via XYnFT.py (Ann. 12). Between two XY data files
such as peaklists, computation of parameters relative to chemical shifts and intensities was
made possible by calc.sh (Ann. 13). The same principle was applied for XY files from
any origin when arithmetic operation were needed for comparison between the two files.
Figures were quickly created by means of plotXY.sh (Ann. 14) with its associated gnuplot
plotXY.conf file (Ann. 15). Generation of pymol command for selecting particular residues
with respect to user-defined cutoffs was achieved by the grpXY.sh script (Ann. 16). This
example of procedure is recapitulated in analyze.sh (Ann. 17). Importantly, scripting for
systematic representation and fitting of XY files database was extensively used by executing
fitPlotListXYdYinPDF.py (Ann. 10). Such database of XY files can be easily generated with

series experiments and appropriate few lines of code for pre-processing.
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Management of bibliography by 2Pmed.py script

Downloding papers and retrieving metadata in PDF files using classical bibliography soft-
wares can be source of mistakes and it is time consuming. From an input file containing a
list of Pubmed Central ID (PMID), the 2Pmed.py outputs blocks of bibliography citation
data in word text and in the .bib format with associated call commands for LaTeX [228]
text-processing (Ann. 18). On purpose, 2Pmed.py can manage bibliography in a given path by
creating PMID-specific folders (e.g. AuthorName_ year_ PMID) containing the downloaded
paper and specific word, .bib and .tex citation information with automatic compilation in
a PDF file. This for all entries in the PMID input file, allowing to download and reliably
manage many papers at time on a fully custom mode. The user can read papers and add notes
in a text file that will be automatically included in the PDF file upon re-run of 2Pmed.py and
this for each single paper folder detected in the choosen path. An alternative version of the
script called 2Gpat.py was also developed to retrieve patent-specific metadata in a similar
approach (Ann. 19).






Chapter 3
Research for alternative TCTP states

The large and diverse TCTP interactome is intriguing since the protein is a single-domain
entity with a relatively simple tertiary organization. Accordingly, our main working hypoth-
esis in the whole thesis is that TCTP is prone to structural plasticity to explain how it can
adapt to its myriad of partners [145]. Before the characterization of TCTP complexes with
partners, it is important to accumulate observations regarding the isolated protein, to further
delineate binding specific perturbations from those that occur in the context of the isolated
TCTP protein.

Here, we will first describe the structures of isolated TCTP by means of NMR prior to test
if the protein could form non-covalent dimers since this could interfere when monitoring
interactions with partners. Then, we know that phosphorylations of TCTP, which is mediated
by PIk-1 in cells, is a marker of aggressive tumors and it abolishes the interaction with
the o-tubulin, possibly modifying the structure of TCTP. Thus, we performed the in vitro
phosphorylation of TCTP and we will report here our characterization of the phosphorylated
TCTP state (Sec. 3.1). We will also introduce our published paper where we report a
combination of MD and NMR to study the conformational landscape of TCTP IDR under
phosphorylation and calcium binding in order to evaluate at which extent the modifications
could impact the protein structure (Sec. 3.2). In order to test further if TCTP could change its
structure or exist in a minor state that we could promote, we applied stress of different natures
(temperature, urea, pressure...) and we could detect and stabilize an alternative state of the
protein. We will show in the next chapter that this state is crucial for interactions with Bcl-2
family proteins (Sec. 4). Thus, here we will extensively describe the structural organization
of this alternative state by means of a vast panel of analytical (NMR, SAXS, DLS, CD, SEC,
ANS and tyrosine fluorescence...) methods (Sec. 3.3). At the end of the chapter, we will
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discuss our results and propose a model that represents the diversity of structure found in
isolated TCTP (Sec. 3.4).

3.1 Diversity of TCTP structures

3.1.1 NMR assignment and dynamics along TCTP backbone
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Fig. 3.1 SOFAST HMQC and backbone assignment of native TCTP. 'H-'>N SOFAST HMQC
from TCTP (250 uM) and 'H-1>N backbone assignment (red labels). A close-up view of the central,
crowded region of the spectrum is shown. Experiments were recorded at 950 MHz and 25 °C in the
following buffer: 20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,O.
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Fig. 3.2 Secondary structures and dynamics in TCTP protein. (A) Statistical and data-driven
prediction of secondary structures in TCTP. Network Protein Server (NPS) [238]) uses three different
statistical approaches to predict consensus secondary structures from the TCTP primary sequence
and Talos+ software uses experimental chemical shifts of TCTP backbone heavy atoms as input. The
TCTP sequences are colored according to the prediction results from each methods. With ab initio
prediction using NPS [238], the ambiguous result for the BH3-like motif is highlighted. (B) '>N-spin
R; and R and {'H}-'SN Heteronuclear NOEs experiments for studying TCTP dynamics. The TCTP
IDR is highlighted (pink background). Experiments were recorded at 950 MHz and 25 °C in the
following buffer: 20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,O.

NMR is a method of choice for studying protein structure, dynamics and interactions at
atomic resolution. During the PhD, we mainly used NMR to gain insights into the molecular
features of proteins and associated complexes. Routine experiments largely include the so-
called 'H-'"N SOFAST HMQC or protein fingerprint which is a SOFAST HMQC containing
signals termed as crosspeaks or resonances that report on the environment and dynamics at
a residue resolution. For proteins, rigid segments are less visible as they have higher local
correlation time (), yielding broader crosspeaks with respect to the size (MW) and shape of
the rigid region. Flexible residues are strongly visible and the signal intensity is not related
to the MW of the flexible region, allowing to probe such segments in proteins of any size.
Typically, we expect as much crosspeaks in the SOFAST HMQC as stable 'H-'>N bonds
in the protein backbone and side-chains. Notably, we can not observe proline residues in
the typical 2D 'H-!'>N HSQC/HMQC experiments since the residue has no NH bond in its

structure.
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In the 'H-">N fingerprint of full length human TCTP (Fig. 3.1), we counted more resonances
than residues in the protein due to side-chains contribution. All crosspeaks were well
dispersed in both 'H and !N dimensions, indicating that the visible protein is well folded in
our conditions. For the TCTP IDR (residues 38 to 66), corresponding signals are grouped
in the center of the spectrum (~ 8 ppm in 'H dimension) which is typical of unstructured,
flexible segments. Indeed, signal dispersion is low for resonances from disordered and
solvent-exposed regions in a protein since they have no stable structure and thus limited
differences in their averaged environment, leading to small dispersion of chemical shifts.
For flexible residues, such as in the TCTP IDR, the signal intensity is higher due to slower
transverse relaxation time that sharpens lines and is typical from flexible regions with faster
tumbling compared to structured regions. Within the globular core of TCTP, the intensity
is weaker since it is rigid with slower rotational tumbling and thus higher correlation time
(tc). We have recorded 3D NMR experiments such as HNCO, HNCA and HNCACB
(Sec. 2.3.1.3) to achieve the backbone assignment of TCTP to further probe the protein
structure and dynamics at residue-resolution upon various conditions. These experiments
rely on inter- and intra-residues correlation of backbone nuclei and allow to sequentially
link each crosspeak in the 'H-!>N fingerprint to the corresponding amino-acid in TCTP
sequence. Following this principle and using a previously published assignment [176], we
have assigned most of the 172 residues in TCTP excepted proline residues that lack backbone
HN (P57, P108, P113, P142, P158) and the two extra-residues in C-terminal (G-1, PO) from
the TEV digestion during TCTP purification (Sec. 2.2.3) since they both have no backbone
amide HN. The residue N51 could not be assigned, likely due to overlapping signals or
intermediate exchange at the chemical shift timescale (ms) which broadens lines in the NMR
spectrum. Residues arginine, asparagine and glutamine have a NMR-visible HN in their
side-chains and these were also assigned and can report on interaction within the protein
structure and also with an interacting molecule. Using all types of backbone chemical shifts
("H, BN and '3C) we could predict and well reproduce the secondary structure definition
found in both crystal [149] and solution [176] structures of TCTP protein using the software
Talos+ (Fig 3.2 A). Alternatively, we used NPS [238] secondary structure prediction server
that uses three different statistic methods to report on the consensus topology predicted from
TCTP sequence without experimental data (Fig 3.2 A). Even though the secondary structure
pattern obtained by NPS [238] was essentially similar to the experimental pattern determined
using Talos+, we found that the BH3-like region (15-29) was predicted to form either [3-sheet,
«-helix or random coil depending of the algorithm used by NPS, yielding a consensus with
ambiguous score. This means that the primary sequence of the BH3-like motif does not

contain strong sequence discriminants for neither of random coil or stable (o-helix, 3-sheet)
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structure elements and that the rest of the TCTP sequence is likely to help the folding of the
BH3-like region into a 3-strand.

Beyond TCTP structure, we used NMR to characterize the protein dynamics in various
conditions. We have measured 15N—spin R, and R, and {'H}-""N Heteronuclear NOEs
experiments performed on native TCTP that yield information on both local and global
dynamics. Individually, '>N-spin rates R; and R, yield information on motion in a wide
range of timescales (ps-ms) (Fig 3.2 B). We found higher R; and lower R, in TCTP IDR
compared to the rest of the protein which mostly includes well structured segments. These
differences from '>N-spin relaxation rates in TCTP IDR are typical signatures of a disordered
region in which accelerated motions (ps-ns) induce longer transverse and shorter longitudinal
I5N-spin relaxation time. Finally, parameters extracted from {'H}-!°N Heteronuclear NOEs
experiments are a different source of information on the local mobility of the H-N vector in
the protein backbone. By using a principle based on NOE-mediated saturation transfer, we
could discriminate rigid from not rigid backbone H-N since the efficiency of the saturation
transfer is greater for H-N vectors reorienting fast as in flexible regions with no stable
structure and fast dynamics (ps-1 ns). Most of the TCTP structured parts had heteronuclear
NOEs values close to 1, indicating that the H-N vector in these residues is rigid and likely
engaged in hydrogen-bonding and related stable structure elements. In the TCTP IDR, we
observe a decrease of values from each extremity to reach a minima at position E55. This
confirms that the IDR is highly dynamic with maximal mobility of H-N bonds in the central

region of the protein segment.

For assessing the global dynamics of the protein, the R»/R; ratio can serve to estimate the
correlation time (Tt.) using the Lipari-Szabo formalism [210]. The correlation time (T.)
represents the rotational diffusion time of the protein and was computed to 10.1 = 0.12 ns for
TCTP at 500 uM. The T, depends on the MW and protein shape. The Lipari-Szabo formalism
also allows to compute models that explain 15 N-spin R and R and { 'H}-1>N Heteronuclear
NOEs experiments in term of local mobility at different timescales and under chemical
exchange. We will present such this analysis for native TCTP and upon modification later in

the manuscript (Sec. 3.2).

3.1.2 TCTP forms salt- and IDR- dependent dimers

We wanted to establish if TCTP could form dimers in solution since it could cause spectral
perturbations non-related to binding events with partners. To test if the native human TCTP
could exist as non-covalent dimers in our conditions of buffer and salt (pH 7.4, 150 mM

NaCl), we have proceeded with dilution experiment of the protein from 1 mM to 50 uM
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Fig. 3.3 The concentration-dependent monomer-dimer equilibrium in TCTP. (A) Overlay of
'H-15N SOFAST HMQC spectra from TCTP upon dilution from high (1 mM) (black) to low (50 uM)
(orange) concentration. Spectra were scaled arbitrarily. Residue F83 shows the largest perturbation
upon dilution and forms with residues S82, T81, K85, N131 and Q133 a group of dimer-sensitive
amino-acids (black labels). Segments D1 (80-85) and D2 (130-135) are shown (red) on the structure
of TCTP (pdb code: 2HR9) (bottom-right). Experiments were recorded at 950 MHz and 25 °C in the
following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,O.

concentration. We have recorded 'H-'>N SOFAST HMQC spectra of the protein upon
dilution to observe the sensitivity of TH, I5N chemical shifts toward TCTP concentration.

Interestingly, we have detected 'H, >N chemical shift dependence for several residues
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Fig. 3.4 Model of TCTP dimerization interface. The NMR structure [176] (pdb code: 2HR9) and
crystal structure [149] (pdb code: 1YZ1) of TCTP were used to propose a structural model at the
dimer interface. The TCTP monomer from NMR structure was aligned on the asymetric unit in the
crystal structure. The operation was repeated with another monomeric TCTP from NMR data to
assemble the dimer interface. Residues for which 'H-'SN resonances are strongly (red > orange) and
weakly (grey) affected by TCTP dimerization are highlighted.

-
[=
o

|

TCTP AIDR o
250 uM

soum 46 1a%0 ¢

E110—E
g 3 0
d
o .
120—: , J @ o
é § o
130 4 Central region

IIIIIIIIIIIlIIIIIIIIlIII|IIIIIIIII|IIIIIIIII|
100 9.0 8.0 7.0 6.0
&'H (ppm)

Fig. 3.5 Importance of TCTP IDR for dimer formation. Overlay of 'H-'>N SOFAST HMQC
spectra from TCTP AIDR at high (250 uM) (black) and low (50 uM) (red) concentration. Spectral
intensity were scaled arbitrarily. Experiments were recorded at 950 MHz and 25 °C in the following
buffer: 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP, EDTA 0.5 mM in 95 % H,O /5 % D,O0.
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to the concentration of TCTP (Fig. 3.3). We computed combined 'H-'N chemical shift
perturbations and mapped these residues within the poorly defined segments D1 (80-85)
and D2 (130-135) of the protein. Residue F83 exhibited by far the largest 'H-'>N chemical
shift perturbation. The surface drawn by D1 and D2 segments on the structure of TCTP
was similar to the electrostatic TCTP-TCTP interface described in the crystal structure
of the protein [149] (Fig. 3.4) which suggest that D1/D2 is a hotspot in the protein for
dimerization, possibly favored in the crystallisation process. We conclude that native TCTP

form concentration-dependent non-covalent dimers in solution.

We computed the self-dissociation constant (Kg.sj¢) for the TCTP dimer to estimate pop-
ulations in solution (150 mM NaCl, pH 7.4) and found 1.36 4= 0.26 mM but the value is
extremely sensitive to salt concentration. Our methodology is explained in the paper we
will present in the next section (Sec. 3.2). We could estimate that TCTP dimer is poorly
populated (3 %) at low concentration of protein but is significantly enriched (30 %) at
higher concentration (500 uM). In addition to protein concentration, we searched for other
parameters balancing the monomer-dimer equilibrium in TCTP to further predict the dimer
content relative to the experimental setup. In the NMR sample of protein, we used variable
salt concentration and pH to show that the TCTP dimer is predominant (== 95 %) in absence
of NaCl and is promoted at alkaline pH (Ann. 7).

We then tested how the TCTP IDR could participate in TCTP dimer formation using the
TCTP AIDR mutant. We recorded 'H-'"N SOFAST HMQC of the protein variant at different
concentrations. 'H, 1N chemical shifts from the TCTP AIDR mutant were not sensitive
toward protein concentration anymore (Fig. 3.5). The monomer-dimer equilibrium in TCTP
was abolished upon IDR removal and only monomeric TCTP AIDR could be detected,
indicating that the IDR is required for dimer formation. This is surprising considering that the
IDR does not overlap with segments D1/D2 that we proposed for the inter-TCTP interface.
Furthermore, we could have expected that the TCTP IDR would inhibit self-association rather
than allowing it since it represents a mobile lid that evolves close to the dimerization interface.
Hypothetically, TCTP IDR could bring protein units closer from each other to decisively
increase the local concentration and to promote self-association. Further discussions about
the putative role of TCTP IDR in dimer formation are reported in the next section (Sec. 3.2).
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Fig. 3.6 Overview of TCTP phosphorylation by Plk-1. Overlay of 'H-'>'N SOFAST HMQC
spectra from phosphorylated (black) and native (red) TCTP (100 uM). Residue S46 exhibits the
largest perturbation upon phosphorylation. The dimer-sensitive residue F83 is also affected. Both
are highlighted (light blue). Examples of TCTP IDR residues for which multiple resonances were
matched are given with ES5 and S64 (top-left). Experiments were recorded at 950 MHz and 25 °C in
the following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,O.

3.1.3 Phosphorylation in TCTP IDR by Polo-like kinase 1 (Plk-1)
3.1.3.1 Monitoring of TCTP phosphorylation and structural characterization

TCTP was reported to stabilize microtubules (MTs) upon binding to «-tubulin units, stabiliz-
ing the mitotic spindle during the metaphase in mitotic cells. The Plk-1 phosphorylates TCTP
both in vivo and in vitro at positions S46/S64 and lead to the dissociation of TCTP from
the x-tubulin [31], leading to mitotic spindle destabilization and mitosis completion [33].



114 Research for alternative TCTP states

A HHH— s B -
4 S46 i
- 0.8 : ok
S < -
< 0.6 3 I ;
'nz ) 9 ' : ‘ H (| IR -'
+ . T dlkss - Al B EEEE gii
<+ 044 - i I I e & ||\
o Z I Al HMI‘ LRl Ll
4 (7] ]! I Ir :
O ] < H ‘I | |‘ 1 i
I I i
3 0.2 F83 £ i i r
£ ] = N \
‘3 R | SN EO
S . i H H
S 0 -
© 0 50 100 150 0 50 100 150
Residue number (a.a.) Residue number (a.a.)
C D DN
1 4 Phosphorylated TCTP 21607 Da /\ 77
] Native Zo39Da ( S46
0.8 ) :jfj/*«’"
8 21600 21700 21800 21900 // //’\/j
: Z=2 miz =
0.6
§ /
E] : N
z=1 -~ A
S 04 { ~
[
2
®
° 0.2
o )
&
0 O N — As  >0.1
< <
10000 20000 30000 0.05 Aacomb 0.1

m/z

Fig. 3.7 Characterization of the phosphorylation site in TCTP. (A) Combined 'H-'>N chemical
shift perturbations and (B) intensity ratios computed between 'H-">N SOFAST HMQC spectra from
native and phosphorylated TCTP. (C) MALDI-TOF spectra from native (red) and phosphorylated
(black) TCTP. (D) Mapping of combined 'H-'>N chemical shift perturbations (red > 0.1, 0.1 > or-
ange > 0.05, 0.05 > cyan > 0.015, 0.015 > grey) on TCTP structure (pdb code: 2HR9). Residue S46
is highlighted (sticks). Experiments were recorded at 950 MHz and 25 °C in the following buffer:
50 mM HEPES pH 7.4, 150 mM NacCl, 2 mM TCEP in 95 % H,O /5 % D,O.

Since phosphorylation is often reported to modulate protein interactions [239], we tested
if we could detect an alternative TCTP state upon Plk-1 mediated phosphorylation, that
could explain why it dissociates from MTs upon phosphorylation. Furthermore, obtaining
the phosphorylated state of TCTP could be used to test the effect of the phosphorylation on
interactions with molecules like sertraline since the phosphorylation of TCTP is supposed to

abolish such interactions, possibly providing chemoresistance to cancer cells (Sec. 1.2.3.3).

We obtained a pre-activated Plk-1 from Sophie Zinn-Justin (LBSR, CEA/Université Paris-
Saclay) and proceeded with the in vitro phosphorylation of TCTP with real-time monitoring
of the reaction by NMR (Sec. 2.2.3). Briefly, we prepared native ’N-TCTP protein in a
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buffer containing ATP and we added a small concentration ratio (1:1000) of Plk-1 in the
NMR tube. The reaction started immediately after addition of Plk-1 and we did not observe
significant spectral variations after two hours of monitoring, suggesting that it was 100 %
completed (Fig. 3.6). Comparison between native and phosphorylated TCTP (pTCTP) was
best achieved after a SEC of the reaction mixture to separate pTCTP from magnesium ions
that bind the protein and ATP/ADP molecules. The phosphorylation homogeneity in TCTP
was established by MS MALDI-TOF experiments with both native and phosphorylated
proteins (Fig. 3.7 C). We have measured a difference of 82.4 Da between the mono-charged
species from native and phosphorylated TCTP when expecting a positive difference of 81 Da
between the two structural isoforms (perdeuterated sample) due to the gain of the phosphate
group. The uncertainty of measurement (£ 5 Da) covered the difference. This indicates
that TCTP is affected by a unique phosphorylation event. In the "H-'>’N SOFAST HMQC
spectra of TCTP during the phosphorylation reaction, about ten resonances from TCTP IDR
characteristic of the native protein progressively disappeared, while new intense crosspeaks
progressively became visible, likely from residues at the phosphorylation site. Interestingly,
minor resonances were also visible and they were located close to major crosspeaks from the
IDR in the spectrum of pTCTP, which could suggest modification in the IDR dynamics and
possibly new stable conformations upon phosphorylation. Nevertheless, the 'H-'>N SOFAST
HMQC spectra globally remained highly similar suggesting limited change of the protein
structure upon phosphorylation. Notably, a slight decrease in the whole signal intensity from
structured parts of the protein can be observed, which might indicate that phosphorylated

TCTP is more prone to dimerization.

3D NMR experiments were recorded to precisely assign the most shifted crosspeaks and
to assess local structure and dynamics variations upon phosphorylation: BEST TROSY for
pTCTP backbone assignment (HNCO, HNCA, HNCACB), longitudinal (T), transverse (T;)
I5N relaxation and {'H}-">N Heteronuclear NOEs (Sec. 2.3.1.3). The backbone assignment
of pTCTP allowed to map the phosphorylation-induced spectral perturbations on the protein
structure. 96 % of pTCTP residues (99 % if excluding proline) were matched with a corre-
sponding crosspeak in the 'H-">N SOFAST HMQC with missing assignment for residues
M1 and I73 in both native and phosphorylated protein. In order to locate the phosphorylation
site and to identify phosphorylation-sensitive elements along TCTP primary sequence, we
analyzed combined 'H-!°N chemical shift perturbations (Fig. 3.7 A) and intensity ratios
(Fig. 3.7 B) computed from 'H-!9N fingerprint of native or phosphorylated TCTP. Overall,
the largest perturbations were located in the 45-49 segment of the protein IDR. This segment
contains the residue S46, a known target of Plk-1 [33]. Consistently, "H-'"N crosspeak
from residue S46 exhibited the largest perturbation and is the unique phosphorylation site
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detected in TCTP upon Plk-1 mediated phosphorylation. In a lesser extent, surrounding
residues were also affected (D45, L47, 148, G49). Residues S46-1.47-148 also showed a
significant decrease in signal intensity (= 50%) possibly induced by a slower dynamics on
a fast timescale (ps-ns) upon phosphorylation of residue S46. Long-range modifications
were seen through modest but significant variations at the dimer interface (F83, K85, N131,
Q133) which are consistent with a slight but significant increase (~ 10%) in dimer content
upon phosphorylation. Consequently, the dimer interface is preserved in pTCTP compared
to TCTP. Finally, N- and C- terminal extremities of the TCTP IDR which arrange together as
a 3-sheet in the non-phosphorylated protein are affected in term of chemical shift at residues
S37 and V66 upon phosphorylation. It is likely that this segment transiently interacts with
the IDR in the native state considering their close proximity, and this interaction is expected
to be modified upon phosphorylation, possibly explaining these residual perturbations at S37
and V66 residues. In our experiments, we could not detect phosphorylation at residue S64
which raises questions about the activity of our Plk-1 or a permissive TCTP state toward

phosphorylation at this residue position.

In order to inform on the conformations of TCTP that are promoted upon phosphorylation,
we assigned minor 'H-'"N resonances seen appearing close from IDR crosspeaks. The NMR
assignment has permitted to distinguish conformations populated in the TCTP IDR upon
phosphorylation at residue S46 and this is exemplified for S64 and ES5 residues (Fig. 3.7 D).
Secondary chemical shifts for these residues in the phosphorylation-promoted TCTP IDR
conformations were still characteristic of random coil as for the major state, indicating that
the micro states populated in pTCTP IDR do not have propensity to form «-helix or (3-strand.
However, they could still have an impact on partner binding and might represent relevant
targets for drug development which would aim to target phosphorylated TCTP.

3.1.3.2 The monomer-dimer equilibrium in phosphorylated TCTP

We then wanted to investigate more precisely the impact of TCTP phosphorylation at residue
S46 on both TCTP IDR dynamics and the oligomeric state of the protein (Fig. 3.8). We
measured parameters related to local and global dynamics from '°N-spin R| and R, and {'H}-
SN Heteronuclear NOEs experiments. The averaged '°N longitudinal (R;) and transverse
(R») relaxation rates over the structured parts of native TCTP were < R; >=1.00 + 0.06 5!
and <Ry >=22.41 + 1.78 s™!, respectively. For pTCTP over the same structured parts, the
averaged longitudinal >N relaxation rate < R; >=1.00 4 0.11 s™! was identical compared
to the native protein and also we did not find significant differences considering the pTCTP
transverse '°N relaxation rate < Ry > =21.84 + 1.15 s°!. Ry/R; ratio were logically similar
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Fig. 3.8 Impact of phosphorylation on TCTP backbone dynamics. (A) Longitudinal (R;), (B)
transverse R(») "°N relaxation rates and (C) R,/R; ratios and (D) {'H}-""N heteronuclear NOEs
were measured for both native (red) and phosphorylated (black) TCTP. All data were obtained using
same experimental conditions (pH 7.4, 25 °C). Relaxation delays were set for T; (from 1 ms to
3000 ms) and T, (from 1 ms to 138 ms) experiments. Experiments were carried out at 25 °C in the
following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl and 1 mM TCEP. Samples were injected into
a pre-equilibrated S200 10/300 Increase (GE Healthcare) column prior to SAXS measurement.

for native TCTP < R»/R; > =21.93 + 3.85 and phosphorylated TCTP < R»/R; >=21.78
4 3.46 over the structured parts of the protein states. In the TCTP IDR, we expect local
variations in ’N-spin R; and R» since phosphorylation is likely to impact local interactions
of phosphorylated S46 with neighboors in the primary sequence and possibly in the whole
disordered region. ’'N R; and R, within TCTP IDR were 1.46 & 0.04 s”' and <R, >=15.29
+0.26 571, respectively. 1’N R; and R, in phosphorylated TCTP were both higher with 1.64
+0.07 s'! and 5.76 & 0.11 5!, respectively. The slight but significant increase in averaged
R and transverse R, revealed slower motions (ns) in TCTP IDR upon phosphorylation
since we expect both relaxation rates to increase if very mobile segments with small "local"
correlation time (1 ns) have slower tumbling upon phosphorylation. More specifically for
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Fig. 3.9 Oligomeric state of native and phosphorylated TCTP. (A) SEC profiles of native (black)
and phosphorylated (red) TCTP (top-left) and representation of estimated MW (kDa) and gyration
radius (Rg) (nm) along the elution peaks from (B) native and (C) phosphorylated TCTP (top-right,
bottom-left) as estimated from SAXS experiments and Guinier analysis. (D) Overlays of MW and R,
curves corresponding to the frames with high SAXS signal (Iy) for each native and phosphorylated
TCTP in SEC elution fractions. Experiments were carried out at 25°C in the following buffer: 50 mM
EPPS pH 8, 50 mM NaCl and 2 mM TCEP. Samples were injected into a pre-equilibrated S200
10/300 Increase (GE Healthcare) column prior to SAXS measurement.

residues D45-S46-1.47, local Ry and R, values indicate that motions in the residue stretch are
slower upon phosphorylation [240]. Here, we can interpret the relaxation data by proposing
that TCTP IDR is slightly rigidified upon phosphorylation whereas so significant differences
can be found regarding the structured core both TCTP and pTCTP.

To determine if phosphorylation could induce variation in TCTP dimer fraction, the apparent
correlation time (T.) of the protein, which can probe a change in protein oligomeric state,
was measured and is 9.09 ~ 0.07 ns for pTCTP compared to 9.19 ~ 0.07 ns for native TCTP,
which is not consistent if we consider that phosphorylation promotes dimer formation which
should increase T due to the slower rotational diffusion of the populated dimer compared

to monomer. This means that phosphorylation of residue S46 in TCTP IDR does not seem
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to significantly enrich TCTP dimer at medium concentration of protein (100 uM) in our
ISN-spin relaxation experiments. However, the TCTP dimer is weakly populated (5-10 %)
in the present setup (150 mM NaCl) and even an important relative increase (100 %) in
dimer versus monomer could be difficult to detect considering that it would still represent a
minor fraction of the total protein with minor contribution to the whole signal, limiting the

possibility to detect such little variations in the absolute concentration of dimer.

Finally, we used SEC-SAXS experiments to determine precisely if the non-covalent TCTP
dimer could be promoted upon phosphorylation (Fig. 3.9). The apparent gyration radii (Ry)
were of 2.15 nm and 2.34 nm for both native and phosphorylated isoforms, respectively. The
elution volume from SEC (29.8 mL) consistently showed that pTCTP has higher apparent
hydrodynamic radius since it was eluted before native TCTP (30.6 mL) (Fig. 3.9 A). The
estimated molecular weight of both species was estimated to be 33.8 kDa and 36.1 kDa, re-
spectively (Fig. 3.9 B, C). This apparent MW for native TCTP reflects the relative population
of monomer (30 %) and dimer (70 %) in the experimental setup (50 mM NaCl) since the
MW of monomeric TCTP is ~ 20 kDa. For pTCTP, the apparent MW is found 16 % higher
than for native TCTP, meaning that the relative populations of monomer and dimer for the
phosphorylated protein are 15 % and 85 %, respectively. We conclude that phosphorylation
at S46 residue promotes TCTP dimerization and we established that dimer is enriched by
~ 20 % upon phosphorylation in a dimer-permissive setup (500 uM protein, 50 mM NaCl,
pH 8). In the next section, we will discuss more about the impact of phosphorylation on
the IDR conformational space and its putative influence in modulating the monomer-dimer
equilibrium in TCTP, based on MD (Sec. 3.2).

3.2 Research paper TCTP IDR upon phosphorylation and

calcium binding

The IDR in native TCTP projects far away from the globular core of the protein. This
segment modulates protein-protein interactions with partners such as MDM?2 [173] or «-
tubulin [33] via phosphorylation or mimetics at residues S46 and S64. Binding of sertraline
and thioridazine, drugs targeting TCTP in cancer context, was abolished upon phosphoryla-
tion mimetics [173]. Moreover, the TCTP IDR region (38-66) was shown to bind calcium
with strong enough affinity (10 uM) to inhibit thapsigargin-induced apoptosis [175]. To
understand how calcium binding and phosphorylation in TCTP IDR can modify interactions
with partners, we measured the impact of phosphorylation (in silico, pTCTP was not available
yet at the moment of the study) and calcium binding (in silico, in vitro) on TCTP structures
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to explain how interactions capabilities could be modified upon IDR modification. More
precisely, we computed conformational ensemble of mono- and di- phosphorylated TCTP
in presence and in absence of calcium by MD simulations. Experimental data regarding
calcium binding were also combined with computational approaches. We also characterized
the conformational ensemble of the free protein and compared with experimental data from
NMR in order to validate the simulation protocol. We also report in this publication our
work about the identification of a non-covalent dimer equilibrium in TCTP and describe
the molecular interface and possible structure. Overall, this study brings clues about the
putative mechanism by which phosphorylation and calcium binding in TCTP IDR could
modify interaction capabilities for the whole protein.

Conformational Ensemble and Biological Role of the TCTP
Intrinsically Disordered Region: Influence of Calcium and
Phosphorylation

Florian Malard, Nadine Assrir, Mouad Alami, Samir Messaoudi, Ewen Le-

scop and Tap Ha-Duong

Consult supplementary data in appendix (App. 6.3)
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Abstract

The translationally controlled tumor protein (TCTP) is a multifunctional protein that may interact with many
other biomolecules, including itself. The experimental determinations of TCTP structure revealed a folded
core domain and an intrinsically disordered region, which includes the first highly conserved TCTP signature,
but whose role in the protein functions remains to be elucidated. In this work, we combined NMR experiments
and MD simulations to characterize the conformational ensemble of the TCTP intrinsically disordered loop, in
the presence or not of calcium ions and with or without the phosphorylation of Ser46 and Ser64. Our results
show that these changes in the TCTP electrostatic conditions induce significant shifts of its conformational
ensemble toward structures more or less extended in which the disordered loop is pulled away or folded
against the core domain. Particularly, these conditions impact the transient contacts between the two highly
conserved signatures of the protein. Moreover, both experimental and theoretical data show that the interface
of the non-covalent TCTP dimerization involves its second signature which suggests that this region might be
involved in protein—protein interaction. We also show that calcium hampers the formation of TCTP dimers,
likely by favoring the competitive binding of the disordered loop to the dimerization interface. All together, we
propose that the TCTP intrinsically disordered region is involved in remodeling the core domain surface to

modulate its accessibility to its partners in response to a variety of cellular conditions.

© 2018 Elsevier Ltd. All rights reserved.

Introduction

Abundantly found in eukaryotes, the translationally
controlled tumor protein (TCTP) has a very con-
served sequence through evolution but a poor amino
acid homology to other proteins. TCTP is actually a
multifunctional protein involved in several biological
processes, including cell growth, cell division, cell
survival, and immune response [1]. It has notably a
crucial role in tumorigenesis and is up-regulated in
many cancer cell lines [2]. TCTP is also an important
player in the complex process of somatic cell pheno-
typic reprogramming into embryonic-stem-like cells.
Interestingly, it is involved in the tumor reversion
process that makes cancer cells lose their malignant
phenotype [3,4]. Thus, TCTP represents a promising
biomolecular target for cancer therapy [5].

0022-2836/© 2018 Elsevier Ltd. All rights reserved.

To exert its various functions, TCTP may interact
with many other biomolecules, including itself [6,7].
A recent study using coimmunoprecipitation and
mass spectrometry identified 98 potential interacting
partners for TCTP [8]. At least 33 proteins were
previously shown to bind TCTP by yeast two-hybrid
screenings [4]. In addition, TCTP is known to se-
questrate calcium ions [9—11], presumably to block
the Ca2*-dependent apoptosis process [12]. How-
ever, very little information on the structures of TCTP-
ligand complexes is available, which impedes the full
understanding of the mechanisms by which TCTP
performs its functions.

Several groups attempted to determine the TCTP
binding regions on which its partners interact, using,
in most cases, the domain mapping technique that
consists in testing if different truncated domains of

J Mol Biol (2018) 430, 1621-1639
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the protein can bind an identified ligand. To our
knowledge, the TCTP binding region of 12 protein
partners and calcium ions is reported in the literature
(Fig. S1 of the Supporting Information). Despite the
limitations of the domain mapping approach, we can
roughly distinguish three binding regions, each of
them being able to interact with several TCTP
partners: the N-terminal region (1-80) encompass-
ing the disordered long loop and the TCTP first
signature (TCTP1), the central segment (81-130)
which is structured in helical hairpin, and the C-
terminal region (131-172) containing the protein
second signature TCTP2 (the amino acid numbering
used in this report comes from the human se-
quence). However, the three-dimensional structures
of TCTP [11,13,14] reveal that its N-terminal and C-
terminal segments do not form two separated
domains but are interlaced in a S-barrel-like archi-
tecture whose accessible surface is composed of
patches from both N-terminal and C-terminal resi-
dues. Besides the fact that truncated segments of
TCTP do not necessarily fold like the full-length
protein, this makes the domain mapping results even
more difficult to be interpreted in terms of protein—
protein interfaces. Therefore, experimental and
theoretical studies carried out on the native full-
length protein should provide more reliable informa-
tion regarding the TCTP interactome.

Importantly, the highly conserved signature
TCTP1 (consensus sequence IG[A-GIN[A-P]SAE)
is located in the middle of the protein disordered
region (residues 37—68) and probably plays a pivotal
role in the TCTP recognition by its multiple partners.
To illustrate this, TCTP1 contains the residue Ser53
which was found to be phosphorylated in human
cell line during mitosis [15], and can therefore be
involved in TCTP functional regulation. Furthermore,
it is often highlighted that dynamic intrinsically
disordered regions can transiently adopt various
secondary structures which are recognized by
different ligands [16—18]. Another possible role of
the disordered loop is to transiently interact with
different parts of the structured core domain,
potentially hampering the binding of ligands on
these regions (competitive binding) [19-21]. More
generally, these loop—core intramolecular interac-
tions could modify the physical-chemical properties
of the protein binding surfaces, regulating the
binding of other partners. Among the possible
binding sites on the TCTP core domain, the second
signature TCTP2 is located at the region 129-151
and contains the largely conserved residues Phe134,
Phe135, Gly137, Glu138, Met140, Asp143, and
Tyr151. These solvent-exposed residues delineate
an extended area on TCTP surface that can be
decomposed into two patches formed by residues
129-133 in strand B8 with residues 150-151 in
strand B9 (TCTP2a) and by the B8 - B9 loop
residues 138-143 (TCTP2b).

To add complexity to the TCTP structure—activity
relationship, residues Ser46 and Ser64, both locat-
ed in the intrinsically disordered loop, were shown
to be hierarchically phosphorylated by the polo-like
kinase Plk1 [22]. These post-translational modifi-
cations might impact the TCTP conformational
ensemble and its binding activity with other proteins.
Likewise, the disordered region having many neg-
atively charged residues (Glu40, Asp44, Asp45,
Glu55, Glu58, Glu60, Glu63), the binding of Ca®*
ions on TCTP surface is likely to influence the
conformational dynamics of its long loop. All these
considerations call attention to the possible role
of the disordered region in modulating the recog-
nition of TCTP by multiple other proteins. In that
context, the present study aims at exploring and
characterizing the TCTP conformational ensembile,
with a particular focus on its disordered loop.
Notably, the impacts of calcium binding and of
Ser46 and Ser64 phosphorylation on its structures
and surface accessibility will be scrutinized and
related to the TCTP activity. For this purpose, we
investigated the TCTP structural ensemble under
four conditions: no calcium and no phosphorylation
(noCa—noPhos), with calcium and no phosphory-
lation (wiCa—noPhos), no calcium and with phos-
phorylated Ser46 (noCa—pS46), and lastly no calcium
and with both Ser46 and Ser64 phosphorylated
(noCa—diPhos).

Results and Discussion

NMR backbone resonance assignment

The 173-amino-acid construct of the human TCTP
used in this study corresponds to the native
sequence of the protein with an extra N-terminal
Gly residue (Gly0) due to the TEV cleavage site. The
"H-"°N SOFAST-HMQC spectrum of the protein-
was of excellent quality with very well dispersed
signals in agreement with a properly folded protein.
This spectrum was very similar to that previously
published [11] with a slightly different TCTP con-
struct (native N-terminal and extra C-terminal Leu
and Glu residues) in different experimental condi-
tions. We confirmed and adjusted the backbone
resonance assignment using BEST-TROSY type
triple resonance correlation experiments [23]. All
173 amino acids of TCTP except Gly0, Met1, and
Asn51 could be assigned to a '"H-"°N cross-peak.
All HSQC cross-peaks could be assigned suggest-
ing that Met1 and Asn51 likely suffer from severe line
broadening. The analysis of the secondary struc-
tures by TALOS + software revealed, as expected,
a very good agreement between predicted second-
ary structures and the NMR [11] and crystal [24]
structures of the protein.
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Analysis of '°N-relaxation

SN spin relaxation rates depend mostly on the
reorientation of the N—H bonds, thus providing rich
information about local and global dynamics of
the protein. We measured residue-specific '°N R,
and R, relaxation rates and {'H}-"°N heteronuclear
nuclear Overhauser effect (NOE) values at 950-MHz
"H frequency, 298 K, and 50 uM protein concentra-
tion. Extracted parameters show that relaxation
rates were very homogeneous along the structured
regions of the protein. Over the structured parts of
TCTP, averaged "°N Ry, R,, and R./R; values were
0.63 + 0.07s™", 184 + 24s™" and 29.1 + 6.7,
respectively. Within the segment 38-66, elevated
N R; and decreased values of SN R, and
heteronuclear NOE were observed, which is typical
of significant mobility in the fast timescale (picosec-
ond to nanosecond). To further analyze '5N-
relaxation and {'H}-'°N heteronuclear NOE, we
computed the global correlation time (r;) of the
protein and the residue-specific order parameters S
by using the Lipari—-Szabo formalism [25] and an
isotropic rotational diffusion tensor. The apparent
correlation time was 10.1 + 0.12 ns which is largely
consistent with the value predicted by HYDRONMR
[26] for a monomeric TCTP (9.82 ns). The averaged
order parameter S? were 0.86 + 0.08 along the
structured parts, in agreement with restricted mo-
tions in the core domain of TCTP, whereas much
lower values of S? were obtained within the dis-
ordered loop of TCTP, in agreement with its mobility
at the ps—ns timescale.

Conformational ensemble of the
non-phosphorylated TCTP in the absence
of calcium

In this section, the noCa—noPhos TCTP confor-
mational ensemble was first assessed by comparing
several observable parameters computed from MD
simulations with those measured by NMR experi-
ments (Fig. 1). These include the coupling constants
8Jp, - Ho @nd the N-H order parameter S which
give information about the protein backbone confor-
mations and dynamics, and secondary chemical
shifts which indicate the backbone propensity to
form secondary structures. More specifically, we
compared the secondary structure propensity (SSP)
score that combines the three Ca, CB and Ha
secondary chemical shifts as proposed by Marsh et
al. [27]. Figure 1 shows that the residue SSP score
calculated from MD simulations is in very good
agreement with those derived from NMR chemical
shifts. Despite a slight offset of the theoretical J-
couplings toward higher values when compared to
NMR data, the 3JHN_H(, values from simulations
correlate well with experimental one. Both SSP
score and J-coupling profiles confirm that the region
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Fig. 1. Comparison between NMR (black) and noCa—
noPhos MD (red) SSP scores calculated from Ca, C and
Ha chemical shifts (top), coupling constants SJHN_ Ha
(middle), and N—H bond order parameters S? as a function
of residue number. NMR experiments were done at 50 yM
TCTP concentration in the buffer Hepes 50 mM (pH 7.4),
150 mM NaCl, and 2 mM TCEP at 298 K.

37-68 has no stable secondary structure, as
indicated by their values around 0.0 and 7 Hz,
respectively. Finally, the theoretical order parame-
ters S2 appear quite close to those measured by
NMR. Notably, in both MD and NMR ensembles, the
long loop 37-68 is very mobile, with S? values below
0.2 for residues 45-65 indicating very large ampli-
tude fluctuations. Interestingly, some residues ex-
hibit lower order parameter in MD than observed by
NMR, notably residues Asp11, His77, Glu138, and
Asn139 which are in close spatial proximity in the
three-dimensional structure, suggesting possible cor-
related motions on timescales slower than the protein
correlation time (~10 ns), and hence not detectable
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by NMR. All together, these comparisons indicate
that the TCTP conformational ensemble explored by
MD simulations is fairly consistent with the experi-
mental one.

The noCa—noPhos TCTP conformational ensem-
ble was further analyzed to investigate the possible
roles of its intrinsically disordered region. We noticed
that the long loop containing the signature TCTP1
tends to contact the core domain on the surface
defined with the signature TCTP2. In order to gain
insight into this propensity, a free energy surface of
the protein was computed as a function of its radius
of gyration and the ratio of the distance between the
centers of mass of segment 48-58 (TCTP1) and of
residues 129—-133 and 150-151 (TCTP2a) over the
distance between the centers of mass of TCTP1 and
of residues 138-143 (TCTP2b). The latter parameter
was chosen to highlight the inclination of the TCTP
first signature to preferentially bind the solvent

accessible regions defined by either the patches
TCTP2a or TCTP2b. The free energy surface
displayed in Fig. 2 shows that the TCTP intrinsically
disordered loop can adopt various extended confor-
mations more or less distant from the folded core
domain, conferring a protein radius of gyration larger
than 1.8 nm. But in addition, this long loop can fold
toward the bottom of the core domain resulting in a
more compact protein with a radius of gyration lower
than 1.8 nm. In the latter case, it is observed that
the residues of the TCTP first signature are close to
either the residues 129-133 and 150-151 (TCTP2a)
or residues 138-143 (TCTP2b).

To specify these contacts, the fraction of the
simulation time for which each residue of the TCTP
core domain is distant by less than 3 A to the dis-
ordered region are shown in Fig. 3. It can be seen
that the disordered loop is able to transiently but
significantly contact the three segments 73-82, 130—
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Fig. 2. Free energy surface (kcal/mol) of the non-phosphorylated TCTP in the absence of calcium calculated as
a function of its radius of gyration and the ratio of the distance between the centers of mass of the signature TCTP1
(region 48-58, red ball) and of residues 129-133,150-151 (TCTP2a, cyan ball) to the distance between the centers of
mass of TCTP1 and of residues 138—143 (TCTP2b, yellow ball). The representative conformation of the 15 most populated

clusters is displayed in top view.
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Fig. 3. Top: Fraction of the simulation time for which
each residue of the TCTP core domain (black), or of the
disordered loop (red), is contacted (distance < 3 A) by the
long loop or the core domain, respectively. Bottom: Bottom
view of the two areas on the TCTP core domain which
are the most affected by the binding of its intrinsically
disordered loop. The first patch is composed of segments
77-82 and 138-141 (TCTP2b). The second one is com-
posed of residues 130-133 and 150-151 (TCTP2a). These
surfaces are colored as a function of their local charge
density (red: negative, white: neutral, and blue: positive).
The loop structure displayed here is only one of many
conformations of the TCTP ensemble.

142, and 150-158 of the folded core domain. Among
these latter, it should be noted that residues His77,
Leu78, GIn79, Glu80, Thr81, and Ser82 form with
residues Glu138, Asn139, Met140, and Asni41
(TCTP2b) a continuous patch, rather negatively
charged, on one side of the protein core domain
(Fig. 3). Similarly, residues Lys130, Asn131, Tyr132,
and GIn133 form with Asp150 and Tyr151 a con-
tinuous area (TCTP2a), at the bottom of the core
domain, but less negatively charged due to the
presence of the conserved residue Lys130 (Fig. 3).
These two patches at the surface of the TCTP core
domain are among the most affected areas by the
transient binding of its disordered loop. To highlight
the residues of the TCTP core domain which make
contacts with the disordered loop, we first performed

a clustering of the TCTP conformations based on their
pairwise RMSD, and then, for the 10 most populated
clusters (Fig. 2), we computed the distance matrix
between the residues 48-58 and 129-151. Among
the top 10 clusters, only cluster2 and cluster10 clearly
exhibit contacts between the signature segment
TCTP1 and the second signature TCTP2 (Fig. S2
of Supporting Information). In cluster2, the predomi-
nant contacts are observed between residues Gly50
and Ala54 of the disordered loop and the residues
Phe135, lle136, and Met140 of the segment TCTP2b.
The nature of these interactions is clearly hydropho-
bic. In cluster10, residues lle48, Gly49, Gly50, and
Asn51 make contacts with the residues Lys130,
Asn131, GIn133, and Tyr151 of the region TCTP2a.
A visual inspection of cluster10 indicates that, in
contrast to cluster2, the core—loop contacts mostly
involved polar interactions between the amide group
of the Asn51, Asn131, and GIn133 side chains and
those of the Gly49, Gly50, and Tyr151 backbone. In
none of the TCTP clusters, the signature TCTP1 binds
both regions TCTP2a and TCTP2b at the same time.

Calcium binding and impact on TCTP
conformational ensemble

As mentioned in Introduction, TCTP is known to
sequestrate calcium, but the protein regions that
bind the Ca®* ions are not unambiguously deter-
mined. Indeed, using domain mapping techniques,
Kim et al. [10] located the Ca®* binding sites in
region 81-112. With the same approaches, Graidist
et al. [12] identified two high affinity and several low
affinity binding sites in the regions 43-62, 57-76,
and 127-146, with a particular emphasis on residues
Glu58 and Glu60 of the TCTP disordered loop.
On the other hand, Feng et al. [11] found a single
weak affinity calcium binding site in the vicinity of
residues Asn131, GIn133, and Asp150 by analyzing
NMR chemical shift perturbations in TCTP 'H-"°N
SOFAST-HMQC spectra. To resolve these ambigu-
ities, we measured and analyzed sets of calcium-
induced chemical shift perturbations in light of
MD simulations of the non-phosphorylated TCTP in
the presence of calcium (wiCa—noPhos). Before, it
should be reminded that 'H-"°N SOFAST-HMQC
NMR spectra can only detect N-H signals from
backbone or from asparagine and glutamine side
chains. Thus, these experiments may not reveal
changes in the chemical environment of long side
chain bearing no N-H group. Therefore, for a fair
comparison of NMR and MD data, we first compared
residues with chemical shift perturbations detected
by NMR spectroscopy (top row of Fig. 4) to residues
having an N-H group distant by less than 5 A from a
calcium ion in our wiCa—noPhos simulations (middle
row of Fig. 4). Recovering the observations reported
by Feng et al,, our NMR data show that the N-H
groups which are the most affected by calcium



126

Research for alternative TCTP states

Backbone

°
»

o
w

o
N

e
—

o

Side chains

SaE S
P Lo2] -
| I
=
(&)

o
K
I

M13

o
N
I

Fraction of simulation time ~ Chemical shift perturbation (ppm)

1l

—_ O

o
(o)
|

o
®
[

o©
FS
I

H78

o
n
|

Fraction of simulation time
II
)

=1 o N131
D25 E120

Qp

i lln ll La lllll ln“

0 11M1|11L111111

0 50 100 150
Residue

0 50 100 150
Residue

Fig. 4. Top: NMR "H-"°N chemical shift perturbations of TCTP backbone (left) and Asn or GIn side chain (right) amide
protons induced by the presence of 20 mM calcium ions. Middle: Fraction of simulation time for which calcium ions are
distant by less than 5 A to the TCTP backbone (left) and Asn or GIn side chain (right) amide protons. Bottom: Fraction of
simulation time for which calcium ions are distant by less than 3 A to the TCTP backbone (left) and side chains (right)

atoms.

belong to residues His77, GIn79, Asn128, Asn131,
Tyr132, GIn133, Asn139, Asn141, Tyr151, and
Glu153. In a fairly good agreement, these residues
were retrieved in MD simulations, although addi-
tional residues contacted by calcium ions, including
Glu12, Asp45, Glu58, Glu60, Glu138, and Arg152,
were also identified (middle row of Fig. 4). Moreover,
MD simulations revealed many other binding sites,
most of which are the negatively charged carboxyl-
ate groups of Asp or Glu side chains which cannot be
captured by NMR "H/"®N chemical shift perturbation
measurements (bottom row of Fig. 4). However, we

detected a dramatic diminishing of the backbone
"H-"5N resonance intensities in the loop (38-66)
upon calcium addition (Fig. S3) which was not
reported by Feng et al. [11]. We attribute this obser-
vation to a change in loop mobility upon calcium
binding. To this regard, multiple calcium binding sites
were detected within the loop, as demonstrated
by MD simulations, and might explain the effect of
calcium on the loop dynamics.

In order to visually describe the preferential
binding sites of calcium on TCTP, we superimposed
the representative structure of the 10 most populated



3.2 Research paper TCTP IDR upon phosphorylation and calcium binding

127

clusters of the wiCa—noPhos conformational ensem-
ble, and displayed the ions when at least three
calcium were located at the same site (Fig. 5).
Combined with previous NMR chemical shift pertur-
bations and MD frequent contacts, this visual inspec-
tion allows to identify seven calcium binding sites
constituted by residues listed in Fig. 5. The two most
occupied calcium binding sites are made up by at
least five residues, and the other ones by less than
four residues. Interestingly, the TCTP disordered
loop is often observed folded toward the core domain
in such way that Glu58 and Glu60, which were
shown as critical for calcium binding by mutagenesis
studies [12], contribute to strengthen the fourth and
fifth binding sites made up by residues GIn79, Glu80,

Residues
Aspll, Glul2,
His77, Glu138, Asn139
Asn131, Asp150,
Tyr151, Argl52, Glul53
Asp94; Asnid3

GIn73] GIus0;]

T
T

GIudo; GIn T

| Occurrence |

and GIn133, confirming the important role of Glu58
and Glu60 in calcium sequestration.

Strikingly, the two most occupied calcium binding
regions coincide with the two previously identified
patches on the TCTP core domain which are tran-
siently contacted by the disordered loop (Fig. 3).
Since the disordered loop is composed of several
negatively charged residues, this suggests that the
presence of calcium should shift the TCTP confor-
mational ensemble toward structures in which the
loop is folded over the calcium ions bound to the core
domain. This is indeed what can be observed in the
plot of the free energy surface of the wiCa—noPhos
TCTP as a function of its radius of gyration and
the ratio of the distance TCTP1-TCTP2a over the

14

Asp25, Glui20

Asp44, Aspds,
Glu60, Glu63

1

N AW N H%"

WwW W W

Fig. 5. Front, top, and bottom views of the seven preferential binding sites of calcium on TCTP. These illustrations were
obtained by superimposing the representative structures of the 10 most populated clusters of the wiCa—noPhos
conformational ensemble. The bottom left table lists the residues that compose each binding site and the total number of
calcium found there in these 10 most populated clusters (occurrence).
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distance TCTP1-TCTP2b (top graph of Fig. 6).
When compared to the noCa—noPhos conformational
ensemble (Fig. 2), the TCTP intrinsically disordered
loop adopts significantly less extended conformations
in presence of calcium, the protein radius of gyration
of the most populated structures being below 1.7 nm.
The presence of calcium induces a more restricted
conformational ensemble of the disordered loop, with
three major conformations, the first one with TCTP1 in

22

wiCa-noPhos
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TCTPI-TCTP2a/ TCTPI-TCTP2L
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Fig. 6. Same free energy surface (kcal/mol) as in Fig. 2
but for the non-phosphorylated TCTP in the presence of
calcium (top), the phosphorylated pS46 (middle) and the
di-phosphorylated pS46 and pS64 protein in the absence
of calcium (bottom).

contact with TCTP2a, the second one with TCTP1
close to TCTP2b, and the third one characterized by
a proximity of TCTP1 with regions 11-12 and 76-77.
In the first two cases, the residues involved in these
contacts were identified using distance matrix be-
tween the residues 48-58 and 129-151 computed
for the 10 most populated clusters of TCTP in the
presence of calcium. The most significant core—loop
contacts were detected for cluster5 and cluster10
(Fig. S4). In the former, hydrophobic interactions were
observed between residues 11e48, Gly49, and Ala52
(TCTP1) and residue Pro142 (TCTP2b). In the latter,
residues Pro57 and Glu58 (TCTP1) rather make polar
contacts with residues GIn133 and Tyr151 (TCTP2a).
These two modes of interaction of the disordered
loop to the core domain are similar to those previously
described for the non-phosphorylated TCTP in the
absence of calcium, but are favored over the detached
conformations of the loop by the binding of calcium
ions on the surface of the core domain.

Influence of phosphorylations on TCTP
conformational ensemble

Several cellular and molecular studies indicate that
TCTP is involved in the regulation of the dynamics
of microtubules and/or microfilaments by binding to
tubulin and/or actin [28-31]. This biological activity
was shown to depend on the hierarchical phosphor-
ylation by polo-like kinase Plk1 of the TCTP Ser46
and Ser64 which are located in the intrinsically
disordered loop [22,30—-32]. In addition, two pharma-
cological molecules, sertraline and thioridazine, were
shown to bind directly to TCTP and prevent its
association to MDM2, but these two compounds
were unable to bind TCTP when introducing muta-
tions S46E or S64E which mimic phosphorylated
amino acids [33]. These considerations led us to
study the influence of the single phosphorylation
pS46 and di-phosphorylation pS46 and pS64 on the
TCTP disordered loop conformational ensemble, to
gain insight into the role of these post-translational
modifications. MD simulations of the modified TCTP,
in the same conditions as the non-phosphorylated
protein in the absence of calcium, yielded the free
energy surfaces displayed in Fig. 6. When compared
with Fig. 2, it can be observed that the single
phosphorylation pS46 overall induces a slight shift
of the TCTP conformational ensemble toward less
extended structures among which the disordered
loop can fold toward the bottom of the TCTP core
domain, but preferentially closer to the TCTP2a
segment 129-133 than to the TCTP2b region 138—
143 which is more negatively charged. When TCTP
is diphosphorylated, its conformational ensemble
is also slightly shifted toward less extended struc-
tures, but in contrast with the non- and mono-
phosphorylated protein, the two phosphate groups
reduce the propensity of the disordered loop to bind
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both the TCTP2a and TCTP2b regions and keep it
detached from the core domain.

A quantitative analysis of the contacts between
residues of the TCTP core domain and its disordered
loop confirmed that the contacts made by the region
130-160 with the disordered loop are reduced
in number and duration in the di-phosphorylated
TCTP with respect to the non-phosphorylated one
(Fig. S5). In the case of the mono-phosphorylated
pS46 protein, it can be noted that the residues 80—
82, 135, and 140 (TCTP2b) are less often contacted
by the disordered loop, whereas the segments 71—
75 and 129-130 have longer contacts than in the
non-phosphorylated TCTP (Fig. S5). Among the 10
most populated clusters of the phosphorylated
pS46-TCTP, we found again two clusters with the
two signatures TCTP1 and TCTP2 in spatial prox-
imity (Fig. S6): cluster4 in which residues Ser53,
Glu55, Gly56, and Pro57 make contacts with residues
Lys130, GIn133, Phel135, and Tyr151 (TCTP2a),
and cluster5 in which residues Asn51 and Ser53 are
close to the residue Glu138 (TCTP2b). For the di-
phosphorylated protein, we retrieved similar contacts
in cluster6 (Asn51 with Glu138) and cluster8 (Asn51,
Ala52, and Ser53 with GIn133 and Tyr151) but
to a significantly less extent (Fig. S7). It could be
noticed that the hydrophobic contacts between
TCTP1 and TCTP2b previously observed in the non-
phosphorylated protein are not recovered in the
phosphorylated TCTP. The phosphorylation-induced
weakening of the core—loop contacts might increase
the solvent accessibility of some patches at the
surface of the TCTP core domain, in particular
TCTP2, which could potentially modulate the TCTP
binding to other molecular partners.

At the local level, we also examined the impact of
the phosphorylation of TCTP residues Ser46 and
Ser64 upon the propensity of the disordered loop to
form secondary structures. As displayed in Fig. S8,
the percentages of TCTP structures, in which a-helix
or B-strand conformations are observed in the dis-
ordered region, remain overall similar (less than 20—
25%) in the four conditions of simulation. Neverthe-
less, it can be noted that, upon phosphorylation, the
helical propensity of segment 44—48 is decreased,
whereas it is slightly increased in region 56—60 with
respect to the non-phosphorylated TCTP. More
strikingly, TCTP phosphorylation significantly in-
creases the percentage of simulation time in random
coil for the phosphorylated serines and adjacent
residues when compared to the non-phosphorylated
protein. Besides the enhanced electrostatic repul-
sions between the two highly conserved signatures
TCTP1 and TCTP2, serine phosphorylation seems
also to favor some local structures of the disordered
loop which disadvantage its bridging to the TCTP
core domain.

As mentioned above, it was demonstrated that
phosphorylations of Ser46 and Ser64 or mimics of

these phosphorylations impact the binding of TCTP
with tubulin and MDM2 proteins [22,33] and with
TCTP inhibitors [33]. However, as far as we know,
the quaternary structures of these TCTP-tubulin,
TCTP-MDM2, and TCTP-inhibitor complexes are not
yet experimentally determined. Some domain map-
ping studies can suggest the TCTP regions that are
involved in binding these proteins but with ambiguity
related to this method [28,33,34]. In the absence of
unambiguous structural information, it is therefore
difficult to estimate the implication of TCTP phos-
phorylations in the interactions with its partners.
Nevertheless, we believe that our theoretical results
provide some clues that might help to rationalize
futur experimental studies about the structures of
TCTP-ligand complexes.

Experimental evidence of a monomer-dimer
equilibrium of TCTP in solution

Dimerization of TCTP was previously reported in the
literature [35-39]. In this section, we assessed the
ability of TCTP to form a concentration-dependent non-
covalent dimer through dilution experiments from high
(1 mM) to low (6.25 uM) concentration of protein using
several NMR methods: chemical shift perturbation
mapping, diffusion ordered spectroscopy (DOSY),
SN-relaxation as well as their further treatment using
Lipari-Szabo formalism via TENSOR2 program. When
comparing relaxation parameters over the structured
parts at two protein concentrations (550 UM and 500
uM), we observed lower averaged "°N R, values at
high concentration (<R; > = 0.55 + 0.04 s™') com-
pared to low concentration (<R; > = 0.63 + 0.07s™").
In addition, the averaged 5N transverse relaxation rate
was higher at high concentration (<R, > =21.3 + 2.8
s™") than at low concentration (<R, > = 184 + 2.4
s~ ") for the TCTP structured parts. Consequently, a
higher Ro/R; ratio was observed at high concentration
(<Ro/Ry> = 38.6 + 7.6) compared to low concentration
(<Ro/Ry>=29.0 + 6.7) (Fig. 7a). By using the Lipari—
Szabo formalism, we computed an apparent correla-
tion time(r,) that was significantly higher at 500 yM
concentration (11.57 = 0.06 ns) than at 50 yuM
concentration (10.10 + 0.12 ns), suggesting that a
dimer population is enriched when increasing concen-
tration of TCTP. We also performed DOSY experi-
ments in order to measure the translational diffusion
coefficient of TCTP as a function of its concentration.
We found that the diffusion coefficient gradually
decreased from 1.453 + 0.008 * 107" m2.s~" at low
concentration (100 uM) to 1.273 = 0.003 * 10~'° m?.
s~ at high concentration (1 mM) of protein (Fig. S9).
This change in TCTP diffusion properties could not be
attributed to a change in solution viscosity because
other solutes, such as the buffer Hepes, had constant
diffusion properties over the studied TCTP concentra-
tion range (Fig. S9). Hence, this slower translational
diffusion at higher concentration is consistent with an
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Fig. 7. Comparison of '°N R./R,
ratio between low (50 uM, black)
and medium (500 pM, red) concen-
trations of TCTP in the absence of
calcium (a), and for medium con-

0 50 100
Residue number

increase in the population of TCTP oligomers. The
recent native mass analysis of TCTP [40] which
revealed the existence of a TCTP dimer together with
the limited increase in rotational and translational
diffusion properties of TCTP at high concentration
suggests that the populated oligomeric form is most
likely a dimer in solution.

The "H-"°N SOFAST-HMQC spectra for TCTP
concentrations from 1 mM to 6.25 yM showed clear
concentration-dependent chemical shift variations
for a subset of residues, including the segment 81-85
which contains the most affected residue (Phe83),
the segment 131-135 with residues Asn131, GIn133
and Phe135 showing significant perturbations, and
in a lesser extent the segment 149-150. Residues
lle48 and Thr65 in the intrinsically disordered loop
were also noticeably disturbed by the dilution. Based
on the "H and '*N chemical shift variations of the
most affected residue Phe83, we could estimate the
dissociation constant of the dimerto 1.36 + 0.26 mM
(Fig. S10). This indicates that TCTP is mostly mono-
meric at low concentration, the dimer population
being lower than 4% at 50 pM, whereas this
population increases up to 20% and 30% at 500 uM
and at 1 mM, respectively. All together, these data
strongly evidence the tendency of TCTP to self-
associate in vitro in the mM concentration range. It
could be noted that non-covalent dimers of TCTP
were also detected in cellulo [35], where a high
protein concentration could favor the dimeric form,
which might have a biological function.

Quaternary structure of TCTP dimer and impact
of calcium binding

To get deeper insight into the structure of the dimer
formed in solution, we analyzed the concentration-
dependent NMR chemical shifts information with

centration of TCTP (500 uM) in the
absence (black) or in the presence
of 50 mM calcium ions (red) (b).

interfaces derived from several structural models
of the dimer. To generate structural models of the
TCTP dimer, we considered the representative con-
formation of the 10 most populated clusters from the
MD simulations of the non-phosphorylated monomer
in the absence of calcium (Fig. 2), and we performed
a docking calculation of each of these structure-
sagainst each of them, using the program PTools and
the force field SCORPION. The statistical analysis of
the interaction energy of the generated TCTP
complexes (Fig. S11) allows to identify five quater-
nary structures with significantly lower energy than all
the other associations. Among this top five, four
complexes (dimer1, dimer2, dimer4, and dimer5)
exhibit a similar mode of binding in which one of the
two TCTP is located at the bottom of the core domain
of the other one, these structures differing from each
other by the orientation of the first partner (Fig. 8). In
order to determine which of these four complexes is
the most probable, we computed the number of
contacts per residue between the two TCTP of each
complex and compared these contact profiles with
the NMR chemical shift perturbations upon protein
dilution (Fig. 9). This analysis shows that dimer1 and
dimer2 have contact profiles in good agreement with
NMR chemical shift perturbations, indicating that
they are among the most probable structures of the
TCTP dimer, but without ruling out dimer5 whose
contact profile remains fairly consistent with NMR
data. All the more so dimer5 is interestingly the most
symmetric complex among the top five and its
dimerization interface is highly similar to that ob-
served in the crystallographic structures solved by
Susini et al. [24] for the human wild-type TCTP (Fig.
8), but also for the human E12V mutant [41] and the
murine TCTP [42], which might reveal that this
interface plays a major role in TCTP crystallization.
It could be noted that, in these three most probable
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clusteré f ‘A

Fig. 8. Top left: Structural model of a TCTP dimer built by superimposing the cluster1 on the dimer observed between
chains A and D of the PDB structure 1YZ1 [24]. Top right, middle, and bottom: Structures of the five lowest energy TCTP
dimers obtained by docking calculations. Residues that exhibit large, medium, or low chemical shift perturbation in NMR
dilution experiment or number of contacts in docked complexes are highlighted in red, orange, and yellow, respectively.

complexes, one of the two partners is either cluster6
or cluster1 which both have the disordered loop in a
rather extended conformation, with a short a-helix at
segment 59-63. In the modeled dimer1, dimer2, and
dimer5, this transient helix is in contact with the a-

hairpin of the interacting partner, contributing to
stabilize the TCTP dimer. This latter remark is in
line with far-UV CD experiments which indicate a
gain of a-helical content upon hemin-induced TCTP
dimerization [39].
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Fig. 9. Top left: "H-"°N chemical shift perturbations observed upon TCTP dilution from 1 mM to 50 uM. Top right,
middle, and bottom: Number of contacts made by TCTP residues in the five lowest energy complexes.

Strikingly, the interface of TCTP dimerization
partially overlaps several calcium binding sites
previously identified (sites 2, 4, and 5 of Fig. 5),
suggesting that calcium ions could hinder protein
self-association. To verify this hypothesis, we
compared the TCTP "H-"°N HSQC spectra at low
(50 uM) or medium (500 uM) protein concentration,
without or with 50 mM calcium ions. More specifi-
cally, we closely examined the positions of the

"H-"5N cross-peaks of residues Phe83 and Lys85
which were previously shown to be sensitive to
dimerization. As shown in Fig. 10, an important shift
in cross-peak positions of these residues can be
noticed between low and medium protein concen-
tration, in the absence of calcium (top panels). In
contrast, in the presence of calcium, the cross-peak
positions of Phe83 and Lys85 do not depend on the
protein concentration (in this concentration range)
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Fig. 10. NMR cross-peaks of dimer-sensitive residues Phe83 (left) and Lys85 (right) at low (50 yM) or medium (500 M)
concentration of protein, without (top) or with 50 mM calcium (bottom). The NMR spectra were otherwise collected in the
buffer Hepes 50 mM (pH 7.4), 150 mM NaCl, and 2 mM TCEP at 298 K.

and are typical of monomeric TCTP (bottom panels).
Taken together, this suggests that calcium prevents
the formation of TCTP dimer. To confirm this, we
compared '°N relaxation experiments collected at
low (50 uM) and medium (500 uM) TCTP concen-
tration in the absence or in the presence of 50 mM
calcium (Fig. 7). In the presence of calcium, the
averaged '®°N R,/R ratio over the structured regions
of TCTP at medium (500 uM) concentration (< Ro/
Ry> = 31.0 = 6.9) was close to the value observed
for the protein at lower (50 uM) concentration (< R,/
R;>=29.1 £ 6.7). This turned into similar apparent
correlation times at 500 uM (7, = 10.62 + 0.03 ns)
and at 50 uM (1, = 10.10 + 0.12 ns) for TCTP in
the presence of calcium. Moreover, we observed a
significant increase in the translational coefficient
diffusion of TCTP (500 pyM) from D= 1.320 +
0.004 + 107" m®.s™' to D= 1.370 + 0.003 *
107" m2.s~" when adding calcium ions. All
together, these data confirm that the presence of
calcium ions prevents the TCTP dimerization at
medium protein concentration. Our results are in

agreement with those reported by Lucas et al. [39],
which demonstrated that the hemin-induced dimeric
form of TCTP is destabilized by the addition of calcium
ions. We propose that in both situations (in the
presence or absence of hemin), calcium ions favor
the TCTP monomeric form by a similar mechanism
which involves calcium-induced increased interac-
tions between the disordered loop and the core
domain. The competitive binding of the loop to the
TCTP dimerization interface may contribute to disfa-
vor its self-association, thus exemplifying the potential
role of the disordered loop in regulating the TCTP
protein—protein interactions.

Conclusion

The role of the intrinsically disordered region in
TCTP biological activities was poorly studied so far,
partly because its conformations were not exhaus-
tively characterized. However, this long loop should
probably play an important role since it contains a
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highly conserved amino acid signature of TCTP. In
the present study, we combined NMR experiments
and MD simulations to better characterize its
conformational ensemble and investigate its poten-
tial role in TCTP functions. We showed that the non-
phosphorylated TCTP disordered loop can adopt
extended conformations detached from the core
domain, but can also fold toward the latter in such
way that the protein first signature segment (TCTP1)
directly binds to one of the two extreme parts of its
second signature region (TCTP2). These long-range
transient interactions between TCTP1 and TCTP2
might reveal an underlying mechanism connecting
the two signatures. Such mechanism, which still
needs to be elucidated, might be a driving force that
contributes to the signature sequence conservation.
When the two Ser46 and Ser64 of the disordered
loop are phosphorylated, the TCTP conformations
in which the loop is attached to the core domain
are less populated than in the non-phosphorylated
protein. In contrast, the presence of calcium ions
induces a significant shift of the TCTP conforma-
tional ensemble toward structures in which the
disordered loop folds against the core domain and
contributes to the binding of calcium ions on TCTP
surface. In the protein dimers, the disordered loops
are pulled away from the core domains to allow
TCTP self-association. They also contribute in the
stabilization of the protein—protein interface by
interacting with the partner a-hairpin. All together,
we propose that the TCTP intrinsically disordered
region could play an important role in participating to
the interactions with other proteins and non-peptidic
ligands, in remodeling the core domain surface, and
modulating its accessibility to its partners in response
to a variety of cellular conditions, in particularly the
presence of calcium ions, or to chemical modifica-
tions, such as phosphorylations. We conclude that
the TCTP disordered region conformational dynam-
ics must be carefully taken into account when using
TCTP structure as a biomolecular target for drug
development, particularly for in silico screening.

Materials and Methods

Expression and purification of the human TCTP

The open reading frame of human TCTP was
cloned into pET-M11 vector. A Hisg tag followed by
a TEV protease cleavage site was inserted at the
N-terminus of TCTP (His-TCTP). "®N and "*N-'3C
labeled TCTP were expressed in Escherichia coli
BL21 star (DE3) (Life Technologies) grown in
M9 minimal medium containing '°N-labeled NH,CI
(1 g/L) and '?C - a-p-glucose (4 g/L) or "®N-labeled
NH,CI (1 g/L) and '3C-labeled a-p-glucose (4 g/L),
respectively. Overexpression was induced when

ODgoo reached 0.9 by addition of 0.2 mM IPTG
and lasted 20 h at 25° C. Cell pellets were resus-
pended at 1:10 w/v in lysis buffer [50 mM Tris
(pH 8), 300 MM NaCl, 10 mM imidazole, 2 mM
DTT] supplemented with 0.3 mg/mL lysozyme and
protease inhibitor cocktail (Roche) and lysed using a
French press system (1500 bars, 3 cycles). After
centrifugation (12,500g, 60 min), supernatant was
loaded on a Histrap Fast Flow crude column (GE
Healthcare life sciences) and His-TCTP was eluted
with 150 mM imidazole. The N-Terminal Hisg tag
was removed by digesting the His-TCTP protein with
home-made His-TEV protease (1:50 w/w ratio)
and simultaneously dialyzed against imidazole-free
buffer [50 mM Tris (pH 8), 300 mM NaCl, 2 mM
DTT] for 15h at 34°C. TCTP was separated
from His-TCTP and His-TEV by passing the digest
products on a Histrap Fast Flow crude column
(GE Healthcare life sciences) and further purified on
a Superdex 75 10/300 GL column (GE Healthcare
Life Sciences) equilibrated with storing buffer [50 mM
Hepes (pH 7.4), 150 mM NaCl, 2 mM TCEP, 0.5 mM
EDTA]. Human TCTP was concentrated at 2 mM and
stored at —80" C.

NMR spectroscopy

NMR spectroscopy measurements were per-
formed at 298 K in the following buffer: 50 mM
Hepes (pH 7.4), 150 mM NaCl, and 2 mM TCEP.
Measurements were done using Bruker AVIII
950 MHz and 800-MHz spectrometers equipped
with a TCI cryoprobe. Sequence-specific backbone
assignment of human TCTP was achieved using
a classical approach [43] and on the basis of the
published assignment [11]. All NMR data, except
5N-relaxation measurements, were processed with
Topspin 3.5 (Bruker) and analyzed with CCPNMR
software [44]. Coupling constants 3J,W,N_Hc, were
measured from a 3D HNHA experiment [45]. The
intensities of the diagonal (Syiag) and off-diagonal
(Scross) Cross-peaks were extracted and coupling
constants were computed according to the following
equation: Sgross/Sdiag = — tan®(2mduud) with ¢ =
13.05 ms. For calcium binding studies and TCTP
dilution experiments, combined 'H-"°N chemical
shift perturbations (Ad¢omp) Were calculated according
to the equation Adcomyp = (AS'H + 0.14A5'5N) 12,
where AS'H and Ad'°N are the chemical shift
perturbations (in ppm) for 'H and '>N resonances,
respectively. Such calculation was done by recording
series of 'H-">N SOFAST-HMQC spectra [46].
TCTP self-dissociation constant Ky was estimated
by fitting the "H and '°N chemical shift perturbation of
Phe83 cross-peak upon protein dilution from 1 mM to
6.25 uM with the following equation: A3*X = AG” X, +
AS* Xnax * Fy, where X denotes either 'H or "N
nucleus, and F4 the fraction of dimer which is related to
Ky and TCTP total concentration according to the
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following equation:

 _4x[TCTPI+ Ka-\/8+ [TCTP« Kq + K3
d =

(1)

4+ [TCTP|-Ky + /8 [TCTP « Ky + K3

5N relaxation measurement

Relaxation experiments were performed using a
Bruker AVIIIHD 950 MHz spectrometer at 298 K with a
SN-labeled TCTP at low (50 pM) and medium (500
1M) concentration, in the absence and in the presence
of CaCl, (50 mM), and processed using NMRPipe
software [47]. The N relaxation experiments were
recorded in interleaved pseudo-3D fashion to attenuate
the effects of sample and/or conditions changes during
the collection time. The "°N R, values were determined
from series of 2D "H—"°N correlation spectra recorded
with the following delays (ms): 10, 3000, 200, 2500,
400, 2000, 600, 1500, 800, and 1000 (in this order). The
SN R, values were determined with different relaxation
delays (ms): 17, 170, 34, 102, 0, 51, 85, and 68 (in this
order). {'H}~"°N heteronuclear NOE experiments
were recorded using one reference and one proton-
saturated 2D "H-"°N correlation experiment. '°N R;,
R., and {"H}—"°N heteronuclear NOE were recorded
with an interscan delay of 5, 3.5, and 4.8 s, respec-
tively. Intensities from R;, R, and {"H}~"°N hetero-
nuclear NOE experiments were extracted using the
nlinLS routine in NMRPipe and R; and R, values were
obtained by fitting intensities with a two-parameter
exponential model with the modelXY tool in NMRPipe.
Further analysis of '°N relaxation parameters and
{TH}~"SN heteronuclear NOE in terms of rotational
diffusion tensor was achieved by using TENSOR2
program [48].

MD simulation

The TCTP conformational ensembles were explored
under four conditions: no calcium and no phosphory-
lation (noCa—noPhos), with calcium and no phosphor-
ylation (wiCa—noPhos), no calcium and with
phosphorylated Ser46 (noCa—pS46), and lastly no
calcium and with both Ser46 and Ser64 phosphorylat-
ed (noCa—diPhos). For each condition, the TCTP
conformational space was sampled using 20 indepen-
dent simulations starting from the 20 NMR structures of
the PDB file 2HR9 [11]. The phosphorylations of
residues Ser46 and Ser64 were done using the
Structure Editing tools of the UCSF Chimera package
[49]. All initial conformations were solvated in a triclinic
box type with a minimum distance of 1.4 nm between
the solute and the box sides. The total charges were
neutralized by adding sufficient sodium and chloride
ions to reach the salt concentration of 100 mM. In
simulations with calcium, 10 Ca®* ions were randomly

placed in the solvent bulk, corresponding to a calcium
concentration of 30 mM in average.

MD simulations were performed using the
GROMACS-4.5.5 software [50,51], at the all-atom
level in explicit solvent. We used for this study the
AMBER-99SB-ILDN force field [52] and the TIP3P
water model [53]. The non-bonded interactions were
treated using the smooth PME method [54] for the
electrostatic terms and a cutoff distance of 1.2 nm
for the van der Waals potentials. The covalent bond
lengths were kept constant using the LINCS [55] and
SETTLE [56] procedures for the protein and water
molecules, respectively. A leap-frog algorithm was
used to integrate the equations of motion with a 2-fs
time step. Each MD simulation was run for 200 ns
in the NPT ensemble, at T=310 K and P =1 bar,
using the Nose—Hoover and Parrinello-Rahman
algorithms [57-59], with the time coupling
constantstr = 0.5 ps and 7p = 2.5 ps.

Molecule coordinates were saved every 20 ps for
subsequent analysis, using mainly the tools imple-
mented in the GROMACS package. Notably, we made
principal component analyses of the protein conforma-
tional ensembles using g_covar and projected the
trajectories onto the first two eigenvectors with
g_anaeig, yielding for the four TCTP ensembles the
reduced free energy surfaces displayed in Fig. S12.
These analyses allowed to identify and objectively
separate the most populated sub-ensembles or clus-
ters of the TCTP conformations. However, it is not
straightforward to interpret the eigenvectors of a
principal component analysis in terms of geometrical
quantities. Moreover, the first two principal axis are not
necessarily identical for the four TCTP conformational
ensembles (noCa—noPhos, wiCa—-noPhos, noCa—
pS46, and noCa—diPhos), which makes comparisons
between the four systems very difficult. For these
reasons, we chose to analyze the TCTP conformation-
al ensembles in terms of the more intuitive radius of
gyration and distances between the two signatures
TCTP1 and TCTP2. More specifically, we used the
ratio of the distance TCTP1-TCTP2a over TCTP1-
TCTP2b in order to highlight the propensity of the TCTP
loop to bind either one or another area of the TCTP core
domain.

Theoretical chemical shifts were calculated using the
SHIFTS program [60,61]. Multiple secondary chemical
shifts were subsequently combined into a single SSP
score following the Marsh et al. [27] approach. Coupling
constants 3JHN_ Ha Were calculated from the dihedral
angles @ and y using the Karplus equation [62] and the
Vuister and Bax empirical parameters [45].

Bootstrap analysis of the TCTP conformational
ensembles

In order to assess the reliability of our theoretical
results, particularly the significance of the differences
between the four TCTP conformational ensembles
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(noCa—-noPhos, wiCa—-noPhos, noCa—pS46, and
noCa-diPhos), a bootstrap analysis was performed
on the protein radius of gyration and the distance
between the two signatures TCTP1 and TCTP2. The
bootstrapping consisted in reconstructing 4-us-long
trajectories with 20 short 200-ns trajectories random-
ly selected with replacement among the performed
20 MD simulations. This resampling was iterated
1000 times and the statistics on the TCTP radius of
gyration and the TCTP1-TCTP2 distance (averages
and standard deviations) were calculated over the
1000 reconstructed trajectories.

The bootstrap analysis yielded the probability
distributions displayed in Fig. 11. It is observed that
the distributions of both the radius of gyration and
the TCTP1-TCTP2 distance are clearly shifted
toward lower values in the presence of calcium
when compared to simulations without calcium. The
error bars show that this difference is significant
and reliable. In contrast, the differences between
the conformational ensembles of the phosphorylated
and non-phosphorylated proteins are less marked.
Nevertheless, in the distributions of the TCTP1-

TCTP2 distance, one can detect a higher probability
of distances below 0.5 nm for the pS46 TCTP and a
more subtle higher probability of distances between
0.5 and 1.0 nm for the di-phosphorylated protein
than for the non-phosphorylated one.

Protein—protein docking

Structures of the TCTP dimer were generated using
the molecular modeling library PTools [63]. This
toolbox enables to perform protein—protein docking
at a coarse-grained level by multiple energy minimi-
zations without any bias, using possibly various force
fields. We used in this study the coarse-grained force
field SCORPION which was able to successfully
reproduce the quaternary structure of several protein—
protein complexes, starting from the bound confor-
mation of the two partners [64,65]. PTools performs
systematic rigid-body docking, starting from initial
regular positions and orientations of the ligand
around the receptor surface, at a distance slightly
larger than its largest dimension. The docking pro-
cedure consists in minimizing the interaction energy
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Fig. 11. Probability distributions of the TCTP radius of gyration and of the distance between the centers of mass of the
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between the two partners, using the ligand six
translational and rotational degrees of freedom.
The minimized complex conformations were finally
clustered by similarity and ranked according to their
interaction energies.
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3.3 The molten-globule state TCTP*

In the current section, we present our efforts to detect and characterize alternative states of
the free TCTP protein since we will show in the next chapter that such states are crucial
for TCTP to achieve its interactions (Sec. 4). Here, we first evaluated the protein stability
toward buffer (Sec. 3.3.1.1) conditions and also tested the backbone stability of TCTP by
HDX NMR (Sec. 3.3.1.2). Second, we tried to populate potential alternative states of TCTP
using urea and pressure and we extensively report changes observed in the protein structure

and dynamics under these conditions (Sec. 3.3.2).

3.3.1 Evaluation of protein stability in diverse conditions

3.3.1.1 Stability of TCTP toward experimental conditions

jpH85

NaCl 200mM

o
N
a

=)
1

e
N
o

pHES ¥ OmM NaCl

Fluorescence (a.u.)
o
o

15 30 45 60 75
Temperature (°C)

JINaClo
NaCl 100

o
4]

e
9
o

Destabilizes
pH7 pH>8,pH<6
: >100mM NaCl  Absence/Low NaCl
T T T — ——r—r—r——t —T—r—r—r—T—T T min. ~44°C
20 40 60 80 20 40 60 80 "
Temperature (°C) Temperature (°C)

Fluorescence (a.u.)
Fluorescence (a.u.)

{Naci 300

-

Fig. 3.10 Evaluation of TCTP thermal stability toward buffer conditions using the TSA
method. Salt- (center) and pH- (left) dependence of the TCTP melting temperature (Ty,). Min-
ima of curves correspond to Ty,,. Comparison of the TSA curves from the conditions that promote
either the lowest (pH 8.5, 0 mM NaCl) or highest (pH 7, 500 mM NaCl) Ty, (right). Experiments
were done by applying a temperature gradient from 25 °C to 95 °C at 3 °C.min"! on TCTP sample
(5 uM) in various buffer conditions and detecting SYPRO fluorescence.

TSA is a well established method for the determination of the melting temperature (Ty,) of
proteins by means of an hydrophobic fluorescent probe (SYPRO) that emits more fluorescence
when bound to the unfolded tested protein which exposes more hydrophobic surface compared
to the native counterpart. The melting temperature depends on several parameters but is
generally used to optimize the buffer conditions for structural studies to keep the protein as
stable as possible under a given condition. We used the method for evaluating TCTP stability
under 48 different combinations of salt (0-500 mM) and pH (pH 6 to pH 8.5) in buffer
solutions (Sec. 3.10). Such parameters are known to influence the TCTP monomer-dimer
equilibrium (Sec. 3.1.2), thus also informing on the relative stability of both monomer and
dimer. The melting temperature (Ty,) of TCTP in a standard experimental setup (50 mM
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HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP and 5 mM EDTA) was ~ 50 °C. When screening
the buffers, the thermal stability of the protein reached a maximum at neutral pH (pH 7) and
high salt concentration (500 mM) to yield a Ty, of ~ 54°C. Absence or low salt concentration
and alkaline pH have a destabilizing effect on the protein and yield to a Ty, value of ~ 44°C
for the more marked decrease (pH 8.5, 0 mM NaCl). T, was maximal at 54°C in neutral
conditions with high salt-content (pH 7, 500 mM NaCl). No folding intermediate could be
detected since only a monophasic change in fluorescence was observed under the temperature
gradient. Minimum and maximum Ty, correlate with maximum and minimum dimer content
in solution, respectively. Beyond the intrinsic effect of salts in stabilizing protein structures in
solution, we can envisage that the TCTP dimer is intrinsically less stable toward temperature
compared to TCTP monomer, possibly explaining why the Ty, decreases in high-dimer
content conditions. Moreover, these conditions correspond to the optimal setup we report in
the next chapter (Sec. 4) for interactions with Bcl-2 family proteins, which raises interest in

studying the relationship between TCTP dimer and interactions capabilities of the protein.

3.3.1.2 Local instability in TCTP backbone

Hydrogen-bonding plays an important role in proteins by mediating secondary structure
elements formation [241, 242] and involves the backbone amide bond which hosts an
hydrogen-donor H(N) and hydrogen-acceptor O(C). The engagement of these in bonding
networks commonly results in «-helix and {3-sheet stabilization and this can be quantified
through HDX [243] NMR (Sec. 2.3.1.4) since structured segments in a protein are more
likely to have their backbone amide hydrogen protected from exchange compared to flexible
or solvent-exposed parts. Moreover, this is useful to detect segments that partially unfold in
protein, even though they have a very weak population. Indeed, we expect in such a case
that backbone HN are less protected from solvent-exchange compared to the rest of the
protein. Thus, we tested if the globular domain of TCTP was stable over time by doing HDX
experiments and we aimed at detecting segments of the protein, as the BH3-like motif, that

could regularly unfold from the TCTP core to be possibly available for partners.

After resuspension of a dry TCTP aliquot in 100 % deuterated water in acidic condition
(pH 6.5) to reduce solvent exchange of backbone HN with water, 'H-!>N fingerprints were
recorded over 18 hours (Fig. 3.11 A). Signals from TCTP either disappeared during the first
measurement or gradually decreased in intensity along the kinetics with partial or total signal
disappearing at the end of the measurement time. "H-'SN resonances from TCTP IDR and
extensions disappeared immediately after sample resuspension, as expected from the IDR
fast dynamics (Sec. 3.1.1) and solvent-exposed location seen in the NMR structure [43] of
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Fig. 3.11 HDX mapping of labile amide hydrogen in TCTP backbone. (A) Overview of the H/D
exchange kinetics in TCTP. Overlay of 'H-''N SOFAST HMQC spectra from TCTP (100 uM) in
buffer containing 95 % H,O / 5 % D,0 (black) or 100 % D,0O a few minutes (green) and hours
(red) later. (B) PF computed for residues in TCTP upon H/D-Exchange (up). The BH3-like region
(D11-K34) is highlighted (down). Bars indicate either the computed PF value (black), no significant
exchange at the end of experiment (magenta) corresponding to very protected amide protons, total
exchange at the beginning of experiment (blue) corresponding to weakly-protected amide protons or
finally residues excluded from analysis due to crosspeaks overlap (grey). (C) Mapping of residues for
which signal immediately disappeared (blue) or did show a weak PF (< 2.5) (red) are highlighted
on TCTP structure (pdb code: 2HR9). Experiments were recorded at 800 MHz and 25 °C in the
following buffer: 50 mM MES pH 6.5, 250 mM NaCl, 2 mM TCEP in relevant H,O / D,O ratio. The
pH value was measured in buffer with 100 % H,O.

the protein. Similarly, crosspeaks from residues in loops connecting secondary structure
elements also disappeared. However, several other crosspeaks out from this set (E22, K34,
G69, V70, E80, T84, K85, E86, Q106, G117, H124, Y159, M160, E170 and K171) also
disappeared readily during the first measurement after sample resuspension in deuterated
water. These are from residues essentially located within (3-sheet and «-helix that form
the globular TCTP domain and we surprisingly observed that several of them are engaged
in hydrogen-bonding network in the solution structure of the protein. Moreover, these
residues have some spatial proximity when plotted on the TCTP structure and draw a surface
that is also affected upon calcium binding or non-covalent dimer formation (Fig. 3.11 B).
This means that there is flexibility in parts of TCTP backbone and indicates hotspot of
structural divergence with possible roles in sensing and propagation of molecular signals in
the whole protein as we think that TCTP is prone to structural plastivity. Over the whole



3.3 The molten-globule state TCTP* 143

A s
- 34 4 —_

N N

z £

w— 30 A ’ [

Y— -

') [

s, | ’ 2

Cc27
22 T
1000
i )
o ¢
B 5

2 °

- =) P

i o x

@ c27 2 ESS

17 -0.1 4=y T T T T ] -0.1 &=y T T T T
£ -1500 -750 0 750 1500 £ -1500 -750 0 750 1500

Vsat_CEST (HZ) vsat_CEST (HZ)
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were recorded at 950 MHz and 25 °C in the following buffer: 20 mM HEPES pH 6.5, 150 mM NaCl,
2 mM TCEP in 95 % H,O /5 % D,O.

protein, we observed crosspeaks for which the intensity decrease over time was too small
at the end of the experiments (18 hrs) which impedes the fit of exponential decay functions
since it leads to important error interval in the exchange model. Also we did not perform
a linear fit to still rank these residues since we are more interested into labile segments in
the current perspective. An arrangement of three [3-strands, namely [3,, 3; and [3;; hosts
the majority of residues for which no significant intensity decrease is observed during the
experiment. The poor solvent exchange property in this region reveals strong H-bonds in
agreement with a strong [3-sheet packing between the N- and C- terminal moieties of the
protein. Corresponding residues are all engaged in secondary structure elements via their
backbone HN and this suggests that they could be key for the protein structure stability, with
possible perspectives for site-directed mutagenesis that would aim at destabilizing the TCTP
structure to induce alternative states. Residue-specific PF [213] were computed in the case
of residues for which signal intensity gradually and significantly decreased and they report
on the strength of local hydrogen-bonding as well as the solvent accessibility, permitting to

detect more labile structural segment in a protein fold (Fig. 3.11 B). As it is represented using
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a logarithmic scale, there is up to 1000 X difference between the backbone HN exchange rates
from residues from the globular domain of the protein with strong sequential variations along
a given residue stretch. However, we can still observe that lower PF is more often computed
for residues HN close from residues that readily exchange their backbone HN, thus having
very low PF. This is consistent since hotspots of flexibility in TCTP backbone are likely to
have an impact at surrounding residues by propagating structure instability. In the BH3-like
segment of TCTP, we find three (3-strands from 3, to 34, all spaced by short loops. Strand
[3, exhibits a strong engagement with 3| as described above. In the structure of TCTP, strand
[33 is packed against strand (34 and the latter also contacts strand {3 ;¢ in the globular core of
the protein. We consistently observed reduction of H/D exchange for residues engaged in
hydrogen-bonding from observation of TCTP structure. Finally, about 50 % of residues in
the BH3-like region are included in loop segments and mostly disappeared during the first
measurement, as expected from their flexible nature and solvent-exposed location. Overall,
the BH3-like motif contains residues with lower PF since it is composed of short loops
connecting short 3-strands and thus intrinsically contains less hydrogen-bonding interactions
compared to other protein structured regions. If we compare with the N-terminal segment
that preceeds the BH3-like motif and is also composed of loops and 3-strands, we observe
that higher mean PF values, which suggests that the BH3-like motif can be relatively more

fragile in the protein compared to the rest of the globular domain.

Since HDX experiments detects flexibility preferentially in solvent-exposed regions and is
not resolved for backbone HN with exchange rates below the experiment time (min.), we
performed CPMG and CEST measurements in order to detect conformational exchange at
intermediate and slower (100 ps-500 ms) timescales. CPMG relaxation dispersion curves
were all flat along the protein backbone with no exponential decay in the value of computed
Reff parameters at greater CPMG pulse frequency (vcpmg)- This means that we could not
observe significant chemical exchange at intermediate timescale (100 ps-10 ms) in free TCTP
protein. At slower timescales (1-500 ms), CEST profiles were all showing a single minima,
indicating that no minor state exchanging with the major, visible state of TCTP could be
detected. Typical CPMG and CEST profiles are exemplified with residues C27 and ES55
(Fig. 3.12). For flexible residue ES5 the up- and down- fielded satellite minima are artefactual
and arise from an excessive strength of CEST pulse regarding the relaxation properties of the
TCTP IDR. This setup was used to ensure best signal to noise ratio for CEST response in
structured regions of the protein. We therefore conclude that visible TCTP does not undergo
detectable conformational exchange in the 100 ps-500 ms second timescale. In combination
with results from HDX experiments, we can finally say that the globular TCTP core is stable
at intermediate and slower timescales (100 ps-500 ms). However, we can not exclude that
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sensitivity could be limiting in detecting very weakly populated states (< 1 %) or very slowly
exchanging conformations (= s) that could still represent structural variants of interest.

3.3.2 Identification of TCTP* and structural characterization

3.3.2.1 Slow Kkinetics conversion from TCTP to TCTP*
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Fig. 3.13 Impact of high-pressure on TCTP structure monitored by NMR. (A) 'H (top) and '°N
(bottom) chemical shift perturbations and (B) intensity ratios computed between 'H-1SN SOFAST
HMQC spectra from TCTP at atmospheric (1 bar) (black) and high (1500 bars) (red) pressure. (C)
Overlay of 'H-1SN SOFAST HMQC spectra from TCTP (300 uM) at atmospheric (1 bar) (black) and
medium (1500 bars) (red) pressure. (D) Representation of the variation in 'H chemical shift (A'H)
upon pressure gradient for residues D45 and A119 to illustrate the strong linear correlation observed
for all well separated resonances with optimal signal to noise ratio. Errors bars for 'H chemical shift
determination are indicated (0.01 ppm, red dash). Experiments were recorded at 800 MHz and 25 °C
in the following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,O0.

Impact of pressure on TCTP structure
HP-NMR has emerged as a promising technique for balancing an equilibrium from a major
to a minor state, thus increasing the population of an excited or lowly-populated state of a
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Fig. 3.14 Comparison of TCTP and TCTP* upon pressure induction. Overlay of 'H-'N SO-
FAST HMQC spectra from TCTP (black) and TCTP* (red) upon pressure induction. TCTP* signatures
are highlighted (arrows). Experiments were recorded at 800 MHz and 25 °C in the following buffer:
50 mM HEPES pH 7.4, 150 mM NacCl, 2 mM TCEP and 5% D;O0.

protein that might exist at atmospheric pressure [244, 245]. We applied HP-NMR on TCTP
from atmospheric (1 bar) to high (2500 bars) pressure in order to highlight a potential minor
TCTP state at ambient pressure. We therefore recorded series of 'H-'>N spectra and exchange
experiments (CPMG, CEST, ZZ exchange) under various pressure values. Protein response

to pressure was monitored by looking at resonances in each 'H-'>N spectra [246, 247] at
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Fig. 3.15 Comparison of TCTP and TCTP* upon urea induction. Overlay of 'H-'>N SOFAST
HMQC spectra from TCTP (black) and TCTP* (red) upon urea induction (2.5 M). TCTP* signatures

are highlighted (arrows). Experiments were recorded at 950 MHz and 25 °C in the following buffer:
50 mM EPPS pH 8, 50 mM NacCl, 2 mM TCEP in 95 % H,O /5 % D;0.

atmospheric (1 bar), medium-high (1500 bars) and high (2000 bars) pressure. Combined TH-
SN chemical shift perturbations between atmospheric and medium-high pressure (1500 bars)
did spread along the primary sequence of the protein (Fig. 3.13 A, C). Analysis of the linearity
of 'H-1SN chemical shift perturbations upon pressure gradient from 0 bar to 2500 bars did
show unambiguous linear fits along the whole primary sequence of the protein (Fig. 3.13 D),
suggesting no local unfolding in TCTP prior to the major structural transition seen between

atmospheric and high-pressure (2500 bars). In term of crosspeaks intensity, the signal from
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Fig. 3.16 Comparison of SOFAST HMQC spectra from TCTP* upon pressure or urea induc-
tion. Overlay of 'H-'SN SOFAST HMQC spectra of TCTP* under pressure (2000 bars) (black) and
mild urea concentration (2.5 M) (red). Spectral intensity were scaled arbitrary to ensure the optimal
comparison of crosspeak patterns in both spectra. Experiments were recorded at 25 °C and 800 MHz
or 950 MHz for pressure and urea experiments, respectively. Experimental conditions were as follow:
50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP for pressure experiments and 50 mM EPPS
pH 8, 50 mM NaCl, 2 mM TCEP for urea experiments. 5% D,O was added in the NMR tube in both
cases. TCTP was present at higher (300 uM) concentration in pressure experiments compared to urea
(100 uM) experiments.
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TCTP structured parts gradually disappeared when increasing pressure with no preference
regarding the location in the protein structure (Fig. 3.13 B, C). However, it should be noted
that signals from TCTP IDR underwent a much stronger intensity decrease compared to
the rest of the protein, probably due to the increased solvent exchange rate induced by
pressure. This could also be explained by the pressure-mediated unfolding of the protein and
by reduced dynamics of the IDR in fast timescale (ps-ns) or increased exchange contribution
(Rex) at the millisecond timescale under pressure application. Spectral signatures of a new
TCTP state that we populated using pressure (0-2000 bars) were seen appearing starting low
pressure (500 bars) and we could estimate this alternative state to be populated at about 50 %
to 100 % at 1500 bars and 2000 bars, respectively, and it took time to equilibrate the system
(2 hrs) upon each pressure change. At 2000 bars, the signals from the native TCTP state
completely vanished. TCTP is a protein that unfolds at relatively low pressure compared to
other proteins which suggests that the protein contains large cavities or many small cavities.
The inspection of the structure and the prediction of cavities by KVfinder [248] plugin for
Pymol software did not reveal obvious large cavities, indicating that many small cavities are
present or that transient interactions between the IDR and the protein core surface contribute
to water exclusion.

Experiments permitting to detect and characterize chemical exchange (CPMG, CEST, ZZ-
exchange) were done with the aim to detect the transition from the native to unfolded state
but could not detect such events at intermediate and slower timescales (ms-s). In the 'H-19N
SOFAST HMQC of the pressure-induced state of TCTP we could not detect more than a
third of resonances seen at atmospheric pressure. This indicates that oligomerization or
intermediate exchange (ms) in the protein core domain take place in the TCTP alternative
state we unveiled here by applying hydrostatic pressure. Overall, we demonstrated by using
HP-NMR that TCTP can convert from its native to a pressure-induced alternative state at
pressure starting from 500 bars which is usually not reported for proteins having a stable, well
structured globular domain and this suggests that the energy difference or conversion kinetics
between native and alternative states is modified by means of pressure. Importantly, we name
this protein state TCTP* herein and we consider its '"H-'> SOFAST HMQC (Fig. 3.14) as
containing all necessary signatures to further compare with other alternative states that could
be induced using different modes of perturbation.

Induction of TCTP* by means of urea
HP-NMR is not suited for daily experiments since it requires a specific hardware and includes
pressure-related dangers for both people and spectrometers. Thus, we tested to induce TCTP*

by using a chemical reagent, urea, at low (500 mM) to moderate (2-3 M) concentration. Urea
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is a classical chaotropic agent which destabilizes secondary structures in proteins, leading
to tertiary and quaternary structure disorganization and ultimately full unfolding of the
protein [249]. Interestingly, urea was reported to destabilize 3-sheet preferentially compared
to «-helix [250, 251] and thus we tried to selectively unpin the BH3-like motif from the
core domain since it is organized as an hairpin of 3-strands where a single strand ([33)
anchors the protein BH3-like segment into the globular core of TCTP. Thus, we hypothesized
that a limited destabilization by means of urea at strand 33 could be sufficient to yield an
alternative TCTP state with unpinned and solvent-exposed BH3-like motif as we expect that
to be crucial to make the motif readily accessible for partners. In addition, the use of TCTP
primary sequence to predict secondary structure in this region did not yield reliable results,
suggesting that the sequence itself has no clear property at being structured or unfolded and
thus we envisage it could be more easily unpinned upon urea addition compared to other

well structured and predicted regions in the protein.

After the first urea increment (500 mM), an immediate disappearing of a subset of crosspeaks
was observed and was not changed at higher (1 M) urea concentration, meaning that TCTP
and urea molecules should interact together with important dynamics (ms) at the molecular
interfaces between TCTP and urea molecules (Fig. 11 A). The disappearing crosspeaks were
spread in different segments of the protein (L7, M35, V36, T68, G69, Q79, F83, 1136, G137
and G143) without drawing a clear continuum on the protein structure (Fig. 11 B). A large
set of small chemical shifts perturbations were also seen in the protein spectrum and were
essentially located in solvent-exposed loops connecting secondary structure elements in
TCTP, suggesting that urea could bind in these regions. Over time (2 hrs), spectral signatures
found in the spectrum of TCTP* induced by pressure appeared and stabilized, meaning that
we could induce an alternative TCTP state that slowly converts from native TCTP state and
this starting from low urea concentration (500 mM). Higher concentration of urea (2-3 M)
has permitted to recover most of the 'H-'3N spectra measured for the pressure-induced state,
including reliable spectral signatures (Fig. 3.16). After addition of urea (2.5 M) and about
two hours of equilibration time, we observed the full conversion from the native protein to
an urea-induced state that we also refer to as TCTP* since both urea- and pressure- induced
states have strikingly similar 'H-'>N fingerprint (Fig. 3.15). As with pressure use, this
urea-induced state should have a slow tumbling rate related to oligomeric state or undergo
conformational exchange at intermediate timescale (ms) since we observed severe line
broadening with only a third of crosspeaks visible compared to the 'H-1N spectra of native
TCTP. Among the remaining crosspeaks, a large part overlap with crosspeaks from the IDR
in the native state, suggesting that the protein segment is marginally affected upon structural
transition of TCTP to TCTP*. Higher temperatures (= 35 °C) on the 2.5 M urea containing
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sample did not increase the crosspeaks number but led to the irreversible protein unfolding
or aggregation as judged by the fast decrease in the whole spectral intensity over time (min.)
with no recovery if lowering the temperature to 5 °C. With native TCTP, the protein was
stable in these conditions and we think that TCTP* is intrinsically more prone to aggregate
compared to the native state. Moreover, for crosspeaks overlapping resonances from the
IDR in the reference spectrum, the rate at which intensity decreases was significantly slower,
suggesting that the urea-induced TCTP conformer oligomerizes in soluble assembly in which
the IDR is still exposed to solvent prior to aggregation. This indicates that TCTP* could be
the folding intermediate from native to unfolded or aggregated states that finally precipitate
in our NMR tube. Notably, the experimental conditions of salt (50 mM pH) and alkaline
pH 8 that promotes the conversion from native to TCTP* state at lower urea concentration
were also reported to lower the melting temperature of the protein in urea-free conditions.
This strengthens the hypothesis that TCTP* could be a relevant intermediate in the folding
pathway of the TCTP protein.

In conclusion, both pressure and urea use have yielded alternative states of TCTP with very
similar "H-1SN spectra, suggesting that they have close structure and dynamics (Fig. 3.16).
We consider that such degree of resemblance allow to propose that both states represent
TCTP*, a folding intermediate that has striking structure and dynamics differences compared
to the native form and that is likely showing flexible segments in the "H-1>N of the protein.

3.3.2.2 Characterization of the BH3-like motif and IDR in TCTP*

To identify and characterize the NMR-visible protein segments in TCTP*, we assigned
the resonances found in the 'H-'SN fingerprint of the protein in presence of 3 M urea to
reduce background of residual resonances from native TCTP state that remain at 2.5 M urea
(~ 5-10 %). Overall 35 % (61/172 residues) of the protein backbone amide hydrogen and
nitrogen were assigned corresponding to ~ 80 % of the visible crosspeaks in TCTP* spectrum.
Assignment was carried out using standard experiments such as HNCO, HNCACO, HNCA,
HNCOCACB, HNCACB and HNCANH (Sec. 2.3.1.3) and is fully reported (Fig. 3.17 A).
Backbone resonances from the BH3-like (15-29) and IDR (38-66) regions were assigned and
included in a continuous segment spanning from residues F14 to M74 (61 aa) (Fig. 3.17 B).
Several crosspeaks (~ 20 % of total) from the SOFAST HMQC spectra could not be assigned
due to missing signals in the 3D spectra, presumably due to line-broadening from chemical
exchange (ms) or protein oligomerization. We did not considered isolated short residue
stretches (< 5 residues) we found in the final assignment since low variability is expected for
backbone HN chemical shifts in flexible segments, thus increasing the probability of errors.
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Fig. 3.17 NMR characterization of TCTP* and secondary structure prediction. (A) Backbone
assignment of TCTP*. 'H->'N SOFAST HMQC from TCTP* (600 uM) and 'H-'>N backbone
assignment (red labels). (B) Completion of TCTP* assignment (red) represented on TCTP structure
(pdb code: 2HRO) with highlight of the BH3-like region. (C) Combined 'H-!'SN chemical shift
perturbations computed between 'H-'"N fingerprint from TCTP and TCTP*. The result of 52D
software analysis for the random coil structure prediction based on backbone chemical shifts from
carbon atoms is represented (green curve) on the same panel. Experiments were recorded at 800 MHz
and 5 °C in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP, 3 M urea in 95 %
H,O /5 % D,O0.

This strongly increases the possibility of errors because the NMR backbone assignment lies on
differences between chemical shifts from backbone atoms in the protein. We could still assign
the C-terminal residue C172 that yields the strongest signal at higher temperature (= 35 °C)
in the '"H->'N SOFAST HMQC of TCTP*. In consequence, we report C172 to be a useful
probe for further detecting traces of TCTP* in urea-free conditions and at room temperature.
All others assigned resonances were sharper at low temperature (5 °C) compared to room
temperature (25 °C), suggesting that most of NMR-visible TCTP* residues are flexible
and solvent-exposed. Combined 'H-'"N chemical shifts perturbations could be computed
between 'H-">N fingerprint from TCTP and TCTP* after subtracting the average 'H and
ISN perturbations seen upon urea addition to each residue-specific 'H and N chemical
shift perturbation, respectively (Fig. 3.17 A). Resonances from the extended BH3-like region
of the protein (F14-V36) and in the C-terminal of the IDR (65-68) were severely affected
upon conversion from TCTP to TCTP*. These segments contain (3-strands (32, 33, 34 and
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[35) and an «-helix (&) in the native structure, respectively, and the amplitude of spectral
perturbations reports on a large structural reorganization in the region upon conversion from
the native protein to TCTP*.

To get further insights in the structure of TCTP*, the chemical shifts from C’, C(O), Cx and
Cp were used through 82D [252] online tool to compute the secondary structure propensity
in the F14-M74 segment (Fig. 3.17 A) and the analysis showed that all assigned residues
in TCTP* (F14-M74, 61 over 172 residues) organize as random coil. This in particular
has demonstrated the unstructured nature of the BH3-like segment in TCTP* and this also
showed that the region could be selectively unpinned from the globular domain upon urea
stress. We also noticed that the short [3-sheet that is formed at the bottom of the IDR (residues
34-37 and 67-70) is also unfolded in TCTP*. In contrast, the invisible signals in TCTP*
mostly correspond to the well structured core in the native TCTP. The absence of signal for
this region can be explained potentially by protein oligomerization or conformation exchange
at intermediate timescale (ms). The two possibilities will be explored in the next sections to
better characterize the TCTP* state.

3.3.2.3 Secondary and tertiary structure definition of TCTP*

Since signal loss in TCTP* can be attributed to molecular size, conformational exchange or
unfolding considering solvent-exchange at alkaline pH, we have further characterized the
secondary and tertiary structure organization of the protein by doing CD spectroscopy in
the Far-UV (205-260 nm) and Near-UV (240-310 nm) regions [253]. The Far-UV region
informs on the secondary structure content in a protein. For the native protein, the far-UV
CD spectrum contains contributions of both «-helical and [3-sheet segments (Fig. 3.18), as
expected from the solution [176] and crystal [149] structures of the protein. Upon TCTP*
induction with 2.5 M urea, the far-UV CD spectrum did show a slight but reproducible
decrease between 210 nm and 230 nm which is compatible with a limited unfolding of
the BH3-like region. At denaturing concentration (8 M), urea totally unfolded the protein,
yielding a flat curve in the spectral regions above 215 nm and meaning that no stable
secondary structure elements were present in TCTPy. Urea use was judged responsible for
the poorer sensitivity at low wavelength (< 205 nm) and here we only conclude that the
whole secondary structure content is generally conserved in TCTP* when compared to native
TCTP. At higher structural level, the Near-UV region in CD spectra informs on the tertiary
organization of the protein by measuring light deviation from aromatic (Phe, Tyr) residues.
In TCTP protein, residues F14, F114, F134, F162, F163, Y88, Y91 and Y95 structure the
globular core of TCTP via a network of hydrophobic interactions. Residues Y4, Y18, Y132,
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Fig. 3.18 Tertiary structure content in TCTP*. (A) Methyl and aromatic fingerprint of TCTP*.
Overlay of "H-13C SOFAST HMQC spectra from urea-free TCTP (100 uM) (black) and upon addition
of urea (2.5 M) and after system equilibration (2 hrs) (red). Both methyl (left) and aromatic (right)
regions are shown. Experiments were recorded at 800 MHz and 25 °C. (B) (top) Far-UV (205-260 nm)
circular dichroism spectra from native TCTP (150 uM) (black) and upon addition of 2.5 M (red) or
8 M (green) urea and (bottom) Near-UV (240-310 nm) circular dichroism experiment spectra from
native TCTP (150 uM) (black) and upon addition of 2.5 M (red) or 8 M (blue) urea. Contribution
regions of Phe and Tyr residues are highlighted (grey labels). (C) TCTP fluorescence and (D) ANS
fluorescence emission spectra from native TCTP (5 uM) (black) and upon addition of 2.5 M (red) or
8 M (green) urea after subtraction of background. Agx. was set to 277 nm and 342 nm for recording
Tyr and ANS fluorescence spectra, respectively. The contribution region of the Tyr residues and ANS
probe are highlighted (grey labels). Samples were all incubated at 37 °C overnight prior to experiment.
For ANS fluorescence assays, the probe was then added and samples were re-incubated 2 hours at
37 °C. Experiments were carried out at the same temperature in the following buffer: 50 mM EPPS
pH 8, 50 mM NaCl, 1 mM TCEP supplemented with 2.5 M (TCTP*) or 8 M urea (TCTPy). For
NMR, 5 % D»O (v/v) was added in the sample before measurement.

Y151, Y159, F83 and F129 are solvent-exposed and do not contribute in the packing of the
core domain. Overall, Phe residues are principal mediators of the bonding network in the
globular domain compared to Tyr residues. The Near-UV region from TCTP with no, mild
(2.5 M) and fully denaturing (8 M) urea concentration (Fig. 3.18 B) showed variations in
both Phe (240-260 nm) and Tyr (260-300 nm) regions. Phe residues induced a stronger light
deviation within TCTP* compared to both native and unfolded TCTP states. Light-deviation
induced by Tyr residues gradually decreased to finally disappear during the conversion from
native TCTP to TCTP* and final TCTPy. We conclude that TCTP* retains an hydrophobic
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core organization despite major changes in its tertiary structure. Unfortunately, near-UV
CD spectra do not allow for further reliable interpretation about the nature of structural
changes. Indeed, tyrosine transitions are not sensitive to the polarity of the environment [254].
However, when looking at the 'H-!3C fingerprint of TCTP* (Fig. 3.18 A) in the methyl
and aromatic regions we observed a gradual and total disappearing of resonances from
residues buried in the hydrophobic core of the native protein. Resonances from flexible parts
underwent line broadening, particularly pronounced in the aromatic region. The remaining
visible signals in the NMR spectra of TCTP* were all with random coil 'H,'3C chemical shift
values and they correspond to the residues for which amide HN were visible and assigned to
the random coil F14-M74 regions.

The tertiary structure change in TCTP* was further characterized by using intrinsic fluorescence-
based methods. Since TCTP contains 7 Tyr residues we could measure the intrinsic fluo-
rescence of the protein by recording emission spectra upon urea addition to convert native
TCTP to TCTP* (2.5 M) and then TCTPy (8 M) (Fig. 3.18 C). The tyrosine emission spectra
from native TCTP and TCTP* were similar with a moderate difference when compared to
the larger variation seen for TCTPy spectrum. We conclude that TCTP* retains a tertiary
structure closer from the native protein compared to the fully unfolded protein. Finally, we
used the hydrophobic fluorescent probe ANS to determine if the folding intermediate TCTP*
could be described as a MG state (Fig. 3.18 D). MG states are compact folding intermedi-
ates [255] with generally conserved secondary structures from the native state but fluctuating
tertiary organization [256] and are very distinct from the unfolded state. The fluorescent
probe ANS is useful to detect molten-globule state in proteins since the probe binds to MG
stronger because MG have a more loosen tertiary structure and the ANS probe can pene-
trate in globular domains and bind to hydrophobic surfaces, raising its fluorescence [219].
Here, ANS fluorescence was increased by a factor of two upon TCTP* conversion with
2.5 M urea. Strikingly, the fluorescence diminished upon unfolding of TCTP, indicating
that TCTP* exposes by far more hydrophobic surfaces in cavities than native or unfolded
TCTP. Interestingly, urea was shown to compete with ANS at high concentration (8§ M) to
bind proteins and thus it could explain the decrease in ANS fluorescence for unfolded TCTP,
together with the disappearing of the main cavity in the core domain of TCTP*. These NMR
and CD data are collectively compatible with a compact core region in TCTP* with largely
preserved secondary structure content. Consequently, the signal loss observed in TCTP*
NMR spectrum likely originate from chemical exchange at intermediate timescales (ms) and

the protein state has typical characteristics of MG state.
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3.3.2.4 Oligomeric state of TCTP* and molecular envelope
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Fig. 3.19 Oligomeric state of TCTP* and molecular envelope. (A) 'H-'SN HSQC-DOSY experi-
ments from native TCTP (100 uM) (black), TCTP* (2.5 M urea) (red) and unfolded TCTP (8 M urea)
(green). DOSY curves were corrected for the modification of viscosity induced by urea. The variation
of the diffusion coefficient for EPPS buffer in function of urea concentration was used as baseline
for correction with the protein samples. Experiments were recorded at 800 MHz and 5 °C. The fitted
translational diffusion coefficient (D) is reported for TCTP at various urea concentrations. (B) SEC
elution profiles of TCTP and TCTP*. Species that absorb light at 280 nm are indicated (arrows),
including soluble aggregates of proteins. For SEC analysis, the sample was more concentrated
(500 uM) and injected into a S200 Increase column (GE Healthcare) pre-equilibrated with the sample
buffer (25 °C). (C) Kratky plot (q2Iq (q)) from in-line SAXS experiments done with native TCTP
(black) and upon conversion to TCTP* (red). (D) Molecular envelope computed from SAXS data and
generated with DAMMIF from ATSAS software [217] and in-build module primusqt (left). Solution
structure of native TCTP (pdb code: 2HR9) with cartoon and surface representation. Experiments
were done using the following buffer: 50 mM EPPS, 50 mM NaCl, 2 mM TCEP for TCTP plus 2.5 M
(TCTP*) or 8 M (TCTPy) urea. For NMR, the buffer was complemented with 5 % D,O (v/v).
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We reported the assignment of TCTP* and could match a crosspeak with a residue in
the protein for the majority of resonances. This indicates that C-terminus of TCTP* state
undergoes severe line broadening and we proposed that either oligomerization or intermediate
exchange (ms) could contribute in that particular behavior. Thus, we performed 'H-1°N
HSQC-DOSY on native TCTP and both urea-induced TCTP* (2.5 M) and in the 8 M urea
condition were we expect TCTP to be totally unfolded (TCTPy) (Fig. 3.19 A). Indeed,
DOSY experiments yield the translational diffusion coefficient (D) and permit to estimate the
oligomeric state since D depends on the hydrodynamic radius (Ry) of the protein. Diffusion
properties strongly depend on the viscosity (17) and thus on the concentration of urea. Thus,
we computed the variation (%) of the translational diffusion coefficient for EPPS buffer with
respect to urea concentration and corrected values for TCTP, TCTP* and TCTPy. We have
demonstrated that TCTP has a greater diffusion coefficient compared to TCTP* and TCTPy
with 4.64 £ 0.32 *101° m?.s”!, 2.87 £ 0.09 *1071% m?.s”! and 2.43 £+ 0.09 *10719 m?.s°!,
respectively. This show that the native TCTP state diffuses faster than the other states.
Since TCTP has an IDR part it can not be properly considered as a globular protein and
the estimation of the hydrodynamic radius Ry}, from the Stokes-Einstein equation expressed
as 6];1137];;1 gives less reliable values because it assumes spherical particle shape. We could
still could estimate that TCTP and TCTP* have Ry, of 4.70 4+ 0.54 nm and 7.61 4 0.27 nm,
respectively. We could confirm this difference without baseline correction for urea in "H-1SN
HSQC DOSY experiments with half native TCTP and TCTP* (1.5 M urea) but do not report
more extensively since low signal to noise ratio raised the uncertainty . For unfolded TCTP

we estimated a greater Ry, at 8.98 4+ 0.26 nm. These differences in diffusion properties
of TCTP and TCTP* are in the range of what expected considering the unfolding of the
BH3-like region and/or a possible preference of TCTP* to form dimers in solution. In the
latter cases, the fact that TCTP* and TCTPy have similar translational diffusion properties
would logically be explained by the dissociation of TCTP* dimer upon conversion to TCTPy

at higher urea concentration.

To further establish the oligomeric state and shape of TCTP*, we measured SEC-SAXS
experiments by running the samples of native TCTP at 0 M urea and TCTP* at 2.5 M urea
concentration in the buffer. We first show SEC profiles of TCTP and TCTP* (Fig. 3.19 B). We
demonstrated that TCTP* was eluted first (26.7 mL) whereas residual non-converted TCTP
came at greater elution volume (30.6 mL), consistently with profile from the native TCTP
control in urea-free conditions. We expect urea not to critically impact the protein elution
if we consider that residual non-converted TCTP (2.5 M urea) is eluted at close volume
compared with native TCTP in urea-free condition. This difference in the elution volume and
related Ry, is also compatible with the unfolding of the BH3-like region and a tendency of
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TCTP* to form dimers. Interestingly, TCTP* forms soluble aggregates (Vejution = 7.75 mL)
whereas native TCTP does not. This strengthens the hypothesis that TCTP* could be an
unfolding intermediate which mediates the protein full unfolding or aggregation as reported
for the molten-globule states in proteins [257]. It should be noted that lowering the pH down
to 6-7 (at 2.5M urea) also lead to the precipitation of TCTP*, reinforcing the tendency of
TCTP* to self-association and aggregation. To definitely establish the oligomeric state of
TCTP* and to know at which extent TCTP* gains flexible parts compared to native TCTP,
we measured in-line SAXS experiments on the two distinct protein states and we computed
the molecular envelope of TCTP* using ATSAS software suite [217].

We first compared the kratky plots (qzlq(q)) obtained from the SAXS signal intensity (Ip)
in function of the diffusion angle (q) which qualitatively assess the degree of unfolding
in protein samples (Fig. 3.19 C). As expected from the limited unfolding of the BH3-like
motif in TCTP*, we observed a significant increase in qZIq at higher values of q. This
confirms that more flexible residues are present in TCTP* state compared to native. The
degree of difference is important and thus could suggest that the IDR in TCTP* is more
mobile than in native TCTP, as a cooperative effect from the unfolded BH3-like at the IDR
(or vice-versa) in TCTP*. To definitely establish the oligomeric state of TCTP*, we have
computed the radius of gyration (R,) and apparent MW of the protein state from the Guinier
plot (In(I) (q%)) using ATSAS/Primus software [217]. From frames 19-65 we estimated a
R, of 3.95 £ 0.2 nm and a apparent MW of 40.2 & 2.9 kDa for TCTP* whereas we found
2.15 nm and 33.8 kDa for native TCTP (Sec. 3.1.3.2). These parameters clearly establish that
TCTP* is a fully populated dimer in solution as seen from a two fold increase in the apparent
MW of TCTP* compared to monomeric, theoretical MW of TCTP (monomer = 19.7 kDa,
dimer = 39.3 kDa). Experimentally, native TCTP had apparent MW between the two values
since it is an equilibrium between monomer and dimer with comparable populations. The
R, of the TCTP* state is increased almost by a factor of two, which is consistent with the
increase in unfolded regions and the formation of a fully populated dimer upon conversion.
This also explains why TCTP* has similar hydrodynamic properties compared to fully
unfolded TCTP (Fig. 3.19 A). To estimate the structure of TCTP* dimer, we have computed
the molecular envelope of this particular TCTP state (Fig. 3.19 D). TCTP* has a prolate type
of structure organisation with cylindrical shape. In its larger dimension, the protein model is
18.3 nm long whereas the diameter of the model sections are in the range 3.8-6.9 nm. By
analogy, we compared the surface representation of the TCTP high-resolution structure and
we could measure half than TCTP* for the largest dimension (7.3 nm) whereas the mean
diameter was roughly estimated similar between TCTP and TCTP*. Thus, it is possible that
TCTP#* is organized as two units interacting in the central region of the molecular envelope,
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and both units would project their disordered BH3-like and IDR segments toward the solvent

away from the central region of the molecular envelope.

In conclusion, TCTP* has limited increase in its hydrodynamic radius compared with native
TCTP and we established that both unfolding of the BH3-like region and dimerization were
responsible for these differences. The size of TCTP* dimer is still largely amenable for
high-field NMR studies and thus we can reasonably exclude that signal extinction for most
crosspeaks from the C-terminal TCTP* region (80-172) originates from the slower molecular
tumbling due to self-association. This suggests that intermediate exchange (ms) rather
strongly contribute in the line broadening seen in TCTP* 'H-'>N fingerprint. Finally, the
molecular envelope of TCTP* gives an idea of how both protein units could arrange together
in a prolate and cylindrical structure organization. Altogether our results strongly support the
classification of TCTP* as a MG state.

3.3.3 Evidences for the pre-existing character of TCTP*

Structural organization of proteins can fluctuate under temperature variation and be monitored
by NMR [258-260]. Since we want to detect or induce alternative TCTP states in solution
we monitored the protein from low (5 °C) to high (40 °C) temperature in order to promote
structural transitions and to observe spectral signatures of TCTP* (Fig. 3.20). Signals in 'H-
5N fingerprint from structured and flexible parts of TCTP showed increasing and decreasing
intensity, respectively, when increasing the temperature (Fig. 3.20). Such effects are easily
explained through the decrease of global correlation time (t.) and the resulting longer
transverse relaxation time for structured regions and also by the increase of solvent-exchange
at higher temperatures for flexible regions accessible to water. We compared 'H-'"N SOFAST
HMQC from TCTP at 35 °C and 20 °C and computed combined 'H-!>N chemical shift
perturbations. These were stronger within the flexible segments of the protein but otherwise
spread along the primary sequence (Ann. 8). The analysis of 'H, >N chemical shifts changes
essentially showed raw linear variations. But still we observed a slight unimodal curving
along the temperature gradient as exemplified for residues G101 and A127 (Ann. 9) and this
reports on energetics of backbone amide H-N related to engagement in hydrogen bonding
networks. This means that no structure transition could be detected in the major TCTP state

prior to the protein melting at the melting temperature of 40 °C.

Interestingly, minor peaks appeared on TCTP spectrum above 25 °C. These crosspeaks
gradually increased in intensity (up to 40 °C) and were found similar to those identified as
TCTP* signatures. The C-terminal residue C172 best reports on the temperature-promoted

conversion to TCTP* since the signature appears from 25 °C and is the strongest among
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Fig. 3.20 Impact of temperature on TCTP structure with SOFAST HMQC. Overlay of 'H-'SN
SOFAST HMQC spectra from TCTP (1 mM) at different temperatures (278-40 °C). Temperatures are
indicated (colors). The crosspeak from C172 from the native TCTP as well as an alternative crosspeak
from the same residue appearing at higher temperature are highlighted (close-up). Experiments were
recorded at 800 MHz in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 1 mM TCEP in 95 %
H>O /5 % D,O0.

TCTP* signatures at higher temperatures. At 40 °C, the whole spectral intensity including
the newly converted TCTP* decreased over time due to protein unfolding or aggregation.
A slower loss of intensity is observed for the flexible parts of the protein (Ann. 10), which
suggests that limited oligomerization precedes protein aggregation or unfolding. This raises

the question to know if TCTP* represents a necessary route or not in the unfolding pathway
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of the protein. Indeed, all three temperature, pressure and urea lead to alternative states
that we said they correspond to TCTP* description. From apart HP-NMR, where protein
aggregates were likely not representing the more compact state for a protein, we could
demonstrate that TCTP* is intrinsically more sensitive to unfolding or aggregation than the

native protein from which the molten-globule state TCTP* originates.

Strikingly, the apparent melting temperature (Tp,) of the protein is lower than excepted re-
garding before-mentioned TSA experiments (46 °C) done in similar conditions (Sec. 3.3.1.1).
A longer equilibration time in NMR experiments compared to TSA setup can explain the
difference if considering that a minor protein state, presumably TCTP*, is part of the route
for full protein temperature denaturation. Indeed, temperature promotes the minor state in a
time-dependent manner (hrs) and TSA experiments use short temperature gradient step time
(s), yielding overestimated melting temperatures. Overall, we exposed lines of experimental
evidence regarding the pre-existing nature of TCTP* in native-like conditions and its place

in the protein unfolding/aggregation pathway.

3.4 Discussion

In the chapter, we have accumulated experimental and theoretical evidences that the TCTP
protein can remodel upon a wide range of stimuli. We reported the use of many parameters
(temperature, protein concentration, phosphorylation, mutation, calcium binding, urea and
pressure) to induce structural transitions in TCTP that were monitored by means of an
integrated panel of biophysical methods (NMR, SAXS, far- and near- UV CD, ANS and
tyrosine fluorescence, TSA, SEC, MS) and computational approaches (MD, docking). In
the next paragraphs we summarize and discuss our results and we also introduce a model to

describe the diversity of TCTP structures and related equilibrium.

To briefly summarize our results, we have described TCTP in its native state (TCTP)
(Sec. 3.1.1) and confirmed that the protein is well structured and contains an IDR segment
(Fig. 3.21). We have demonstrated that native TCTP can form non-covalent dimers (TCTPp)
in reducing conditions and common salt and buffer conditions (Sec. 3.1.2) (Fig. 3.21). To-
gether with the characterization of TCTP dimer, we published our work about TCTP IDR
modifications (phosphorylation, calcium binding) in which we proposed that the IDR could
remodel the globular part of TCTP upon modifications which should involve conserved
signature TCTP1 and TCTP2 in the IDR and core domain, respectively (Sec. 3.2) (Fig. 3.21).
So far it was unknown how the conserved signatures TCTP1/TCTP2 could play a role in
the protein interaction and we proposed that it could serve as a switch to enable or disable
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Fig. 3.21 The diversity of TCTP structure: current model. TCTP exists as native (TCTP), as
dimer (TCTPp) and as being phosphorylated (pTCTP) with biological relevance. pTCTP is likely
to have a more compact shape due to the IDR preference for contacting the protein core upon
modifications. The protein also pre-exists as a minor (< 1 %), slowly exchanging molten-globule
state TCTP* that is promoted by temperature, urea and pressure. In TCTP*, the residue stretch
including the BH3-like motif and IDR part are unstructured and solvent-exposed. TCTP can also
totally unfold (TCTPy) and the protein finally aggregates over time (hrs) if incubated at higher
temperatures (= 40 °C) or low pH in the TCTP* state (TCTPoy).

protein-protein interaction. We reported additional work to characterize Plk-1 mediated
phosphorylation of TCTP and its impact on the IDR structure and dynamics as well as on
TCTP dimer equilibrium (Sec. 3.1.3). Indeed, we show that S46 phosphorylation promotes

the non-covalent TCTP dimer.

Decisively, we have demonstrated that the protein also pre-exists as a minor (< 1 %), slowly
exchanging molten-globule state TCTP* that is promoted by temperature, urea and pressure
(Fig. 3.21). We also demonstrated that TCTP* was an exclusive dimer in our conditions.
That could open the door to propose TCTPp as a promoter of TCTP* conversion, since
the latter is promoted in high TCTPp content setups. Conversion between TCTP structures
occurs immediately upon covalent modification (phosphorylation), ligand binding and protein
concentration changes. Most interestingly, conversion between TCTP and TCTP* takes
about 2 hrs to complete at generally non-denaturing urea concentration for most proteins
(2.5 M). This slow, limiting step in the conversion routes of TCTP structures is the door to
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full protein unfolding and aggregation. In TCTP*, the residue stretch including the BH3-like
and IDR part are unstructured and solvent-exposed, questioning how the order-to-disorder
transition in the BH3-like motif could enhance interactions with Bcl-2 family proteins that
target the sequence. We answer this question in the next chapter of the manuscript.






Chapter 4

TCTP & Bcl-2 family proteins Bel-xL
and Mcl-1

In the context of apoptosis, the BH3-like motif in TCTP protein has antiapoptotic function via
interactions with the Bcl-2 family proteins Bel-xL and Mcl-1. TCTP promotes Bcl-xL/Bax
association, preventing from MOMP, cytochrome c release and thus apoptosis activation.
The crystal structure of TCTPgy3 in complex with Bel-xLL was published [111], revealing a
canonical arrangement for the BH3-like peptide in the BH3-binding groove of Bcl-xL. To fit
this structure, the BH3-like motif of TCTP would have to, at least, unpin from the globular
domain. Regarding TCTP/Mcl-1, different reports say that TCTP does stabilize Mcl-1 (or
vice-versa) or that both proteins stabilize each other [181, 172, 182, 261], also this could
be cell-specific. TCTP was proposed to prevent the proteasome-mediated degradation of
Mcl-1. Importantly, the binding site of TCTP in Mcl-1 is unknown and the TCTP protein
could either mask ubiquitination sites or compete with Mcl-1 partners that would promote
the protein destabilization, such as the E3 ligase Mule which has a canonical BH3 motif in
its sequence that interacts in the BH3 binding groove of Mcl-1 (Sec. 1.2.3.2).

In the current chapter, we will investigate to get clues about structure and dynamic changes
in TCTP and Bcl-2 family proteins upon complex formation and we will assess the molecular
basis for the TCTP-induced reinforcement of Bcl-xL and Mcl-1 antiapoptotic properties. We
will first report the characterization of TCTP structure and dynamics upon complex formation
with Bcl-2 family partners Mcl-1 and Bcel-xL (Sec. 4.1). We will also describe binding
interfaces and structure reorganization in Bcl-xL and Mcl-1 upon binding of both TCTP FL
and BH3-like peptide from native TCTP (Sec. 4.2). In addition to TCTPgp3, we used the
D16l variant which restores the hydrophobic residue in position h1 and Mulegys peptide to
compare binding profiles and affinity of canonical and BH3-like sequences (Sec. 4.3). At
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the end of the chapter, we will finally propose a model for TCTP/Bcl-xLL and TCTP/Mcl-1

interaction (Sec. 4.4) that is fairly consistent with all data.

4.1 Structure and dynamics of TCTP upon complex for-

mation

TCTP complexes with Bcl-2 family proteins Bcl-xL and Mcl-1 were reported to form
efficiently in particular setups. Alkaline (pH 8-9) conditions, low salt content (50 mM) and
high temperature (37 °C) plus incubation time (18 hrs) were necessary to fully assemble
TCTP/Bcl-xL complex [111]. In another study, the truncated TCTP A1-10 was demonstrated
to enhance the interaction with Mcl-1 protein [172], possibly by freeing the BH3-like motif
(15-29) in TCTP. However, the atomic details regarding full length TCTP in complex with
Bcl-2 family partners Mcl-1 and Bcl-xL are unknown.

In this first section, we report experiments to control protein integrity (considering the harsh
conditions to assemble TCTP complexes) and to estimate the hydrodynamic radius of proteins
and complexes as well as stoichiometry (Sec. 4.1.1). Then, we describe TCTP in complex
with Bcl-xL and Mcl-1 in terms of secondary and tertiary structure by using NMR, CD and
limited proteolysis experiments (Sec. 4.1.2). We finally assess if minor state TCTP* that we

characterized in the last chapter (Sec. 3.3) could enable interactions with Mcl-1 (Sec. 4.1.3).

4.1.1 Stoichiometry and quaternary structure of TCTP complexes
4.1.1.1 Integrity and hydrodynamic properties of TCTP complexes

Protein degradation can occur in the NMR sample and complex formation can make proteins
more sensitive to residual protease by exposition of backbone amide bonds to solvent. To
evaluate if protein degradation occurred in ’N-TCTP complex with Mcl-1 APEST ATM
(Mcl-1) during the NMR experiments (hrs-days) that we will report in the chapter, we
used MS, MALDI-TOF and SDS-PAGE experiments to compare protein integrity in fresh
samples and after the measurement time (18 hrs, 35 °C) (Fig. 4.1 A). The MS spectrum
of the TCTP/Mcl-1 complex superimposed fairly with both free protein controls. For the
mono-charged ion of isolated, fresh TCTP FL and Mcl-1, we estimated a molecular weight
of 19648 £ 5 Da and 18138 £ 5 Da, respectively. For both proteins upon complex formation
and data acquisition time, these were of 19645 & 5 Da and 18134 + 5 Da for fresh ’N-TCTP
FL and Mcl-1, respectively. We could not detect MS peaks significantly raised in intensity
upon complex formation or the appearance of other MS peaks after incubation time (18 hrs).
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Fig. 4.1 Evaluation of the integrity and hydrodynamic radius of TCTP/Mcl-1 complex by MS
and SDS-PAGE. (A) Experiments carried out with isolated TCTP (blue curve, first lane), isolated
Mcl-1 (red curve, second lane) or a mix of the two (black curve, third lane). Samples were prepared
in 50 mM HEPES pH 7.4, 250 mM NaCl and 2 mM TCEP. (B) DLS curves of isolated TCTP FL
(black), Mcl-1 (APEST ATM) and Bcl-xL (ATM) protein (grey) and upon TCTP/Bcl-xL (red) or
TCTP/Mcl-1 (green) complex formation. Samples were prepared in 50 mM EPPS pH 8, 50 mM
NaCl and 2 mM TCEP. All samples were incubated overnight at 35 °C and complex formation was
controlled by NMR prior to analysis.

SDS-PAGE analysis of the samples showed that bands corresponding to isolated proteins are
found correspondingly when looking at the protein complex lane. Consequently, TCTP and
Mcl-1 do not degrade at detectable levels upon complex formation and after several hours
(18 hrs) at high temperature (35 °C).

Experimental conditions were optimized to ensure efficient TCTP complex formation and
stability in solution. Higher salt content were shown to result in higher energetic barrier for
the complex formation, thus requiring the use of higher temperatures (= 40 °C) to efficiently
form the complex which possibly impact protein stability. Acidic to neutral conditions (pH 6-
7) were not suitable for experiments with full length TCTP, since the related TCTP/Mcl-1
complexes have weak solubility in this condition. After screening of other buffer-agents
(detergents, glycerol, ions...) we established that sample conditions of proteins (100 uM)
with low sodium chloride content (50 mM) in EPPS buffer (pH 8) at 35 °C were optimal to
efficiently form the complex between TCTP FL and Bcl-xL or Mcl-1 partners with acceptable
lifetime (days) and complex solubility (~ 100 uM). In order to estimate the hydrodynamic
radius (Ry) of the TCTP complex with Bcl-2 family proteins Bel-xL. A27-82 ATM (Bcl-xL)
and Mcl-1 in these conditions, we performed DLS experiments. Indeed, such information is
important when further doing NMR studies since we want to know size-related parameters of
the molecular entity to delineate the impact of molecular size (T.) and chemical exchange on

line broadening. The DLS experiments were low signal to noise ratio since all three isolated
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TCTP, Mcl-1 and Bcl-xL constructs are at the low size limit for DLS measurement. The
Ry, of isolated TCTP and Mcl-1 were similar at ~ 3 nm with low reliability regarding the
poor sensitivity of DLS experiments at small molecular size. Upon complex formation we
measured a Ry, of 5.2 nm and 3.6 nm for TCTP/Bcl-xL. and TCTP/Mcl-1, respectively. The
TCTP complex with Mcl-1 is likely to be heterodimeric whereas we expect an heterotetramer
with Bcl-xL considering the volume difference and the heterotetrameric TCTPgy3/Bcl-xLL
complex [111]. Qualitatively, the polydispersity was greater with TCTP/Bcl-xLL complex,
suggesting more conformational heterogeneity or different complex stoichiometry. The
analysis of the scattering profiles of TCTP/Mcl-1 complex using intensity or volume related
distribution representation did not show the presence of high molecular weight (> 80 kDa)
assembly upon complex formation and filtering of particle aggregates (0.22 um). Despite
poor precision at low Ry in the DLS measurement, we can conclude that TCTP/Bcl-xLL
complex is likely to have a higher oligomeric state than TCTP/Mcl-1, for which data suggest
a heterodimeric complex predominantly forming in the current experimental setup (100 uM,
pH 8).

4.1.1.2 Heterogeneity of TCTP complexes with Bcl-xL or Mcl-1

We questioned the heterogeneity of the TCTP/Bcl-2 family protein assemblies in term of
stoichiometry by doing SEC coupled with SAXS on isolated TCTP and upon complex
formation at two increasing ratios (1:2, 1:4, TCTP:partner) with Bcl-xL A45-84 ATM
(Bcl-xL) (SEC) or Mcl-1 (SEC-SAXS). The SEC profile of isolated TCTP showed the
characteristic single peak at tejytion = 9.8 min (pH 9, Agilent Bio SEC-5) and Vjytion = 15.7 mLL
(pH 8, S200 10/300 Increase) (Fig. 4.2 A, B). At pH 9, two peaks from TCTP complex
with Bcl-xL are seen at lower elution volume tejytion = 8.25 min. (**) and tejytion = 9.1 min.
(*). Aggregates were also eluted at teyion = 5.5 min) (Fig. 4.2 A). It is likely that the peak
(*) originates from an heterotetramer whereas the peak (**) is possibly an higher oligomer.
With Mcl-1 protein, we detected only two peaks, presumably including free TCTP since one
peak from TCTP/Mcl-1 sample is at same elution volume than isolated TCTP (Fig. 4.2 A).
However, Mcl-1 complex with TCTP is detected in this fraction with Vjygon = 15.7 mL at
pH 8 and tejytion = 9.8 min. at pH 9, also suggesting that the assembly is a compact heterodimer
in the elution fraction (*) (Fig. 4.2 B). The major peak (**) at pH 9 with tejyton = 8.5 mL
also contains both TCTP and Mcl-1 and it is likely an higher or a mix of complex oligomers
as seen by the lower elution volume that indicates higher apparent hydrodynamic radius. At
pH 8, which corresponds to the alkaline condition in NMR experiments reported latter, the
presumably heterodimeric TCTP/Mcl-1 was predominantly found whereas higher soluble

oligomers were markedly less soluble. We can propose that higher complex oligomers
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Fig. 4.2 Heterogeneity of TCTP/Bcl-xL and TCTP/Mcl-1 complexes by SEC. (A) SEC elution
profiles from isolated TCTP (500 uM) (black, dashed), isolated (grey, dashed) Bcl-xL ATM (left) or
Mcl-1 (right) and an equimolar mix of each with TCTP (black). Samples were prepared at pH 9 in
CHES buffer (50 mM) for this particular experiment and samples injected into a Agilent Bio SEC-5
column. (B) SEC elution profiles from isolated (500 uM) (black, dashed) (left) TCTP or (right)
pTCTP and from 1:2 (pink) to 1:4 (red) TCTP:Mcl-1 ratio. Samples were prepared in 50 mM EPPS
pH 8, 50 mM NaCl, 2 mM TCEP and all incubated 2 hrs at 37°C prior to SEC injection into S200
Increase column.

predominantly aggregate in less alkaline condition (pH 8), improving sample homogeneity
for further NMR studies. We also found that phosphorylated TCTP promotes the solubility
of higher oligomeric states of the TCTP/Mcl-1 complex (Fig. 4.2 B). Indeed, these higher
oligomeric states were minor at pH 8 with non-phosphorylated TCTP whereas they turned
major with pTCTP in the same conditions. Truncation of TCTP1 signature and TCTP IDR led
to less soluble complexes with Bcl-xL (Ann. 12) and Mcl-1 (Ann. 13). These complexes form
with no major difference regarding efficiency and experimental setup. Together with DLS

experiments, we can conclude that TCTP forms heterogeneous complexes with Bcel-xL and
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Mcl-1, with possibly major heterotetrameric and heterodimeric stoichiometry, respectively
and in alkaline condition (50 mM NaCl, pH 8).

4.1.1.3 Molecular size and stoichiometry of the major TCTP/Mcl-1 complex
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Fig. 4.3 Molecular size and stoichiometry of TCTP/Mcl-1 complex. (A) SAXS profile of
TCTP/Mcl-1 complex with initial signal intensity (Ip) (red), MW (green) and radius of gyration
(Rg) (black) along the frames that correspond to elution time from SEC separation. The frame interval
where MWand R are stable (green background) was used to compute effective MWand R, and
correspond to maximum I values, with optimal signal to noise ratio. (B) Kratky plot (qZIq (q)) from
SAXS experiments done with TCTP (black), Mcl-1 (grey) and TCTP/Mcl-1 (red). Experiments were
done at 25 °C in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP and SAXS run
was coupled with SEC separation (Fig. 4.2 B, left) prior to measurement.

In order to be decisive regarding the stoichiometry of the predominant TCTP/Mcl-1 complex
in alkaline conditions used in NMR (pH 8), we coupled SEC with on-line SAXS and
we determined all three radii of gyration (Rg), MW and flexibility (Kratky plot) in the
TCTP/Mcl-1 complex (Fig. 4.1.1.3). The estimated MW for the TCTP/Mcl-1 complex
was 34.7 + 1.9 kDa whereas we expect 37.4 kDa from the sum of MW for each protein
(Fig. 4.1.1.3 A). The small difference can be explained by the residual free TCTP (< 5 %) that
is co-eluted with the complex since they both have similar hydrodynamic properties. Indeed,
this could lead to a slight decrease of the apparent MW by population average, explaining
the small difference between experimental and theoretical values of MW for TCTP/Mcl-1
complex. The corresponding radius of gyration (Rg) was 2.22 & 0.09 nm which is consistent
with typical values for a & 35 kDa, globular protein or complex. By comparison, we reported
isolated TCTP having a R of 2.15 nm (Sec. 3.1.3.2) which is consistent with the presence
of the flexible loop in the protein and very similar to the value computed for the complex.
This is fairly consistent with previous observations from DLS and SEC experiments that

all show similar diffusion-related properties for free TCTP and complex with Mcl-1. This
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is an indication that the protein complex is compact and does not contain long disordered
segments. To further evaluate the flexibility in TCTP/Mcl-1 complex, we compared the
Kratky plots from isolated TCTP and Mcl-1 to TCTP/Mcl-1 complex (Fig. 4.1.1.3 B). With a
bell shape and near to zero values at high diffusion angle (q), the Kratky plot of Mcl-1 protein
was typical of a globular, well folded protein. This means that no significant flexibility was
found in the protein backbone, consistently with the NMR structure of the protein (pdb code:
2MHS). The Kratky plot from TCTP was similar but higher values were computed at higher
g, consistently with the IDR segment found in the protein. When looking at the Kratky plot
from TCTP/Mcl-1 complex, we observe a roughly similar shape, meaning that the complex
is essentially globular. TCTP/Mcl-1 had smaller flexible residues fraction than TCTP but
greater than Mcl-1, which simply indicates that no major unfolding event took place upon
complex formation. Still, significant differences were observed at lower q, usually informing
on protein sample polydispersity. That might be an indication about the heterogeneity of
the hydrodynamic volumes from all TCTP/Mcl-1 complexes that co-exist in solution. Such
heterogeneity was lower in this case compared to isolated TCTP or Mcl-1. In conclusion,
TCTP and Mcl-1 assemble to form a tight, compact heterodimeric complex that we will
further study in the next two sections.

4.1.2 Structure of TCTP upon binding to Bcl-2 family partners
4.1.2.1 Slow complex formation and consequence on structure and dynamics

We then wanted to describe TCTP structure and dynamics upon complex formation with
Bcl-xL or Mcl-1. To do so, we first recorded 'H-""N SOFAST HMQC spectra of isolated
ISN-TCTP FL and upon addition of unlabeled Bcl-2 family partners (1.5 eq.). We tested
each Bcl-xL construct (ATM, A45-84ATM, A27-82ATM) (Bcl-xL) and Mcl-1 APEST
ATM (Mcl-1). Protein complexes were efficiently formed (> 95 %) at 35 °C after about
2 hours of equilibration time. Upon each increment of Bcl-xL or Mcl-1 we observed a
similar progressive decrease in the intensity of TCTP spectrum from structured parts and
the slow appearing of a limited number of resonances from bound TCTP (~ 10-15), mostly
broadened which is likely due to conformational exchange (ms) or increased correlation time
(t¢)- Significant rapid exchange shift could be observed from TCTP residues such as F83 at
the TCTP dimer interface upon addition of partner in TCTP sample (Fig. 4.4). To confirm
that these chemical shift perturbations were not related to TCTP interaction with partners,
we used TCTP AIDR which does not form dimer and observed that all perturbations were
canceled upon complex formation, as expected (Fig. 4.5). Thus, the chemical shift variation

observed in TCTP spectra upon complex formation with Bcl-xLL and Mcl-1 is due to the
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Fig. 4.4 TCTP upon complex formation with Bel-xL. Overlay of 'H-'>N SOFAST HMQC spectra
from isolated >'N-TCTP FL (500 uM) (black) and in presence of unlabeled Bcl-xL A45-84ATM
(1.5 eq.) (red). The frame (top-left) represents the spectra of free and bound TCTP at intermediate
Bcl-xL concentration (1 eq.) (green), allowing to estimate the relative population of free/bound TCTP
(£ 50 %) at this ratio. The second frame (bottom-left) depicts the spectral change corresponding
to TCTP monomer-dimer re-equilibration upon complex formation. Experiments were recorded at
950 MHz and 35 °C in the following buffer: 50 mM HEPES pH 7.4, 50 mM NacCl, 2 mM TCEP and
5 % D,0 /95 % H,0.

reduced free TCTP concentration and subsequent dissociation of TCTP dimer. Together, only
~ 60 crosspeaks over the expected ~ 160 crosspeaks were visible in the spectrum of TCTP
complex with Bcl-xLL or Mcl-1. These crosspeaks were in the typical region for unfolded
proteins or loops and show similar patterns as the IDR in the free TCTP protein. Overall,
this indicates that only a single binding event with slow kinetics could be detected in TCTP
'H-1>N SOFAST HMQC upon Bcl-xL or Mcl-1 addition. This leads to dramatic changes in
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Fig. 4.5 Binding of TCTP AIDR to Mcl-1. Overlay of 'H-'>'N SOFAST HMQCs from
isolated TCTP AIDR (50 uM) (black), upon addition of Mcl-1 (3 eq.) after short (1 hr)
(green) and long (4 hrs) (red) system equilibration. Experiments were recorded at 950 MHz
and 25 °C in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 1 mM TCEP and 5 %
D,0.

protein structure and dynamics, as judged from the severe line broadening in bound TCTP
spectrum that can not be only linked with the molecular size for the heterodimeric TCTP/Mcl-
1 complex (Sec. 4.1.1.3). For the heterotetrameric TCTP/Bcl-xLL complex (~ 80 kDa), it
is possible that the molecular size, through the correlation time (T.), contributes in the

line broadening seen in bound TCTP spectrum. For this reason, we mainly worked with
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TCTP/Mcl-1 complex since we can eliminate a T, related explanation for the line broadening

TCTP spectrum upon complex formation.

4.1.2.2 NMR assignment and structure near the BH3-like region
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Fig. 4.6 Backbone assignment and structure in TCTP FL complex with Mcl-1. (A) Overlay of
'H->N SOFAST HMQC spectra from isolated '’ N-TCTP FL (250 uM) (black) and in complex with
unlabeled Mcl-1 (1.5 eq., red). The residue stretch we could assign in bound TCTP is highlighted (red)
in TCTP structure (pdb code: 2HR9). (B) Combined 'H-!SN chemical shift perturbations calculated
between 'H-'>N spectra from free and bound TCTP in the residue stretch (V31-V70) we assigned.
(C) Secondary Structure Propensity (SSP) [262] computed for isolated TCTP (black) and in complex
with Mcl-1 (red). Positive values indicate x-helix propensity whereas negative values indicate (3-sheet
propensity. Experiments were recorded at 950 MHz and 25 °C in the following buffer: 50 mM EPPS
pH 8, 50 mM NaCl and 2 mM TCEP in 95 % H,O /5 % D;O.

Liquid-state NMR

In order to characterize bound TCTP structure and dynamics, we used experiments such as
HNCO, HNCACO, HNCA, HNCOCACB and HNCACB (Sec. 2.3.1.3) to assign the visible
part of the protein backbone. The NMR assignment was completed up to 40 residues (V31-
V70) that correspond to the TCTP IDR and extensions (Fig. 4.6 A). Although the BH3-like
motif was not visible in the bound TCTP spectrum, this still allows to probe the structure
of the motif (15-29) since V31 is localized right upstream of the residue stretch (V31-V70)
we could assign. We used temperature to probe solvent-exposed regions or intermediate
exchange (ms) in bound TCTP that could be advantageously modulated by temperature

variation. Indeed, we can use temperature to obtain more resolved crosspeaks since lower
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Fig. 4.7 TCTP in complex with Mcl-1: impact of temperature. Overlay of 'H-'>N SOFAST
HMQC spectra from isolated I’N-TCTP (black) and in complex with unlabeled Mcl-1 (red) at
different temperatures. Tested temperatures are explicated (grey). Experiments were recorded at
950 MHz in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl and 2 mM TCEP in 95 % H,O /
5 % D;0.

temperatures slow down both solvent and chemical exchange, sharpening crosspeaks. Thus,
we recorded "H-">"N SOFAST HMQC spectra of isolated >’ N-TCTP FL and upon addition
of unlabeled Mcl-1 APEST ATM (Mcl-1) from low (5 °C) to high (35 °C) temperature
(Fig. 4.7). Residues from the C-terminal extension of the bound TCTP IDR (V66-V70)
were only visible at low temperature, suggesting that conformational exchange (ms) or
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Fig. 4.8 TCTP in complex with Mcl-1: solid state NMR. Overlay of 'H-'>N SOFAST HMQC
from PN-TCTP in complex with unlabeled Mcl-1 (35 °C, liquid state) (black) and INEPT HSQC
'H-N from the same sample after precipitation in acidic conditions (pH 6.5) and preparation of the
1.3 mm rotor for solid state NMR (260 K, 55 kHz) (red). Experiments were recorded at 800 MHz
(liquid state NMR) and 600 MHz (solid state NMR) and the sample was initially prepared in the
following buffer: 50 mM EPPS pH 8, 50 mM NaCl and 2 mM TCEP in 95 % H,O /5 % D;O.

solvent exchange takes place at 25 °C in the short residue stretch that consists in a x-helix
in the free TCTP structure (Fig. 4.7). Globally, the TCTP IDR is also best visible at low
temperature, especially in the TCTP1 signature (49-55) from which resonances could mostly
not be found at higher temperature (35 °C). The slower solvent-exchange rate at lower
temperature probably increases the spectral quality for the IDR region while the very rapid
solvent exchange rate at 35 °C (and pH 8) leads to poor spectral quality. Differently, the
N-terminal extension of TCTP IDR downstream the BH3-like motif of the protein was only
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visible at higher temperature (> 25 °C), suggesting that the segment (31-38) is included in a

more rigid structure with backbone HN protected from solvent exchange.

To further describe the structure of NMR-visible bound TCTP, we computed combined
'H-15N chemical shift perturbations and intensity ratios between 'H-'SN SOFAST HMQC
spectra of isolated TCTP FL and upon complex formation with Mcl-1 (Fig. 4.6 B). The TCTP
IDR did not show important perturbations in terms of chemical shift and relative intensity
upon complex formation, indicating the IDR has similar dynamics and environment in both
free and bound TCTP. Large perturbations could be observed in the segments V31-R38
and V66-V70 from the N- and C- terminal IDR extension, respectively, that form a short
[3-sheet at the bottom of the IDR (Fig. 4.6 C). Considering the sequence proximity of segment
V31-R38 and the BH3-like motif (15-29), we expect the V31-R38 segment to probe the
possible structure change in the BH3-like region upon complex formation with Mcl-1, even
though we could not directly characterize the BH3-like motif of TCTP in its bound state.

To deeper characterize the structural transition ongoing in TCTP upon complex formation
with Mcl-1, we analyzed 13C chemical shifts from carbon (C,C’,Cx and Cp) in free and
bound TCTP protein spectra since they inform on the chemical environment and secondary
structure definition at the residue-scale. We used that precisely to detect the expected [3-sheet
to «-helix structure transition in the BH3-like region (15-29) and we computed Secondary
Structure Prediction (SSP) that quantify the susceptibility of a given amino-acid to contribute
in «-helix, (3-sheet (Fig. 4.6 B) or random coil (SSP close to 0). Above an absolute value
of two, SSP score indicates a fully formed secondary structure element whereas below it
depicts a tendency to form either oc-helix (> 0) or (3-sheet (< 0). SSP score showed that N-
and C- terminal extensions of TCTP IDR (residues V31-R38, V66-V70) have high 3-sheet
propensity in the isolated protein whereas this turned to «-helix propensity in the bound
TCTP. For the V31-R38 segment, it is likely that we probe here the structure transition in the
BH3-like motif (15-29) that is expected to convert from (3-sheet to a-helix upon complex
formation.

We can conclude that 3-strands (35 and (3¢ separate in TCTP upon complex formation
with Mcl-1 and form more helical structures. The BH3-like region itself was not visible
in the NMR spectra at any temperature. This could originate from line-broadening due
to intermediate exchange on the chemical shift timescale (ms) inside the complex, at the
molecular interface. Finally, most of the residues from D71-K171 remained not visible in the
NMR spectrum, which is going to be further investigated.
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Solid-state NMR

In order to both recover signals from bound Y'N-TCTP and to test if the protein dynamics
in complex with Mcl-1 could be modulated in solid state, we also worked with A. Vallet
(IBS, CNRS/Université Grenoble Alpes) who led solid state NMR (ssNMR) experiments
on the TCTP complex with Mcl-1. The sample of N,'3C-labeled TCTP complex with
Mcl-1 was precipitated in acidic conditions (pH 6.5) and washed with pure water prior to the
measurement of 'H-19N, 'H-13C Cross Polarization (CP) and Insensitive Nuclei Enhanced by
Polarization Transfer (INEPT) HSQC experiments with a BCUII airflow set to 260 K (sample
temperature ~ 295 K) and using a 1.3 mm rotor and MAS rotation of ~ 55 kHz at 600 MHz
(Bruker Avance III HD). We report a comparison between the liquid state 'H-'SN SOFAST
HMQC spectrum of the complex as reference and the 'H-"N INEPT HSQC obtained by
solid state NMR (Fig. 4.8). Despite the temperature (~ 13 K), acidic conditions (pH 6.5)
and the solid nature of the sample, the overall ssSNMR spectra was rather similar to the liquid
state reference experiment considering the crosspeaks position relative to each other. Indeed,
we also observed very broad resonances in the central region of the ssNMR spectrum with
poor signal dispersion. Moreover, we could identify a pattern of crosspeaks from TCTP
IDR residues that is found in both liquid and solid state NMR spectra, indicating that these
residues have similar environment in both conditions. Thus, it is unlikely that TCTP could
be included in large, spherical oligomers in solid state since the IDR is solvent-exposed
in solution. Interestingly, we could observe in ssSNMR experiments a fast transverse (T5)
relaxation time for TCTP in complex with Mcl-1 partner. Indeed, most of the whole spectral
intensity was lost by applying a 2 ms relaxation delay in the xy plane before acquisition. This
signifies either that TCTP undergoes conformational exchange (us-ms) in the complex with
Mcl-1, as also seen in liquid state NMR. In conclusion, we showed that TCTP complexes
with Bcl-2 family proteins assemble slowly and the TCTP protein undergoes a dramatic
structure and dynamics change upon complex formation with rearrangement from 3-sheet to

o-helix near the BH3-like region.

4.1.2.3 Molten-globule properties of TCTP in complex

Far-UV CD experiments

We have further characterized the secondary and tertiary structure organization of TCTP/Mcl-
1 complex by doing CD spectroscopy in far-UV (205-260 nm) that inform on the secondary
structure definition in a protein, respectively (Fig. 4.9). The far-UV CD spectrum of isolated
TCTP contains contributions from «-helix, 3-sheet and random coil elements in the protein
and consequently it does not fit either of the three templates for secondary structure types

(x-helix, 3-sheet, random coil). CD theta values were positive at low wavelength (< 200 nm)
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Fig. 4.9 Secondary structures in TCTP and complexes with Bel-xL or Mcl-1. (A) Far-UV CD
experiments on isolated TCTP (orange), isolated Bcl-xL. A27-82 ATM (magenta), sum of the two
previous CD experiments (black, dashed) and experimental CD of the equimolar mix of the two
proteins (red). (B) Far-UV CD experiments on isolated TCTP (orange), isolated Mcl-1 APEST ATM
(magenta), sum of the two previous CD experiments (black, dashed) and experimental CD of the
equimolar mix of the two proteins (red). All samples were pre-incubated at 50 uM each overnight
at 37 °C in 5 mM phosphate buffer pH 8. (C) Theoretical prediction of CD curves for native TCTP
(cyan), TCTP with BH3 transition to x-helix (orange), Mcl-1 (magenta). Sum of Mcl-1 curve plus
native TCTP curve (red) or with BH3 refolding (green) are shown. The difference between the two
last ones illustrates the required sensitivity to gain experimental insights in the refolded state.

and negative above 200 nm, as sign of well defined secondary structures in isolated TCTP.
The CD spectrum of Bcel-xLL A27-82 ATM (Bcl-xL) (Fig. 4.9 A) and Mcl-1 (Fig. 4.9 B) are
simpler because they only contain the contributions of «-helices with a major band at 214 nm
in the 210-250 nm wavelength interval that corresponds to structured segments. Higher CD
theta values for Mcl-1 compared to TCTP at lower wavelength (< 200 nm) are due to the
absence of long flexible regions in Mcl-1. Hypothetical CD spectra of the TCTP complex



180 TCTP & Bcl-2 family proteins Bcl-xL and Mcl-1

A + Chymotrypsin + Chymorypsin B + Trypsin + Trypsin
1pg/mL 100pg/mL 1ug/mL 100pg/mL

o o o o o o

[= [= = = = [~

O O O O (3} O

= = = = = [~

+ + + + + +

- o -~ ~ o -~ ~ o -~ -~ o - - o ~ - o -

s 5 3 5 L v B 5 B T b B 3 L BT B b B

= = = = = = = K = = = = 2 - = 2 - =

+ Chymotrypsin + Trypsin
5ug/mL 5pg/mL

(@

Mcl-1 + TCTP
Mcl-1 + TCTP
Mcl-1 + TCTP

Mcl-1
TCTP
Mcl-1
TCTP

- o
T 0
2

Fig. 4.10 Control of tertiary structure integrity by limited proteolysis. Experiments were carried
out on concentrated samples (500 uM each protein) considering both isolated TCTP and Mcl-1 as well
as an equimolar mix of the two. Limited proteolysis was achieved at low concentration (1 ug.mL!)
of chymotrypsin (A) and trypsin (B). Complete digestion as control was achieved at high protease
concentration (100 ug.mL™"). (C) With intermediate concentration of protease (5 ug.mL!"). The
orange rectangle highlights the region where the complex formation speeds up protein proteolysis. (D)
Representation of theoretical cleavage sites for trypsin and chymotrypsin on TCTP (pdb code: 2HR9)
and Mcl-1 (pdb code: 2MHS) structures. Samples were prepared in 50 mM EPPS pH 8, 50 mM NaCl,
2 mM TCEP and all incubated 6 hrs at 37°C.

with Bcl-xL or Mcl-1 were calculated by summing the experimental spectra from separated
proteins. Assuming no or limited secondary structure change upon complex formation, the
experimental CD spectrum of the complex would be simply the sum of the individual spectra.
In contrast, a significant change in secondary structure upon complex formation would
be revealed by differences between the experimental spectrum and the sum of individual
spectra. Here, the summed CD curves were fairly similar to the experimental CD curves for
each TCTP/Mcl-1 and TCTP/Bcl-xL complex, suggesting no or limited secondary structure
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change upon complex formation (Fig. 4.9 A, B). Nevertheless, a slight difference in the
spectrum region specific of folded elements (210-250 nm) was observed in a reproducible
manner, suggesting that a small part of one or both TCTP and Bcl-xL/Mcl-1 partner could
slightly change its secondary structure definition upon complex formation. Because the NMR
study of Mcl-1 in the complex did not reveal significant secondary structure reorganization
(Sec. 4.2.1.2), this difference probably originates from TCTP and more precisely from
the BH3-like region that should rearrange from free to bound TCTP, as already suggested
(Sec. 4.1.2.2).

We encouraged this hypothesis by simulating far-UV CD spectra of native TCTP and upon
BH3-like motif structure transition to «-helix in the context of both isolated and bound
protein. To do so, we used BestSel [218] server and submitted native TCTP structure
(TCTP-f3gy3) and upon replacement of the [3-sheet BH3-like by an helical motif with
same sequence and length (TCTP-appy3) (Fig. 4.9 C). The theoretical difference from o-
helix and {3-sheet contribution was small at 200-220 nm, typical of structured regions,
and comparable to our experimental data. In conclusion, far-UV CD experiments have
demonstrated that both proteins retains high degree of secondary structure definition upon
TCTP/Mcl-1 complex formation and are compatible with a refolding of the BH3-like region
in TCTP upon interaction with Mcl-1 or Bel-xL.

Limited proteolysis

Protein susceptibility to proteolytic cleavage is widely used to map secondary structure
elements, molecular interfaces and structural transitions. Such experiments can also inform
on fluctuation in a protein tertiary structure, as a characteristic trait of MG state in proteins.
Thus, we tested if TCTP and Mcl-1 could exhibit different susceptibility toward proteases
in their bound compared to their free states by performing limited proteolysis experiments
with trypsin and chymotrypsin, separately. For both TCTP and Mcl-1 proteins, the predicted
cleavage sites (at the C-terminus K/R or Y/F/W residues for trypsin or chymotrypsin, re-
spectively) were spread in the whole protein structures (Fig. 4.10 D). Notably, TCTP IDR
does not contain cleavage site for any of the two proteases. The SDS-PAGE analysis of all
samples first established the stability of protease-free controls under incubation conditions
(Fig. 4.10 A-C). Neither isolated proteins or TCTP/Mcl-1 complex did degrade in absence of
enzyme. Fully digested control samples at high protease concentration (100 pg.mL™") did
yield only one low molecular weight band (~ 10 kDa) and no band at all left for chymotrypsin
and trypsin mediated degradation of TCTP, respectively. The full digestion of TCTP/Mcl-1
complex contains visible signatures from both digested TCTP and Mcl-1 (chymotrypsin)
(Fig. 4.10 A) or only TCTP (trypsin) (Fig. 4.10 B). We achieved limited proteolysis at two
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concentrations of protease in the samples (1-5 ug.mL™!) in order to prevent from excessive or
insufficient protein digestion. At low chymotrypsin concentration (1 pg.mL"') we observed
slightly more degradation bands for TCTP/Mcl-1 complex compared to isolated proteins
(Fig. 4.10 A), as with low concentration of trypsin (Fig. 4.10 B). Higher concentration of
chymotrypsin (5 ug.mL™") amplified the difference with clear disappearing of bands from
TCTP upon digestion of the protein complex compared to control (Fig. 4.10 C). Indeed, the
native TCTP band completely disappeared in presence of chymotrypsin while it is intense
in the isolated TCTP control (orange frame). By contrast, the Mcl-1 degradation is not
as sensitive to the presence or absence of TCTP. A similar effect is observed with trypsin

mediated limited proteolysis (Fig. 4.10 C).

In conclusion, both proteins retain a packed tertiary structure organization in TCTP/Mcl-
1 complex but TCTP either does expose unfolded segments or has a fluctuating tertiary
structure since it is more sensitive to proteolysis in complex compared to isolated, a variation

also described for MG states in proteins upon transition from a native state.

4.1.3 Molten-globule TCTP* readily interacts with Mcl-1

Interestingly, the spectrum of TCTP in the TCTP* state (Sec. 3.3.2) has strong similarities
with the spectrum of TCTP in complex with Mcl-1: only a subset of residues (~ 80 in
TCTP*, ~ 60 in complex with Mcl-1) were visible, all of them in the central regions of
the 'H-'>N SOFAST HMQC spectrum. However, they differ in that more crosspeaks were
visible in the spectrum of TCTP* and they do correspond to the residues F14 to E30 that
encompass the BH3-like motif. In TCTP* this region is unfolded while it is involved in
the complex formation with Bcl-xLL and presumably Mcl-1. Because the formation of the
complexes between the well-folded TCTP and Mcl-1 or Bcl-xL is very slow (min.-hrs), we
hypothesized that Mcl-1 or Bcl-xL could interact with TCTP* in which the BH3-like motif
is unpinned and readily accessible to partners rather than with the well-folded TCTP. As we
demonstrated, conversion from TCTP to TCTP* takes similar time compared to the formation
of TCTP/Mcl-1 and TCTP/Bcl-xL complexes (2 hrs) and we expect that pre-stabilized TCTP*
could suppress the time requirement to assemble the protein complexes.

In order to prove this hypothesis, we tested the ability of TCTP, initially stabilized in the
TCTP* state with 2.5 M urea, to bind Mcl-1. We first verified that the 'H-1°N spectrum of
ISN-Mcl-1 did not show major changes in presence of 2.5 M urea. Then, the 'H-'>N SOFAST
HMQC spectra of isolated 'H,">N-TCTP* and upon successive additions of unlabeled Mcl-1
APEST ATM (Mcl-1) showed that TCTP* readily interacts with Mcl-1 and is saturated at
equimolar ratio with fast kinetics complex formation, by contrast with what we reported
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Fig. 4.11 Comparison of free TCTP* and in the complex with Mcl-1. Overlay of "H-!>N SOFAST
HMQC spectra from isolated "'N-TCTP in TCTP* state (100 uM) (black) and upon addition of
unlabeled Mcl-1 (1 eq.) (red). Intermediate titration points are shown (green, blue) for residues E32
and A24. Residues 117, K19 and G26 which are part of the BH3-like motif in TCTP* are labeled.
Experiments were recorded at 950 MHz and 35 °C in the following buffer: 50 mM EPPS pH 8, 50 mM
MES, 50 mM NacCl, 2 mM TCEP, 2.5 M urea and 5% D,0O /95 % H,O.

with the well-folded TCTP state (2 hrs) (Fig. 4.11). Indeed, upon each Mcl-1 addition in
the sample, we observed an immediate decrease in signal intensity for a specific subset of
'H-SN resonances corresponding to the BH3-like region (15-29) in TCTP*. This indicates
that the motif directly associates with Mcl-1. The full formation of TCTP*/Mcl-1 complex
resulted in full extinction of the well-resolved resonances from residues 117, K19, A24 and
G26, all located within the BH3-like motif that is completely unfolded in the free TCTP*
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state. We could also reliably track E32 residues which did also disappear and is located near
the BH3-like region (15-29), validating that residues spanning in C-terminal of the BH3-like
motif can sense the binding of the region to Mcl-1 partner at great extent, echoing with the
assumption we did in urea-free condition (Sec. 4.1.2.2).

The crosspeaks corresponding to other residues between 117 and G26 in the BH3-like motif
were overlapped with other crosspeaks in the central region and we could not reliably monitor
them. But from a qualitative perspective, they seem to disappear since the whole intensity in
the central, crowded region of the spectrum diminished with no obvious recovery. Moreover,
these residues are part of the BH3-like motif and if our urea-promoted interaction mimics well
the urea-free condition in the final TCTP/Mcl-1 complex, we should not observe crosspeaks
for these residues D17 to G26 in the spectrum of bound TCTP*. Finally, several broad
resonances of weaker intensity simultaneously built-up on the 'H-">N SOFAST HMQC
spectrum of TCTP* upon Mcl-1 additions to yield a near-identical pattern compared to the
urea-free complex, indicating that TCTP structure and dynamics are similar in complex with
Mcl-1, regardless the presence or absence of urea (2.5 M).

Interestingly, we have demonstrated before that TCTP* is a dimer with unfolded BH3-like
motif (15-29) in solution using the SEC-SAXS protocol (Sec. 3.3.2.4) and NMR (Sec. 3.3.2.2).
However, the MW of the TCTP/Mcl-1 complex we obtained in urea-free conditions did
correspond to an heterodimer (~ 37 kDa). Since TCTP* enables the interaction with Mcl-1
in our growing model, the TCTP* dimer should dissociate upon complex formation to fit
the MW computed for heterodimeric TCTP/Mcl-1 complex. To confirm, we would have to
measure a very small population of TCTP* found in urea-free conditions to detect dimers

and thus reject the possibility that the dimeric state of TCTP* is linked to urea use.

Overall, TCTP* readily interacts with Mcl-1 using its unfolded BH3-like motif and did
suppress the time-requirement to form the complex. Conformational exchange (ms) is
present at the binding interface between the BH3-like motif of TCTP* and the BH3 binding
groove of Mcl-1. Crucially, the demonstration that TCTP* abolishes the time requirement
(2 hrs) for the complex to assemble is a strong element to propose that the TCTP* state is the
active TCTP state at Bcl-2 family proteins Bel-xL and Mcl-1. This will be further discussed
in the chapter (Sec. 4.2.3, 4.3.3.3).
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4.2 Study of Bcl-xL and Mcl-1 in complex with TCTP and
BH3 peptides

Here, we observe interactions between TCTP and Bcl-2 family proteins from Bcl-xL and Mcl-
1 sides, essentially by means of NMR. We first expose results concerning binding studies
between Mcl-1 and the BH3-like peptide from native TCTP. This includes an extensive
characterization of free and bound Mcl-1 structure and dynamics by NMR (Sec. 4.2.1).
Then, we describe the binding interface of TCTP FL at Bcl-xL. and Mcl-1 and compare
the binding mode and kinetics to the BH3-like peptide (Sec. 4.2.2). Finally, we share
observations regarding the formation of a transient complex between TCTP and Bcl-xL or
Mcl-1 (Sec. 4.2.3).

4.2.1 Complex between Mcl-1 and the native BH3-like peptide from
TCTP

4.2.1.1 NMR characterization of Mcl-1

In the present study we used a soluble construct of human Mcl-1 truncated for both N-
terminal PEST and C-terminal transmembrane anchor (TM). This variant corresponds to the
172-327 segment of full length human Mcl-1 with native C286 residue. In the manuscript,
residues are numbered according to the native, full length human Mcl-1 protein (List. 3).
Since there is no published structure or NMR data about this specific Mcl-1 construct, we
extensively characterized the free protein before to perform binding studies with TCTP and
BH3-derived peptides.

Backbone assignment of free Mcl-1

Mcl-1 APEST ATM (Mcl-1) was described using NMR and we first present a 'H-°N
SOFAST HMQC spectrum of the protein (Fig. 4.12). Crosspeaks were dispersed over
the spectrum with a marked crowding in the central area (Fig. 4.14 A). This pattern is
consistent with an «-helical and globular protein [263], as expected for Mcl-1 protein. We
then proceeded with 'H, 15N backbone resonances assignment of Mcl-1 in acidic (pH 6.5)
and alkaline (pH 8) conditions since experiments with TCTP FL complex necessitated an
alkaline setup to keep proteins soluble during NMR data acquisition (hrs-days). We recorded
classical 3D NMR experiments in BEST-TROSY version to achieve backbone assignment
of Mcl-1: HNCO, HNCACO, HNCA, HNCOCACB and HNCACB (Sec. 2.3.1.3). We
used a partial assignment generously shared by A. Bourafai (COBRA, CNRS/Université
de Rouen Normandie) to speed up the task and to improve our assignment robustness. In
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Fig. 4.12 NMR fingerprint of Mcl-1 and overview of backbone assignment. 'H-'>N SOFAST
HMQC from '’N-Mcl-1 (500 uM) and corresponding 'H-'SN backbone assignment (red labels). A
close-up view of the central, crowded region is shown in (Fig 4.14 A). Experiments were recorded at
950 MHz and 35 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NaCl, 1 mM

TCEP and 5% D,0 /95 % H,O. MES/EPPS was used to efficiently prevent from pH variation in both
acidic (pKaygs = 6.10) and alkaline (pKagpps = 8) conditions.

acidic condition (pH 6.5), 152 from the 158 protein residues matched a 'H-!SN crosspeak
on the Mcl-1 "H-'>N SOFAST HMQC spectrum, yielding 96.2 % completion and 98.7 % if
excluding proline residues (P198, P289) plus the N-terminal, non-native GP residues from
PreScission cleavage site (Fig. 4.12, 4.14 A). G219 and F254 could not be matched with
any "H-""N crosspeak probably because of vanishing intensity. They are located in helix «;
and the loop connecting «3,04, respectively. Reduced intensity is probably due to backbone
instability in «; and increased solvent exchange for the flexible F254 under the current

conditions.
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Fig. 4.13 Impact of transition from acidic (pH 6.5) to alkaline (pH 8) condition on Mcl-1. (A)
Combined 'H-'SN chemical shift perturbations calculated between 'H-'SN SOFAST HMQC spectra
from YN-Mcl-1 in acidic (pH 6.5) or alkaline (pH 8) condition. (B) Mapping of combined 'H-'N
chemical shift perturbations for lowest (grey < 0.01) and highest (red > 0.15) values. Coloring of
disappearing residues at alkaline pH (blue) on Mcl-1 structure (pdb code: 2MHS). Histidine are
highlighted (green) since they are sensitive to pH. Experiments were recorded at 950 MHz and 35 °C
in the following buffer: 50 mM EPPS pH 8, 50 mM MES, 50 mM NaCl, 1 mM TCEP and 5% D,0 /
95 % H,O0.

In alkaline condition (pH 8), we have assigned 125 of the 'H-'"N resonances to specific
residues in Mcl-1 backbone, thus representing a 81 % completion. Many crosspeaks from
residues located in flexible parts of the protein did disappear upon transition to alkaline pH
due to rapid solvent exchange (Fig. 4.13). These include the short loop (254-259) connecting
helices o3, ot4 in the BH3 binding region of the protein. We then computed combined 'H-"N
chemical shifts perturbations between 'H-""N SOFAST HMQC spectra of Mcl-1 at either
acidic or alkaline pH (Fig. 4.13 A). The largest perturbations were seen in the C-terminal
tail of the protein and helix o in close proximity. These contain histidine residues (H224,
H320) and it is likely that perturbations originate from changes in histidine protonation state
upon pH transition (Fig. 4.13 B). In both acidic and alkaline conditions, intensities of 'H-"N
crosspeaks along the Mcl-1 primary sequence (Fig. 4.14 B) were stronger in the short loop
(193-202) connecting helices &, «; and at the C-terminal tail of the protein. These segments
are flexible in the NMR structure of Mcl-1 and have sharper lines due to increased dynamics
at faster timescales (ps-ns). Over the helical part, the BH3-binding groove of the protein
composed of helices o;,x3 and 4 had weaker average intensity compared to the rest of the

helix bundle, suggesting conformational exchange (ms) or anisotropic protein tumbling with
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Fig. 4.14 Characterization of Mcl-1 structure and dynamics (A) Crowded central region of 'H-
N SOFAST HMQC from N-Mcl-1 (500 uM) with backbone assignment (red labels) and (B)
intensities from resonances along the protein primary sequence. Intensities were normalized by
using C-terminal G327 residue resonance intensity as reference (Ires/Ig327). (C) '°N longitudinal
(Ry1), transverse (Ry) relaxation rates with Ry/R; ratios along Mcl-1 (400 uM) primary sequence.
Representation of residues with higher R,/R ratio (blue > 18.7, 18.7 > lightblue > 17.3) compared to
average on Mcl-1 structure (pdb code: 2MHS). Residues for which relative signal intensity Ires/Ig327
is lower (magenta < 0.3, 0.45 > lightpink > 0.3) are also highlighted. (E) Example of CPMG
experiment profiles for residues R222 and V265 with Rjeff plotted in function of the CPMG pulse

frequency (vVcepmag)-

different helix orientations but we show in the next paragraph that the latter explanation was
ruled out from the 1°N R,/R; ratio.

Dynamics at the BH3 interface in Mcl-1

We tested Mcl-1 for fast-slow dynamics (ns-ms) by doing '>N-spin relaxation experiments and
probed slower (ms) dynamics by CPMG and spectral lineshape analysis in acidic conditions
(pH 6.5). 'N-spin relaxation rates depend mostly on the local and global reorientation of
the backbone NH bonds, thus providing rich information about local and global motions
in the protein. Residue-specific ’N R; and R, relaxation rates of >’N-Mcl-1 (500 uM)
protein were computed along Mcl-1 primary sequence (Fig. 4.14 C). Relaxation rates were
generally homogeneous along the structured regions of the protein. Over these, averaged
N Ry, Ry, and Ry/R; values were 1.21 & 0.15 571, 17.24 £ 1.03 5! and 14.51 + 2.59,
respectively. Within the short loop (193-202) connecting helices xx,, elevated >N R,
and decreased values of >N R, were observed, as expected for a flexible segment with fast
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Fig. 4.15 Structural envelope of Mcl-1 from SEC-SAXS experiments. (A) SAXS profile of Mcl-1
with initial signal intensity (Ip) (red), MW (green) and radius of gyration (Ry) (black) along the frames
that correspond to elution time from SEC separation. The frame interval where MW and R, were
stable (green background) was used to compute effective MW and Ry and correspond to maximum I
values, with optimal signal to noise ratio. Experiments were done at 25 °C in the following buffer:
50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP. Prior to SAXS run, the sample containing TCTP
and Mcl-1 (1:2 ratio) was injected into a S200 Increase (GE) column to separate free Mcl-1 from
the protein complexes and to latter proceed with TCTP/Mcl-1 using same protocol, sample and run
(B) Molecular envelope computed from SAXS data and generated with ATSAS software [217] and
in-build modules (left). Representation of the solution structure of Mcl-1 (pdb code: 1MHS) with
cartoon and surface representation.

backbone HN bond reorientation (ps-1 ns). This pattern in I5SN'R; and R, values along Mcl-1
primary sequence confirms the structural definition observed in the NMR [264] structure
of the protein but still we find a stretch of residues showing larger (> 25 %) R,/R| ratios
compared to mean from all residues in structured parts of Mcl-1.

We have mapped the amino-acids on Mcl-1 structure for which the corresponding 'H-'"N
crosspeak intensity and Ry/R; ratio were significantly lower (Ires/Ig3z27 < 0.3) or higher
(R2/Ry > 18.7) than the mean for all residues in the structured segments of the protein,
respectively. Higher R,/R; values were computed for residues in helix o, in Mcl-1 and
that includes positively charged K234 and V216 residues as well as others in helices o3
and 4. This suggests that the BH3 binding interface (helices x;, a3, ®4) is sampling
different conformations in intermediate regime at the NMR chemical shift timescale (ms).
Interestingly, the stretch from residue L.298 to D304 (helix «s) is seen to move backwards
upon binding of BH3 ligands and has also more dynamics (ms) compared to mean for
structured residues in the isolated Mcl-1 protein. However, we failed to detect chemical
exchange (ms) in Mcl-1 in CPMG experiments since related profiles were all flat after data
processing and visualization, as exemplified for residues R222 and V265 (Fig. 4.14 E). This

means that conformational dynamics of NMR-visible residues in free Mcl-1 is likely not
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occurring at the millisecond timescale, but probably a level below. Altogether these data
indicates that conformational exchange is present in the BH3-binding site prior to complex
formation with BH3 ligands.

Diffusion properties and correlation time of Mcl-1

To confirm the monomeric nature of Mcl-1 and to probe for possible weak self-association
equilibrium, we estimated the hydrodynamic radius of the protein using 'H DOSY exper-
iments. We found a translational diffusion coefficient of 1.17 £ 0.03 10-'%.m?.s"! which
corresponds to a Ry, of 2.3 nm if assuming a spherical hydrated Mcl-1 and considering the

Stokes-Einstein equation.

By comparison, we simulated a translational diffusion coefficient D with HYDRONMR [237]
software to 1.09 * 1019 m?.s™! using the Mcl-1 structure (pdb code: 2HRO) as a template.
Both experimental and theoretical values were very similar and confirm that Mcl-1 is predom-
inantly a monomer in solution. Then we used '>N-spin relaxation data and the Lipari—Szabo
formalism [210] to compute the rotational correlation time (t.) of Mcl-1 and this was
10.88 + 0.55 ns assuming an isotropic tumbling. With HY DRONMR [237], we predicted
the T, from monomeric Mcl-1 NMR structure (pdb code: 2MHS) and we found 9.95 ns,
which is fairly similar to the experimental parameter. This strongly suggests that Mcl-1
is predominantly monomeric in solution but does not exclude the possibility for Mcl-1
weak self-association, since the experimental apparent T, is slightly higher (+ 0.93 ns) and
thus could be, among other reasons, a mean value from an underlying monomer-dimer

equilibrium.

Molecular envelope of Mcl-1 protein

To further estimate the shape of TCTP/Mcl-1 complex, we used SEC-SAXS experiments
to compute the molecular envelope of isolated Mcl-1 protein in order to later locate the
protein in the molecular envelope of the complex. We consistently found an averaged MW
of 21.7 4 0.4 kDa and a radius of gyration (Rg) of 1.81 4 0.03 nm along the frames we
used to compute the model, which corresponds well to the small and globular Mcl-1 protein
construct. The difference with the theoretical value (17.9 kDa) is significant (+ 21 %) but
this likely originates from the small fraction (< 5 %) of digested tag (Hisg-MBP, 42 kDa)
that remains at the end of the purification and co-elutes with the protein in SEC-SAXS
experiments. Notably, we detected a structural signature that we attribute to the C-terminal
and disordered tail of Mcl-1 seen as a protuberance pointing out from the main core. This
can allow to further locate and orient the high-resolution structure of Mcl-1 in the molecular
envelope of the Mcl-1/TCTP complex from SAXS.
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In conclusion, we assigned Mcl-1 'H-'>N backbone resonances in both acidic (pH 6.5) and
alkaline (pH 8) conditions with high degree of confidence and we have confirmed the stable
and monomeric nature of the protein. We have also shown that conformational exchange
(us-ms) and possibly solvent exposition in backbone exist within the BH3-binding groove of
the protein (crosspeak intensity, Ry/R; ratio, alkaline pH) but we could not further detect
millisecond dynamics using the CPMG scheme. This suggests that the exchange could occur
rather at the microsecond timescale, with elusive role for the binding of BH3 ligands since

such dynamics can favor conformational selection processes.

4.2.1.2 Complex of Mcl-1 with BH3-like peptide from native TCTP
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Fig. 4.16 Comparison of free Mcl-1 and in the complex with TCTPgy3 at pH 6.5. Overlay of
'H->N SOFAST HMQC spectra from isolated YN-Mcl-1 (100 uM) (black) and upon addition of
TCTPgy3 (5 eq.) (blue). Backbone assignment of bound TCTP is reported (labels). A close-up
view of the central, crowded region of the spectrum is shown (right). Experiments were recorded at
950 MHz and 35 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NaCl, 2 mM
TCEP and 5% D,0 /95 % H,O0.

It is not established which part of TCTP interacts with Mcl-1 protein, as well as the binding
site in the latter. In order to test if the BH3-like peptide TCTPgy3 with D16 residue in position
h1 could bind Mcl-1 protein, we recorded 'H-'"N SOFAST HMQC spectra spectra of isolated
13C,I5N-Mcl-1 APEST ATM (Mcl-1) and in presence of unlabeled TCTPgy3 peptide (15-29
segment in TCTP FL sequence (5 eq.) (Fig. 4.16). The BH3-like sequence from TCTP did
readily associate with the protein and we could not detect free Mcl-1 anymore at the end of
the titration, suggesting that Mcl-1/TCTPgy3 complex was almost fully formed (> 95 %).
Incubation time upon peptide addition did not change the 'H-'>N SOFAST HMQC spectrum
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Fig. 4.17 NMR mapping of TCTPgg3 binding site in Mcl-1. (A) Combined 'H-'N chemical
shift perturbations and (B) intensity ratios computed between 'H-">N SOFAST HMQC spectra
from isolated Mcl-1 (100 uM) and upon addition of TCTPgys (5 eq.). Disappearing (blue bar) or
appearing (magenta bar) residues are shown. Dotted colored bars indicate thresholds for mapping.
(C) Mapping of combined 'H-'>N chemical shift perturbations (red > 0.9, 0.9 > orange > 0.65,
0.65 > yellow > 0.4, 0.05 > grey) and 'H-">N signal disappearing (blue) or appearing (magenta) on
Mcl-1 structure. Residues for which no data were available are highlighted (black).

of PN-Mcl-1 up to several hours (2 hrs), meaning that equilibrium seems to be reached
immediately between Mcl-1 protein and the TCTPgpy3 peptide, in sharp contrast with the
slow formation of the Mcl-1/TCTP complex but in a rather similar way compared to TCTP*
and Mcl-1 titration experiment. To estimate the K4, we used the well known Hill-Langmuir
equation considering a unique binding pocket and assuming no cooperative binding. Also in
the current case, ligand concentration is of the same order compared to protein concentration
and K. Thus, we used the extended equation model to estimate the K4 between TCTPgy3
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Fig. 4.18 Impact of temperature on Mcl-1/TCTPgy3 complex. Overlay of 'H-'""N SOFAST
HMQC spectra from I5N-Mecl-1 (100 uM) in complex with TCTPgy3 at 288 K (lightblue), 25 °C
(blue) or 35 °C (darkblue). Experiments were recorded at 950 MHz and 35 °C in the following buffer:
50 mM MES pH 6.5, 50 mM EPPS, 50 mM NaCl, 1 mM TCEP in 95 % H,0 /5 % D,O0.

and Mcl-1: foound = [P] + [L] +Ky— \/Z([P]+[L]+Kd)*g[:)[}l,)—'}_[L]—i_KdM*[L]*[P]) with [L] and [P]

total ligand and protein concentration, respectively. This equation is valid at any given

ligand concentration whereas it drops to the hyperbolic binding function fpouns = % if
[L] » [P]. Considering the concentration of Mcl-1 (100 uM) and the ligand concentration
for 95 % complex formation with Mcl-1, we can estimate that the Ky is smaller than 25 uM
for the Mcl-1/TCTPgp3 peptide interaction by modulating K4 in the equation above and
observe the threshold value for which the bound fraction is greater than 0.95. This method
has arguable reliability and we could prefer a classical fit of bound Mcl-1 fraction in function
of TCTPgy3 concentration but here we can not reliably estimate the bound Mcl-1 fraction
after each TCTPgpy3 addition since we observed different exchange regimes from slow to

intermediate on the chemical shift timescale before saturation. Moreover, we will show latter
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Fig. 4.19 Comparison of free Mcl-1 complex with TCTPgp; at pH 8. (A) Overlay of 'H-'SN
SOFAST HMQC spectra from isolated Mcl-1 (100 uM) (black) in complex with TCTPgg3 (cyan).
Experiments were recorded at 950 MHz and 35 °C in the following buffer: 50 mM EPPS pH 8, 50 mM
MES, 50 mM NaCl, 1 mM TCEP in 95 % H,0O /5 % D,0. (B) NMR mapping of TCTPgy3 binding
site in Mcl-1 in alkaline conditions via combined 'H-!'N chemical shift perturbations computed
between 'H-'SN SOFAST HMQC spectra from "N-Mcl-1 complex with TCTPgys3 in acidic (pH 6.5)
or alkaline (pH 8) conditions and (C) Between NMR spectra of Mcl-1 complex with TCTPgy3
at alkaline versus acidic pH, computation and mapping of large combined 'H-'">N chemical shift
perturbations (red > 0.15) and disappearing (blue) or appearing (magenta) residues. Histidine residues
are highlighted (green) as well as residues for which no data are available (black).

that the main binding event between Mcl-1/TCTPgy3 we describe here proceeds in parallel of
another event (Sec. 4.2.3), thus impairing the proper calculation of the bound Mcl-1 fraction
before saturation by the TCTP derived peptide. Anyway, when the affinity is strong, with

slow exchange we cannot measure the Ky from titrations, only estimate the minimal affinity.

In the "H-">N SOFAST HMQC spectrum of '3C,">N-Mcl-1, strong differences were ob-
served between the free and bound protein in terms of chemical shifts, line broadening
and crosspeaks number. A new set of crosspeaks did appear upon successive additions of
the BH3-like peptide until saturation of the protein. We could assign up to 87 % of the
bound Mcl-1 (134/154 residues, excluding N-terminal GP from prescission cleavage and
proline residues) using experiments such as HNCO, HNCACO, HNCA, HNCOCACB and
HNCACB (Sec. 2.3.1.3) and we report the full assignment of Mcl-1 complex with TCTPgy3
in acidic conditions (pH 6.5) (Fig. 4.16). Next, we computed combined 'H->N chemical
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shift perturbations and intensity ratios between 'H-'SN SOFAST HMQC spectra of isolated
Mcl-1 and upon formation of the saturated Mcl-1/TCTPgy3 complex (Fig. 4.17 B, C) with
the representation of the most affected residues on Mcl-1 structure (Fig. 4.17 C) in order to
locate the TCTPgy3 binding site at Mcl-1 protein. Largest perturbations were observed for
residues V216 and S255 within helix o, and in the loop connecting oc-helices x3 . TH-BN
resonances from residues within the BH3-binding groove of Mcl-1 were largely affected
upon complex formation with TCTPgy3. Also, the region contains most of the residues for
which severe line broadening and signal extinction were observed upon peptide addition.
Indeed, disappearing residues include F228, Q229 and M231 from the C-terminal segment of
helix otp. Moreover, several crosspeaks (G220, L238) present in the 'H-15N SOFAST HMQC
spectrum of bound Mcl-1 were distinctively sharper at high temperature (35 °C) compared to
the average for crosspeaks from structured region, indicating that conformational exchange
exists at the BH3 interface and is accelerated by temperature (Fig. 4.19 A). In conclusion,
we have shown that the conformational dynamics (us-ms) observed in free Mcl-1 still exists
in Mcl-1 complex with TCTPgy3 at the molecular interface with the BH3-like motif. This
mirrors the signal extinctions of the BH3 signal in the TCTP FL spectrum when in complex
with Mcl-1.

We also achieved the assignment in alkaline conditions (pH 8) to further perform experiments
involving TCTP FL and requiring higher pH for the solubility (100 uM) of associated
complexes (Fig. 4.19 A). We completed 89 % assignment (141/154, excluding N-terminal
GP and proline) of bound Mcl-1 backbone which is better than reported for acidic conditions
(pH 6.5). Surprisingly, considering that alkaline conditions should reduce the number of
crosspeaks through increased exchange with water, as observed for the free Mcl-1, several 'H-
15N resonances were only observed in alkaline and not acidic condition in Mcl-1/TCTPgy3
complex (Fig. 4.19 C). These were assigned to residues G219, V220, Q229, H252, V257,
1263, V264 and F315. These particular residues were essentially not reported to be affected by
pH transition in the free Mcl-1 and are located at the BH3 interface, suggesting that they have
faster dynamics or reduced exchange contribution in complex at alkaline compared to acidic
pH. It is likely that peptide binding quenched the chemical exchange or reduced the solvent
exchange rates for these residues. In conclusion, we have established that the TCTPgy3
peptide binds to Mcl-1 in the BH3-binding groove of the protein with conformational
exchange (ms) at the molecular interface in the saturated complex
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Fig. 4.20 Mcl-1 and Bel-xL in complex with TCTP (A) Overlay of 'H-'SN SOFAST HMQC
spectra from isolated SN-Bcl-xL ATM (100 uM) (black) and upon addition of unlabeled TCTP FL
(2 eq.) (red). The whole signal from structured parts of bound Bcl-xL could not be detected at all in
the corresponding spectrum of the complex after equilibration time (2 hrs) while signals from flexible
regions were still visible. (B) Overlay of 'H-">'N SOFAST HMQC spectra from isolated "’N-Mcl-1
(100 uM) (black) and upon addition of unlabeled TCTP FL (2 eq.) (red). Because Mcl-1 intensity
dropped upon TCTP addition, the spectral intensity was scaled arbitrary in this panel. Experiments
were recorded at 950 MHz and 35 °C in the following buffer: 50 mM EPPS pH 8, 50 mM MES,
50 mM NacCl, 2 mM TCEP and 5% D,0 /95 % H,O.
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Fig. 4.21 Determination of TCTP/Mcl-1 dissociation constant (K4q) by MST. (A) High and (B)
low affinity binding events. We used the raw fluorescence detection mode since binding-related
variations of the baseline from the fluorescent MST label on Mcl-1 protein (~ 20nM) were observed
during the titration and did allow for this raw fluorescence analysis.
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4.2.2 Binding studies of Mcl-1 and Bcl-xL with full length TCTP
4.2.2.1 NMR fingerprint of Bcl-xL and Mcl-1 in complex with TCTP

In order to determine where TCTP FL could associate with Bcl-xL. and Mcl-1 since the
literature did not identify the binding interfaces in the context of full length TCTP, we
recorded 'H-1 N SOFAST HMQC spectra of isolated I5N-Mcl-1 APEST ATM (Mcl-1) or
each Bcl-xL construct (ATM, A45-84ATM, A27-82ATM) (Bcl-xL) and upon addition of
unlabeled TCTP FL (2 eq.) with 2 hours equilibration time required to stabilize the system
(Fig. 4.20). At saturation with unlabeled TCTP, no signal from either free Bcl-xL (Fig. 4.20 A)
or Mcl-1 (Fig. 4.20 B) constructs could be detected, indicating that complexes with TCTP did
form efficiently during the equilibration time. Higher protein concentrations in the assay did
accelerate the complex formation. In the Bcl-xL/TCTP complex, we expect a predominantly
heterotetrameric [111] assembly in solution whereas we showed that Mcl-1/TCTP complex
is likely heterodimeric (Sec. 4.1.1.3). Consistently, we could not detect signals from the
structured parts of Bcl-xL upon complex formation with TCTP whereas Mcl-1 was still visible
in the smaller complex with TCTP (Fig. 4.20 A). The signal disappearance of structured
parts of Bcl-xL in the complex can be first explained by the expected increase in the apparent
T. from monomeric, free Bcl-xL to the bound form included in an heterotetrameric assembly.
It can also possibly originate from exchange between two or more conformations in the
Bcl-xL/TCTP complex at the millisecond. However, in absence of NMR signal, it was
difficult to estimate the relative contributions of the two mechanisms. With Mcl-1/TCTP
complex, the whole spectral intensity of the Mcl-1 bound state was severely diminished
compared to the free Mcl-1, typically by a factor of 2-3, but the heterodimeric complex
remained small enough to make Mcl-1 visible by NMR. Because the complex with Bcl-xL
was more difficult to characterize, we next focused on the Mcl-1/TCTP.

We tried to measure the binding affinity between TCTP FL and Mcl-1 by using the MST
method. Indeed, since slow kinetics characterizes the complex formation, the Isothermal
Titration Calorimetry (ITC) protocol should not be suited, due to the diluting impact of
slow kinetics on heat release over time and then the low signal to noise ratio that we can
expect in such situation. We obtained ambiguous results in term of binding events we
could detect. In the majority of the assays, we could detect only one binding event between
TCTP FL and labeled, fluorescent Mcl-1 which proceeds with dissociation constant (Kg)
in the range 20-100 uM. However, we could measure in some experiments two binding
events detected by raw fluorescence changes from labeled Mcl-1 since the signal baseline
fluctuated upon TCTP addition (Fig. 4.21). At lower concentration of TCTP (uM), we
detected a binding event with higher affinity and the dissociation constant K4 was computed
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to 0.82 ~ 0.27 uM (Fig. 4.21 A). However, this result has to be considered very carefully
since it was not reproduced reliably. At higher concentrations of TCTP (> 100 uM), we
detected a low affinity event with K4 computed at 146.62 ~ 38.42 uM and we suppose that it
could corresponds to the formation of oligomers of TCTP/Mcl-1 complex at higher TCTP
concentrations (Fig. 4.21 B). In conclusion, we mostly showed that MST was not suited to
reliably estimate the binding affinity between TCTP and Mcl-1 and thus we will rely on
NMR-based estimations for binding affinity limits in the next sections.

4.2.2.2 NMR characterization of Mcl-1 complex with full length TCTP

To further describe Mcl-1 in the complex with TCTP FL and the molecular interface, we
assigned the backbone of bound °N,!3C-Mcl-1 protein. Classical 3D-NMR methods for
protein backbone assignment did not yield signal in 3D-planes of Mcl-1 in Mcl-1/TCTP
complex despite intense efforts. Indeed, the fast relaxation induced in part by the supposed
large molecular weight of the complex combined with rapid solvent exchange at pH 8 and
35 °C lead to severe line broadening in the triple resonance experiments. We also attempted
to used HA-based triple resonance without further success, suggesting that the high molecular
weight of the assembly predominated the enhanced transverse relaxation. No significant
improvements could be gained by increasing temperature up to 328 K, possibly because the
decrease in correlation time T, is compensated by higher solvent-exchange rate. Therefore,
we mainly relied on the assignment of Mcl-1 complex with the TCTPgy3 peptide to propose
a structural description in the context of TCTP FL since the two spectra were very similar
(Fig. 4.23 A). Over 158 residues in Mcl-1, we matched 78 % of Mcl-1 backbone 'H->N
with crosspeaks in the 'H-15N spectrum of '3N,'*C-Mcl-1 in Mcl-1/TCTP FL (Fig. 4.22).

In order to locate the TCTP FL binding site in Mcl-1 upon the slow kinetics formation of
Mcl-1/TCTP FL complex, we computed combined 'H-'"N chemical shift perturbations and
intensity ratios between 'H-'"N SOFAST HMQC spectra of isolated ’N-Mcl-1 and upon
complex formation with TCTP FL (Fig. 4.24 A). 'H-!>N resonances from residues S245,
R248, H252, V253, S255, D256, G257, V258 and T259 did appear in Mcl-1 spectrum upon
formation of Mcl-1/TCTP FL while absent in free Mcl-1. These are all located in helix &3 and
its C-terminal extension which are included in the BH3-binding groove definition of Mcl-1.
This suggests that TCTP FL protects these residues from solvent-exchange. By contrast,
residues K194, R207, V220, Q221, F228, M231, M250, G262 and L298 disappeared in
Mcl-1 spectrum after complex formation. These are located in the BH3-binding groove of
Mcl-1 (helices &3, o3, 4) for all but not residue L.298 that is in the helix o5 which should
move backwards upon complex formation with peptides. Finally, residues V216, D218,
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Fig. 4.22 Comparison of free Mcl-1 and in complex with TCTP FL or TCTPgy3. Overlay of
'H-1>N SOFAST HMQC spectra from isolated ’N-Mcl-1 (100 uM) (black) and upon addition of
TCTPgy3 (5 eq.) (blue) or TCTP FL (2 eq.) (red). Contours were scaled arbitrary to best observe
chemical shift related perturbations. Experiments were recorded at 950 MHz and 35 °C in the
following buffer: 50 mM EPPS pH &, 50 mM MES, 50 mM NacCl, 2 mM TCEP and 5% D,0O /95 %
H,O0.

G219, D236, R263, 1264, V265, F270, F273, R300, T301 and K302 showed chemical shift
perturbations above threshold and these are consistently located in the BH3-binding groove
of Mcl-1 and surrounding binding sensitive regions. All three types of reported spectral
perturbations unambiguously demonstrated that TCTP FL binds to the BH3-binding groove
of Mcl-1 upon formation of Mcl-1/TCTP FL (Fig.4.24 B).
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4.2.2.3 Impact of full length TCTP compared to BH3-like peptide
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Fig. 4.23 Comparison of Mcl-1 complexes with TCTP FL or TCTPgy3 by NMR. (A) Overlay
of '"H->'N SOFAST HMQC spectra from "N-Mcl-1 (100 uM) complex with TCTPgy3 (5 eq.) (blue)
or TCTP FL (2 eq.) (red). Contours were scaled arbitrary to best observe chemical shift related
perturbations. (B) Overlay of 'H-''N SOFAST HMQC spectra from isolated "'N-Mcl-1 (100 uM)
(black) and upon complex formation with TCTPgy3 (5 eq.) (blue) or TCTP FL (2 eq.) (red). (C)
SN longitudinal (R;) and transverse (R») relaxation parameters from isolated Mcl-1 (black) and
upon complex formation with TCTPgy3 (5 eq.) (red) or TCTP FL (2 eq.) (green). (D) 'H-1°N
HSQC-DOSY intensity curves versus gradient strength from isolated 'Y'N-Mcl-1 and upon complex
formation with TCTPgy3 or TCTP FL (blue). Experiments were recorded at 950 MHz and 35 °C in
the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP and 5% D,0O /95 % H;O.

Binding profiles of TCTP FL and BH3-like peptide at Mcl-1 protein

We compared 'H-'"N SOFAST HMQC spectra spectra from isolated '’N-Mcl-1 APEST
ATM (Mcl-1) and in complex with TCTPgy3 or TCTP FL in terms of chemical shifts
(Fig. 4.22, 4.23 A) and signal intensity (Fig. 4.23 B). We also determined '>N-spin relaxation
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Fig. 4.24 Mapping of TCTP FL binding site on Mcl-1 by NMR (A) Combined 'H-!>N chemical
shift perturbations calculated between isolated Y'N-Mcl-1 (100 uM) and in presence of 2 eq. TCTP
FL after equilibration. (B) Mapping of combined 'H-'"N chemical shift perturbations (red > 0.4
and grey < 0.05, cyan). In (A) and (B), disappearing (blue bars) and appearing (magenta) residues
are highlighted with those for which no data are available (black). (C) Alignment of combined
'H-'SN chemical shift perturbations calculated between isolated '>N-Mcl-1 (100 uM) and in complex
with TCTP FL (red) or TCTPgp3 (black). Disappearing (blue bars) and appearing (magenta bars)
residues are highlighted. (D) Bi-dimensional correlation of 'H (left) and 1SN (right) chemical shifts
perturbations from Mcl-1 in complex with TCTPgys or TCTP FL.
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parameters (Fig. 4.23 C) and diffusion properties (Fig. 4.23 D) of the isolated Mcl-1 and
bound to either TCTPgy3 or TCTP FL. Overall, 'H and N chemical shifts of Mcl-1 in
complex with either TCTP FL or the BH3-like peptide were strongly correlated for most
residues that could be assigned in both conditions (Fig. 4.24 D). Logically, residues that
appear or disappear and 'H-""N combined chemical shift perturbation profiles in Mcl-1 were
similar comparing both complexes (Fig. 4.24 C). This means that Mcl-1 adapts similarly to
both TCTP FL and TCTPgy3 even though we do not known about residues undergoing line
broadening or severe crowding that can not be reliably followed in a quantitative perspective.
Spectral perturbations still have slightly higher average value for Mcl-1/TCTP complex but
with no preference regarding the location in the protein. However, a subset of crosspeaks
did not overlap well and moderate 'H-'N combined chemical shifts differences could be
computed between Mcl-1 in complex with TCTP FL or TCTPgy3. More than 90 % of
residues for which we observed differences above threshold were located in the BH3-binding
pocket of Mcl-1 or in helix «5 which is supposed to displace backwards upon complex
formation with both TCTP FL and peptide. These residues were T259, 1264, V265, T266
in the BH3-binding groove and R300, T301, F315, V316 in helix «s. Also, signal intensity
much decreased upon complex formation with TCTP FL compared to TCTPgy3 which is
linked to the slower correlation time T. of the Mcl-1 complex with TCTP FL compared
to BH3-like peptide (Fig. 4.23 B). Overall, we could not detect strong discriminant at the
molecular interface between Mcl-1 and TCTP FL or BH3-like peptide. This indicates that
the rest of the TCTP structure has limited impact at the molecular interface with Mcl-1.

Dynamics and size of Mcl-1 complex with TCTP FL or TCTPgy3

Regarding local and global dynamics, !N-spin relaxation parameters were homogeneous
along the structured regions of Mcl-1 complex with BH3-like peptide compared to the free
protein (Fig. 4.23 C). Over these, averaged >N R; and R, values were 0.88 & 0.19 s™' and
17.73 £ 3.31 57!, respectively. For the free protein, values were of 0.93 + 0.33 s”! and
16.31 £2.91 57! and 17.30 + 0.20 s’! for ’'N R; and R, averaged parameters, respectively.
This is consistent with the formation of the Mcl-1/TCTPgy3 complex for which we expect
slightly slower longitudinal (T1) and faster transverse (T») relaxation time due to the increase
in the gyration radius of bound Mcl-1 with the BH3-like peptide. Based on the R,/R ratio,
we have computed the translational correlation time (t.) of Mcl-1 and this was 7.99 4- 0.19 ns
for the free protein and 8.23 + 0.12 ns in complex with TCTPgy3 in the current experimental
setup (100 uM protein, S0 mM NaCl, pH 8). Unfortunately, and in line with the poor signal
to noise ratio in triple resonance experiments, '>N-spin relaxation properties of Mcl-1 upon
stable complex formation with TCTP FL were very unfavorable and most signals disappeared
at the first relaxation delay in both Ty (10 ms) and T, (7.7 ms) dimensions, suggesting
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severe conformational exchange in Mcl-1 protein since we demonstrated the complex to
be heterodimeric and with a suitable MW for NMR (~ 37 kDa). To further describe the
contribution of Mcl-1 complex with TCTP FL or BH3-like peptide, we performed 'H-
ISN' HSQC-DOSY to estimate the diffusion coefficient (D) of isolated Mcl-1 and upon
complex formation with TCTP FL or TCTPgy3 peptide (Fig. 4.23 D). Isolated Mcl-1 and in
complex with TCTPpy3 share a similar diffusion coefficient of 5.85 + 0.32 #1010 m2 g7
and 5.11 4 0.16 #1079 m?.s’!, respectively. As expected, the diffusion coefficient of Mcl-1
in complex with TCTP FL was lower at 4.40 + 0.14 #1070 m? 57!

In conclusion, this comparison analysis suggests that from Mcl-1 point of view, the inter-
molecular interfaces between Mcl-1 and TCTPgy3 peptide or TCTP FL are very similar and
is dominated by the BH3 region of TCTP. The rest of the structure of TCTP does not signif-
icantly contribute to other binding area but does contribute to slow down the translational
and rotational diffusion of Mcl-1. Keeping in mind that the BH3-like region of TCTP FL
is engaged in a restrained 3-strand in TCTP FL, and considering that the BH3-like motif
likely adopts an helical conformation when bound to Mcl-1, the situation appears to be a
paradox if we do not make the assumption that TCTP undergoes a conformational change
upon binding, at least to free BH3 sequences from the (3-strand. The simplest explanation to
explain this is to assume that upon interaction with Mcl-1 in the BH3 region unpins from the
folded part of TCTP to create a new molecular interface on Mcl-1 as we proposed in the first
section of the chapter (Sec. 4.1.2). Finally, Mcl-1 complex with the BH3-like peptide did
form readily whereas Mcl-1 complex with TCTP FL required time (2 hrs) to stabilize. Here,
the BH3-like peptide behaves as TCTP* does in term of fast association kinetics, and in both
cases the short motif in unstructured and solvent accessible prior to binding partners. Also
since we observe chemical exchange (ms) at the molecular interface in Mcl-1 upon saturation
by TCTPgy3, we expect the subsequent line broadening to be also observed in the TCTPgy3
peptide and the BH3-like region in the full length protein, which was demonstrated in the
context of both full length native and TCTP*.

4.2.2.4 Molecular envelope of TCTP and Mcl-1 complex

Until now, we extensively characterized TCTP and Mcl-1 structures and dynamics both
in their isolated or bound states. The complex is heterodimeric, compact and secondary
structures are essentially preserved in the bound proteins compared to their free states, as well
as tertiary structure for Mcl-1. By contrast, TCTP has molten-globule state in its globular
domain which implies tertiary structure fluctuation at the millisecond timescale. In order
to illustrate these results and learn about the body shape of the TCTP/Mcl-1 complex, we



204 TCTP & Bcl-2 family proteins Bcl-xL and Mcl-1
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Fig. 4.25 Molecular envelopes of Mcl-1 and complex Mcl-1/TCTP. (A) Molecular envelope
of Mcl-1 from SEC-SAXS experiment presented already presented (Sec. 4.1.1.3) and US-SUMO
deconvolution routine. (B) Molecular envelope of Mcl-1/TCTP complex. The model was obtained
from the same sample and SEC-SAXS run than the reported molecular envelope of Mcl-1. Same
routines were used for data processing.

computed a low quality molecular envelope from SEC-SAXS since peaks overlap in SEC and
the limited complex concentration made difficult to obtain deconvoluted data with optimal
signal to noise ratio. However, we still obtained a molecular envelope compatible with all
the observations we mentioned so far (Fig. 4.25). The TCTP/Mcl-1 complex has prolate type
of organization and the model has a tightly packed organization as we expected. Strikingly, a
structural signature characteristic of the molecular envelope from free Mcl-1 and seen as a
protuberance pointing out likely from helix o5 in C-terminal of the protein. Thus, we could
locate Mcl-1 in the molecular envelope of the complex with TCTP. The space left could
accommodate the globular domain of TCTP but density would be clearly missing considering
the IDR in the protein, which suggests that the IDR samples a much more restricted volume

upon complex formation compared to in the free TCTP protein.
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4.2.3 Transient association of TCTP with Bcl-2 partners

4.2.3.1 NMR mapping of TCTP binding site on Bcl-xLL
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Fig. 4.26 NMR characterization of Bcl-xL in the transient complex with TCTP. (A) Overlay of
'H->N SOFAST HMQC spectra from isolated I5N-Bcl-xL ATM (500 uM) (black) and in presence
of 0.25 eq. (blue), 0.50 eq. (purple) or 0.75 eq. (green) Hisg-TCTP. Close-up views from residues
T109, G196, S110 and L90 are shown. (B) Combined "H-'SN chemical shift perturbations calculated
between isolated '>N-Bcl-xL. ATM and in presence of TCTP (0.75 eq.). (C) Mapping of combined
'H->N chemical shift perturbations (red > 0.03, 0.03 > orange > 0.02, grey < 0.002). Residues for
which no data were available (overlap, line broadening...) are highlighted (black). (D) Same as (C)
with representation of the TCTPgy3 peptide in the BH3-binding groove of Bcl-xL from the crystal
structure of the complex (pdb code: 4Z29V) with color code (red > 0.03, 0.03 > orange > 0.02).
Experiments were recorded at 800 MHz and 35 °C in the following buffer: 50 mM HEPES pH 7.4,
50 mM NacCl, 2 mM TCEP and 5% D,0 /95 % H,O.

Even though we could not characterize the structured parts of Bcl-xL in the stable complex
with TCTP by means of NMR, we observed that both proteins also interact via a transient,
weak affinity complex, and we report our characterization of this complex to first identify a
binding interface between TCTP FL and Bcl-xL. We have recorded 'H-">N SOFAST HMQC
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spectra of isolated ’N-Bcl-xL. ATM (Bcl-xL) and upon successive additions of unlabeled
TCTP FL. We have detected the formation of a transient complex between TCTP FL and
Bcl-xL through subtle 'H-1N chemical shift perturbations in rapid exchange regime (ns-us)
on the chemical shift timescale (Fig. 4.26 B) in Bcl-xL straight after addition of TCTP. This
rapid exchange regime observed on Bcl-xL can be explained by a weak affinity complex
between Bcl-xL and TCTP (thereafter called “transient complex”) and differs with the “stable
complex”. Indeed, the latter is obtained at high TCTP concentration and after equilibration
time (2 hrs) whereas the transient complex is readily observed upon TCTP FL addition

starting from low protein concentration equivalent (0.25 eq.).

We have computed combined "H-'"N chemical shift perturbations between 'H-'N SOFAST
HMQC spectra from isolated Bcl-xLL ATM and upon TCTP addition (Fig. 4.26 B) to locate
the TCTP binding site on Bcl-xL in this transient complex. Along the primary sequence of
Bcl-xL, the most significant perturbations were observed in o-helical segments defining the
BH3-binding groove (a3, 4, x5 and &) and marginally at the C-terminal of the protein (og)
(Fig. 4.26 C). When considering the crystal structure of Bcl-xL. bound to TCTPgy3 peptide,
it is clear that these segments form the essential of the protein-peptide interface (Fig. 4.26 D).
Notably, residue E179 in helix o7 showed a significant perturbation upon TCTP addition.
This can be attributed to a structural adjustment ongoing in Bcl-xL since helix o is far from
the BH3-binding pocket and is seen to also move backwards upon binding of canonical or non
canonical BH3 sequences (e.g. with p53 [265]). It is interesting to note that this helix o7 1s
affected upon both transient and stable complexes, which means that even weak interactions
can induce structure changes through the Bcl-xL structure. Under similar conditions, but
with 'N-TCTP, we did not observe any chemical shift variation for the visible'’N- TCTP
signals. We therefore consider that the transient complex corresponds to Bcl-xL bound to a
minor state of TCTP that is competent for interacting with Bcl-xL, while the main TCTP
state is not able to interact with Bcl-xL.. Here is one element more that makes the minor
TCTP* state a key and it helps to understand the formation of this weak affinity, transient

complex.

4.2.3.2 NMR characterization of transient TCTP/Mcl-1

We previsouly discussed the NMR spectra of Mcl-1 in absence of TCTP and in excess of
TCTP. Here we described the spectral change at intermediate TCTP concentration. We
recorded 'H-'"N SOFAST HMQC spectra of isolated I>N-Mcl-1 APEST ATM (Mcl-1) and
upon addition of unlabeled TCTP FL protein (2, 3, 4 eq.) in acidic conditions (pH 6.5). Upon
increasing TCTP FL concentration in the NMR tube, we observed rapid exchange shifts
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Fig. 4.27 NMR characterization of Mcl-1/TCTP transient complex. (A) Close-up views from
overlay of 'H-N SOFAST HMQC spectra from isolated ISN-Mcl-1 (150 uM) (black) and upon
increments of TCTP concentration (green, blue, red). (B) Combined 'H->N chemical shift pertur-
bations and (C) intensity ratios calculated between 'H-''N SOFAST HMQC spectra from isolated
Mcl-1 (150 uM) and in presence of TCTP (3 eq.). (D) Mapping of large combined 'H-""N chemical
shift perturbations (red > 0.06, 0.06 > orange > 0.04, cyan < 0.04). Experiments were recorded at
950 MHz and 303 K in the following buffer: 20 mM HEPES pH 6.5, 2 mM TCEP and 5% D,0 /
95 % H,O0.

in the 'H-'>N SOFAST HMQC spectra from "N-Mcl-1 (Fig. 4.27 A). This indicates the
formation of a transient complex between Mcl-1 and TCTP. Information at the residue-level
was gained through analysis of combined 'H-'"N chemical shift perturbations and intensity
ratios computed between 'H-1>N SOFAST HMQC spectra of isolated Mcl-1 and in transient
Mcl-1/TCTP complex (Fig. 4.27 B, C). Intensity changes were significant in the whole
protein with more than half of loss at the maximum concentration of TCTP, consistently
with the observation of material precipitating in the NMR tube due to the low solubility at
acidic pH of the slow forming, TCTP/Mcl-1 stable complex that assembles in parallel. The
largest chemical shift perturbations we observed upon TCTP FL addition were for residues
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V216, H224, D236, S255 and R263 (Fig. 4.27 D). These residues were all located within
the BH3-binding groove of Mcl-1 in helices o3, «3 and o4. In the C-terminal extremity of
the protein, residues F319 and D323 showed moderate perturbations and they contribute in
the structural continuum defining the BH3-binding groove in Mcl-1 structure. Perturbations
of medium amplitude were also reported for residues R300, T301 and F315, V316 in helix
o5 as we also described the region to be affected upon stable complex formation but with
perturbations of much higher amplitude (Ad.omp ~ 1). Compared to residues in the BH3
binding region, the perturbations in helix o5 have similar relative amplitude in both transient
and stable complexes, which means that motions in helix &5 do not necessitate a strong
complex to proceed. In conclusion, as with Bcl-xL, the TCTP protein forms an transient,
weak relative affinity complex with Mcl-1 by contacting its BH3-binding groove. We also
interpret this weak relative affinity complex as the direct interaction between the lowly
populated TCTP* state and Mcl-1, made possible by the accessibility of the BH3-like region
of TCTP* to Mcl-1.

4.2.3.3 The BH3-like peptide enhances the transient complex formation
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Fig. 4.28 NMR characterization of Mcl-1 in the transient complex with TCTPgy3. (A) Overlay
of '"H->’N SOFAST HMQC spectra from isolated I5N-Mcl-1 (100 uM) (black) and upon addition of
TCTPgy3 (0.5 eq.) (red). (B) Missing 'H-5N resonances in 'H-'"N SOFAST HMQC after TCTPgp3
addition (0.5 eq.) were mapped on Mcl-1 structure (blue) (pdb code: 2MHS). Experiments were
recorded at 950 MHz and 25 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM
NaCl, 1 mM TCEP and 5% D,0 /95 % H,0.

If TCTP* interacts with Bcl-xLL and Mcl-1 in the transient complex as we suggest, we should
observe much stronger perturbations in Mcl-1 spectrum using the BH3-like peptide since
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we suppose it is 100 % active at the Bcl-2 family proteins by opposite to TCTP* which

represents a very little fraction (< 1%) of the whole TCTP in urea-free conditions.

To answer this question, we recorded 'H-'""N SOFAST HMQC spectra of '>’N-Mcl-1 and upon
addition of half equivalent of unlabeled TCTPgy3 peptide. We observed the disappearing
of a subset of resonances in the 'H-""N SOFAST HMQC spectra of '>’N-Mcl-1 in presence
of BH3-like peptide, suggesting conformational exchange in intermediate timescale (ms)
(Fig. 4.28 A) either between the free and the bound state, or within the formed complex. We
also observed rapid exchange chemical shift perturbations of small amplitude by looking at
the same crosspeaks before the line broadening was too severe. Despite that free Mcl-1 could
not be detected anymore, no resonance from bound Mcl-1 in the stable complex described
before (Sec. 4.2.1.2) was identified, indicating that another, transient complex of weaker
affinity is formed. To confirm the TCTPgy3 binding site in Mcl-1 in this transient complex,
we have mapped all disappearing residues at half equivalent of TCTPgy3 and the BH3-
binding region (|, &, and «3) of the Mcl-1 protein hosted 88 % of the disappearing residues
(30/34) (Fig. 4.28 B). Other residues were located in the helix «s and as we described the
helix is supposed to move backward upon complex formation (Sec. 1.2.3.2). In conclusion,
TCTPgy3 also forms a transient, weak affinity complex with Mcl-1 by contacting its BH3-
binding groove. This complex was much more populated at equivalent ratio compared to
transient Mcl-1/TCTP complex which is a strong indication that TCTP* could mediate the
formation of this transient complex in the context of the full length protein. Indeed, TCTP*
and the BH3-like motif have same unstructured nature prior to complex formation with

partners and both are 100 % available for interactions.

4.3 Canonical and BH3-like motifs at Mcl-1 protein

In this section, we will first establish the binding mode of TCTPpy3pie; variant at Mcl-1
protein since the mutation D161 restores the conserved hydrophobic residue at position h1
in the h1-4 consensus sequence that defines the canonical BH3 motif (Sec. 4.3.1). We will
also test the interaction of the canonical Mulegys motif with Mcl-1 in order to discuss the
differences between the canonical BH3s (Mulegys and TCTPgyspier) and the BH3-like
peptide from TCTP in terms of binding interface and dynamics at Mcl-1 protein (Sec. 4.3.2).
Finally, we estimate the relative affinity of BH3 peptides and TCTP FL in competition
experiments at Mcl-1 protein (Sec. 4.3.3). We also report a crucial experiment that illustrates

the importance of TCTP* to efficiently form complexes with Mcl-1.
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4.3.1 Complex of Mcl-1 with BH3 peptides from TCTP and Mule

4.3.1.1 Structure of BH3 peptides from TCTP and Mule
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Fig. 4.29 Primary sequences and structural characterization of BH3 peptides related to TCTP
and Mule. (A) Primary sequence of the BH3 peptides TCTPgy3, TCTPguspier and Mulegys. Con-
served position h1, h2, h3, h4 typical of BH3 motifs are highlighted (red). (B) Far-UV (190-250 nm)
CD experiments from TCTPgy3, TCTPu3p16, Mulegys and an «-helical template (Mcl-1) (blue).
Experiments were carried out at 25°C in NaPO4 2.5 mM and pH 6.5 with 100 uM protein or peptides.

Canonical BH3 motifs contained in BH3-only proteins are either unstructured or «-helical in
the context of the full length proteins [91]. Peptidic approaches have demonstrated that BH3
motifs fold in «-helix upon binding to Bcl-2 family proteins as exemplified in the crystal
structure of Bcl-xL/TCTPgys [111] and Mcl-1/Mulegys (pdb code: SC6H) complexes. To
evaluate the structural state of our three BH3-derived peptides in their free states (Fig. 4.29 A),
we have used homonuclear 'H-'"H NOESY experiments and CD in the far-UV region (190-
250 nm) on all TCTPgy3, TCTPgu3pi6r and Mulegys peptides. The far-UV CD spectrum is
compared to the spectrum of Mcl-1 APEST ATM (Mcl-1) as template for «-helix since this
protein is «-helical (Fig. 4.29 B). Ellipticity had strongly negative values at low wavelength
(190-210 nm) for BH3-derived peptides whereas these were strongly positive for the -
helical template. At higher wavelength (210-250 nm) the CD spectra of the peptides were
flat whereas the curve from the «-helical template showed the typical signature of «-helix
type of secondary structure. Thus, all three TCTPgy3, TCTPgy3p161r and Mulegys peptides

are unstructured prior to bind Mcl-1.

To confirm using a different method, we used 'H-'H NOESY experiment on TCTPgy3 and
looked in the amide region of the spectrum since it informs about stable contacts between
backbone 'H with patterns characteristic of x-helix (Fig. 4.29 C). We could not observe
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any medium-strong 'H-'H connectivity within TCTPgy3 backbone and the few weak off-
diagonal crosspeaks correspond probably to sequential proximity regarding the protein
primary sequence. This confirms the random coil nature of TCTPgys peptide. In conclusion,
all three BH3 motifs TCTPgy3, TCTPgu3p1er and Mulegys are unstructured prior binding to

Bcl-2 family protein partners.

4.3.1.2 Mcl-1 complex with BH3 peptide from D161 TCTP variant
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Fig. 4.30 Comparison of free Mcl-1 and in the complex with TCTPgy3py61. Overlay of 'H-'SN
SOFAST HMQC spectra from isolated I5N-Mcl-1 (100 uM) (black) and upon addition of TCTPgy3pi61
(3 eq.) (orange). A close-up view of the central, crowded region of Mcl-1 spectrum is shown (right).
Backbone assignments of bound Mcl-1 are also reported (labels). Experiments were recorded at
950 MHz and 35 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NaCl, 2 mM
TCEP and 5% D,0 /95 % H,O.

TCTPguspier is a variant of TCTPgys where the mutation D161 restores a hydrophobic
residue at position h1, thus converting from BH3-like to canonical sequence organization. It
was designed to evaluate the impact of the residue type at the conserved position h1, which
is occupied by an isoleucine for example in the canonical BH3 motif from Bax or Bcl-xL.
We expect a change in Mcl-1 at the interface between residue D16/116 in the BH3-derived
constructs TCTPg3/TCTPpu3pi6r since both residues have positive charge and hydrophobic

side-chain, respectively.

We recorded 'H-">N SOFAST HMQC spectra of isolated '>C,'>'N-Mcl-1 APEST ATM
(Mcl-1) and upon addition of unlabeled TCTPgg3p61 peptide (3 eq.) (Fig. 4.30). We found
that Mcl-1 and TCTPgy3pi61 did assemble with saturation at lower ratio Mcl-1 peptide (1:3)
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Fig. 4.31 NMR mapping of TCTPgy3p161 binding site in Mcl-1. (A) Combined 'H-'N chemical
shift perturbations and (B) intensity ratios computed between 'H-'">N SOFAST HMQC spectra from
isolated N-Mcl-1 (100 uM) and upon addition of TCTPgg3p1er (5 €q.). Appearing (magenta bar)
residues upon complex formation are shown. Dotted colored bars indicate thresholds for mapping.
(C) Mapping of combined 'H-'SN chemical shift perturbations (red > 0.9, 0.9 > orange > 0.65,
0.65 > yellow > 0.4, 0.025 > grey) and "H-""N signal appearing (magenta) on Mcl-1 structure.
Residues for which no data are available (overlap, line broadening...) are highlighted (black).

compared to the native BH3-like sequence (1:5) as confirmed by increasing again peptide
content without observing significant changes in the "H-'SN spectrum of bound Mcl-1. The
NMR spectra of the titration of Mcl-1 with gy3pje; Was typical of a slow exchange process
between the free and bound Mcl-1 state and no additional Mcl-1 state was detectable. Indeed,
the crosspeaks of free Mcl-1 decreased in intensity while the crosspeaks of the complex

increased in intensity with increasing concentration of TCTPgy3pie;. This further indicates a
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rather strong affinity. Considering Mcl-1 concentration (100 uM) and that the complex is
almost fully formed in our conditions (> 95 %) but not at lower concentration of proteins,
this indicates that the Ky is 10 uM or below for the interaction Mcl-1/TCTPgy3pi6r which
is stronger than for the limit value estimated for TCTPgys (25 uM). The NMR assignment
of Mcl-1 complex with TCTPgu3pigr was completed up to 100 % if excluding proline
residues and the N-terminal GP residues by carrying out standard experiments such as
HNCO, HNCACO, HNCA, HNCOCACB and HNCACB (Sec. 2.3.1.3). Residues F254
and D256 were not visible in the free Mcl-1 whereas they turned visible upon formation
of Mcl-1/TCTPguspier complex, thus allowing for the full assignment of bound Mcl-1
backbone.

To characterize the binding site of TCTPgy3pi6r in Mcl-1, we computed combined 'H-BN
chemical shift perturbations and intensity ratios between 'H-">"N SOFAST HMQC spectra
of isolated Mcl-1 and upon complex formation with TCTPgy3p¢; peptide (Fig. 4.31 A, B).
The largest chemical shift perturbations were observed for residues V216, Q221, S255 and
R263 in the BH3-binding groove of Mcl-1 (helices oy, &3 and «4). Residues 1.298 and T301
in helix o5 also exhibited strong perturbations and were already described as originating
from the motion of helix «s to accommodate BH3 motifs (Sec. 1.2.3.2). Weak perturbations
were observed in helix «; and surrounding surfaces, at the opposite of the BH3-binding
region which is expected if we consider that the TCTPgy3p161 peptide binds the BH3-binding
groove. Crosspeaks intensity from Mcl-1 decreased upon TCTPgy3pi6r binding to Mcl-1,
attributable to a slight decrease in correlation time (T.) and possible conformational exchange
upon complex formation. In conclusion, the canonical variant of the BH3-like sequence
still binds to the BH3-binding groove of Mcl-1 (Fig. 4.31 C) in a tighter complex compared
to native TCTPgys. The impact of TCTPgy3pier in the complex dynamics compared to
TCTPgpy3 will be discussed latter.

4.3.1.3 Mcl-1 complex with BH3 peptide from Mule

The E3 ubiquitin ligase Mule is necessary for proteasome-mediated degradation of Mcl-1.
It owns a canonical BH3 motif with valine at position h1 that binds to Mcl-1 as seen in the
crystal structure of the Mcl-1/Mulegys complex (pdb code: SC6H) (Fig. 1.12 C). To inhibit
ubiquitinylation of Mcl-1, one hypothesis is that TCTP could bind to the BH3-binding groove
of Mcl-1, possibly competing with Mule. Moreover, Mulegys is also a tool to compare
respective behaviors of BH3-like and canonical motifs at the binding interface. To answer
these questions, we recorded 'H-I5'N SOFAST HMQC spectra of isolated BC, BN-Mcl-1
APEST ATM (Mcl-1) and upon addition of unlabeled Mulegys peptide (Fig. 4.32). We
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Fig. 4.32 Comparison of free Mcl-1 and in the complex with Mulegys. Overlay of 'H-'>N
SOFAST HMQC spectra from isolated ISN-Mcl-1 (100 uM) (black) and upon addition of Mulegys
(green) (2 eq.). A close-up view of the central, crowded region of Mcl-1 spectrum is shown. Backbone
assignments of bound Mcl-1 are also reported (labels). Experiments were recorded at 950 MHz and
35 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NacCl, 2 mM TCEP and
5% D,0 /95 % H,0.

confirmed that Mcl-1 and Mulegps readily assemble to form a complex at the lowest ratio
(1:2) among the three peptides, suggesting relative affinity greater (Kg ~ 5 uM) than for
native and D16l variant of the TCTP BH3-like sequence. In the context of peptides at
equivalent concentrations, this does not encourage to propose a competition mechanism with
Mule to explain the inhibitory effect of TCTP on Mcl-1 ubiquitinylation levels. However, the
cellular levels of the different BH3 might be very different, and thus Ky is not the unique
parameters when considering competition effects.

To describe the molecular interface of Mcl-1/Mulegysz complex in solution, we computed
combined 'H-'SN chemical shift perturbations between 'H-'>'N SOFAST HMQC spectra
of isolated ’N-Mcl-1 and upon complex formation with Mulegy3 peptide and we plotted
the results on Mcl-1 structure (Fig. 4.35 A). We have found large perturbations between
the two conditions and these were maximal for residues V216, V220, N260 and 1264, all
located in the BH3-binding region of Mcl-1. Additionally, residue D256 did appear upon
complex formation. By contrast, the helix «, the linker -, the N-terminal of helix o3
and the C-terminus of helix &, were not significantly affected upon complex formation and
they are not part of the BH3-binding groove of the protein. Thus, we could confirm that
Mulegpys binds into the BH3-binding groove of Mcl-1, consistently with the crystal structure
of the protein complex (Fig. 1.12). When comparing structures of Mcl-1 and in complex with
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Mulepys, we observe that residues showing the largest combined chemical shift perturbations
are located close to the BH3 peptide. Finally, we observed that residues R300, T301 in helix
as of Mcl-1 are also affected upon Mulegy3 binding as for the two TCTP-derived peptides.

4.3.2 Canonical and BH3-like sequences at Mcl-1 protein

4.3.2.1 BH3-like sequence promotes conformational dynamics (ms)
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Fig. 4.33 Comparison Mcl-1 in complex with TCTPgy3 and with D161 or Muleggs. (A) Overlay
of 'H-1>N SOFAST HMQC spectra from '’N-Mcl-1 in Mcl-1/TCTPgys3 (cyan) or Mcl-1/TCTPgu3p161
(orange) complexes. (B) Overlay of 'H-'>’N SOFAST HMQC spectra from N-Mcl-1 in Mcl-
1/TCTPgpu3 (cyan) or Mcl-1/Mulegpys (green) complexes. Experiments were recorded at 950 MHz
and 35 °C in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NacCl, 1 mM TCEP
and 5% D,0 /95 % H,O.

We have characterized Mcl-1 complexes with native BH3-like TCTPgy3 and D16l variant
TCTPguspier at position hl that restores the canonical BH3 sequence. When we compare
'H-15N spectra from bound Mcl-1 in both complexes, it is clear that a single amino-acid
mutation dramatically changed dynamics at the molecular interface. In term of chemical shift
perturbations, differences were modest. But surprisingly, line broadening was canceled upon
D161 mutation in bound Mcl-1 spectrum, indicating that D16 residue promotes conforma-
tional exchange (ms) at the molecular interface of the Mcl-1/TCTPgy3 complex. D16l variant
at h1 position strongly reduced the dynamics, leading to a more rigid complex. The same
observation can be made by comparing with 'H-!>N spectrum from Mcl-1 complex with
canonical Mulegys peptide, reinforcing the idea that the BH3-like nature confers ability to

promote conformational dynamics at the millisecond timescale on Mcl-1 protein. Moreover,
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the nature of spectral perturbations was similar for Mcl-1 complex with Mulegyz compared
with the canonical variant TCTPgy3pi6; peptide and no major line broadening in Mcl-1
spectrum was observed upon complex formation. This strengthens the idea that the D16
residue in h1 is critical to induce dynamics at the molecular interface at the millisecond
timescale. This also parallels the fact we could never observe NMR signals for the BH3-like
region whether from TCTP FL or from the derived BH3 peptide, suggesting that the BH3-like

region also suffers from extensive line broadening in the complex.

4.3.2.2 Signatures of canonical and BH3-like motifs

0.65 < CSP "H-"N < 0.9

CSP 'H-"N < 0.025 or TCTPBH3
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Fig. 4.34 Binding interface of BH3-derived peptides at Mcl-1 protein. (A) Representation of
spectral perturbation in Mcl-1 spectrum upon complex formation with TCTPgy3pie1, Mulegys and
TCTPgys3. (B) Differences in terms of 'H-'SN combined chemical shift perturbations between bound
spectra of Mcl-1 in complex with TCTPgp3pi61 or with Mulegys. Colors indicate large TH-BN
combined chemical shift perturbations (red > orange > yellow > palecyan > grey, see legend for
thresholds) or disappearing (blue) and appearing (magenta) residues. Residues for which no data
were available are also highlighted (black). Experiments were recorded at 950 MHz and 35 °C in the
following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NacCl, 1 mM TCEP and 5% D,0 /95 %
H,O0.

Binding mode of canonical and BH3-like sequences at Mcl-1 protein

We compared 'H-'°N spectra of isolated Mcl-1 and in complex with native BH3-like peptide
from TCTP or with canonical TCTPgy3pi6; or Mulegys and we described dynamics and
binding sites in each Mcl-1 complex. Beyond the conformational dynamics promoted by the

BH3-like sequence, we looked for structure determinant of Mcl-1 complex with BH3-like
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Fig. 4.35 Comparison between Mcl-1 in complex with TCTPgy3pi6; or Mulegys Overlay of
'H-1SN SOFAST HMQC spectra from ISN-Mcl-1 (100 uM) in complex with TCTPgy3pie; (yellow) or

Mulegys (green). Experiments were recorded at 950 MHz and 35 °C in the following buffer: 50 mM
MES pH 6.5, 50 mM EPPS, 50 mM NaCl, 1 mM TCEP and 5% D,O /95 % H,O.

compared to canonical and thus we compared all three molecular interfaces with peptides at
Mcl-1 protein (Fig. 4.34 A). Decisively, the C-terminal segment of helix o; encompassing
residues F228, Q229 and M231 is affected with TCTPgy3 with signal extinction whereas
no significant perturbations could be detected with TCTPgy3p16;r and Mulegys in terms of
both 'H-1SN chemical shifts and intensity. In the structure of Mcl-1/TCTPgys3, residue D16
could contact K234 residues in Mcl-1, as K234 side-chain is close from h1 position and in
C-terminal of helix «;, where specific resonances are broadened upon binding of the native

BH3-like sequence. Residues F254 and D256 in a connecting loop between helix o3 and o4
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were not visible in the free Mcl-1 whereas they turned visible upon formation of the complex
with TCTPpu3pi61, possibly protected from solvent-exchange. Apart from the final Mcl-1
complex with peptides, we have shown that the BH3-like sequence from TCTP induces a
transient complex with Mcl-1 whereas this was not seen with canonical BH3 sequences.

Sensitive residues in Mcl-1 regarding the sequence of canonical BH3 motifs
TCTPguspier and Mulegys are canonical BH3 in that all residues in positions h1-4 are
hydrophobic but they strictly differ in their amino-acid composition (h1: I-V, h2: I-L h3: I-M
h4: L-V). In addition they also strictly differ in the rest of their primary sequence and thus
differences in the direction of 'H, >N chemical shift perturbations between Mcl-1 complex
with TCTPgy3p1er or Mulegys inform on sequence-specific sensors of the BH3 motif at the
binding interface in Mcl-1, if we do the hypothesis that the structures of the complexes are
strictly the same. To further define active residues using HADDOCK docking algorithm,
a software classically used to create structural models on the basis of sparse NMR data,
such as chemical shift perturbations, we used this principle and compared 'H-'>N SOFAST
HMQC spectra of 13C,15N-Mcl-1 in complex with unlabeled TCTPgy3pier or Mulegys
peptide (Fig. 4.35).

We have computed combined 'H-'"N chemical shift perturbations between the spectrum of
bound Mcl-1 with TCTPgy3pi61 or Mulegys and plotted the result on the structure of Mcl-1
protein (Fig. 4.34 B). We have observed that a short stretch of amino-acids spanning on
helices «3, oy and the loop connecting them (252-266), hosted the vast majority of residues
largely sensitive to the primary sequence of the BH3 peptide upon complex formation. These
are consistently found at the molecular interface in the crystal structure of Mcl-1/Mulegys
but does not define the major part of the hydrophobic cleft in Mcl-1, with helix «, and parts
of a3 and a4 that remain non significantly affected by the variation in the BH3 primary
sequence. This indicates that the interface in Mcl-1 that contacts conserved h1-4 residues in
canonical BH3 motifs is not significantly sensitive to the rest of the BH3 sequence. In other
words, the structure and environment in this interface remains similar regardless the primary
sequence of the BH3 peptide. Others areas on the protein surface were left weakly or not

affected by the nature of the primary sequence of the BH3 peptide.

Finally, we did not observe significant differences in terms of chemical shift perturbations
away from the BH3 interface. This means that Mcl-1 is likely to rearrange its x-helix «s, or
any other parts away from the molecular interface, in similar ways upon complex formation
with TCTPgy3pi6r or Mulegys. In consequence, the differences we observed are expected to
originate from Mcl-1 surfaces adapting to the peptides in a sequence-specific manner and

with direct interaction.



4.3 Canonical and BH3-like motifs at Mcl-1 protein 219

4.3.2.3 Models of Mcl-1 complex with canonical and BH3-like motifs

A Mcl-1/TCTP_,, WT B

_Y Cluster 1 (BH3 WT)
Cluster 2 (BH3 WT)

Fig. 4.36 HADDOCK models of Mcl-1 complex with TCTPgy3 and D16l variant. (A) Represen-
tation of TCTPgp3 poses in the more (palecyan) and second more (cyan) populated clusters generated
using HADDOCK web server. (B) Side-chain rotations in helix o, for residue F228, M231 and K234
upon binding of either native BH3-like (cyan) from TCTP or D16l variant (orange). Residues D16
and I16 at position hl are highlighted. For modeling we used the crystal structure of Mcl-1/Mulegys
complex and in silico mutants from the bound and helical Mulegys to the TCTP-derived peptides
with same length and secondary structure properties.

In order to obtain an experimental structure of the Mcl-1 in complex with TCTP or derived
peptide, we first performed crystallogenesis assays on Mcl-1 complex with TCTP FL and
BH3-like peptide. Despite several plates and hundreds of tested conditions, we could not
obtain crystals convenient for X-Ray structure determination, this likely due to the high
dynamics at the molecular interface between Mcl-1 and the BH3-like sequence both in TCTP
FL and the derived BH3 peptide.

Thus, we used the crystal structure of Mcl-1/Mulegys complex to separately submit structures
of Mcl-1, Mulegys peptide and in silico mutants (pdb file of bound and x-helical Mulegys
in which all amino-acids were modified) for TCTPgp3 and TCTPgu3pi6r. We used active
residues at the molecular interface for Mcl-1 (221, 252, 254, 255, 259, 261, 262, 263, 264,
265 and 266) as obtained from the previous analysis (Sec. 4.3.2.2) and for all three BH3
peptides (positions h1, h2, h3 and h4) with automatic definition of passive residues using the

web interface of HADDOCK server which generates a set of clusters that represent possible
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arrangements for each Mcl-1/peptide complex. Within the set of clusters of Mcl-1/TCTPgy3,
the BH3-like peptide was more fluctuating in the BH3 binding groove of Mcl-1 compared
with canonical TCTPgy3p16r or Mulegys.

In all models, one cluster had significantly lower energy compared to others in each set,
and the corresponding representative structures are more likely to be populated since they
have the lowest Gibbs free energy. First, we observe two different poses of TCTPgys3
in Mcl-1 groove for the two lowest energy clusters from HADDOCK (Fig. 4.36 A). We
compared the different lowest energy clusters from Mcl-1/TCTPgy3 and Mcl-1/TCTPgu3pi61
to describe how Mcl-1 could arrange at helix «, to accommodate D16 residue at position hl
in TCTPgy3 compared to the hydrophobic 116 in TCTPgy3pi6r. We found out that side-chain
of positively charged K234 residue contacts residue D16 by electrostatic interaction in native
BH3-like peptide from TCTP (Fig. 4.36 B, top). By comparison, the terminal nitrogen
atom of K234 was measured at less than 5 A for Mcl-1/T CTPgp3 whereas it was 9.2 A for
Mcl-1/TCTPgu3p161 complex, with the lysine side-chain pointing in opposite direction. This
motion from side-chain of residue K234 can explain line broadening at close residues F228
and M231 since side-chains of those are also displaced in the conformation where D16 and
K234 residues are close from each other in Mcl-1/TCTPgy3 complex (Fig. 4.36 B, bottom).
In the TCTPgy3pi6r and Mulegys this salt bridge with K234 in Mcl-1 can not form since
D16 is replaced by an isoleucine or valine, respectively, thus quenching the conformational
sampling. The pose in the second lowest energy cluster of Mcl-1/TCTPgy3 corresponds to
the first lowest energy cluster with TCTPg3pie1 (Fig. 4.36). By contrast the two lowest
energy clusters of Mcl-1/TCTPgyspie1 are in the salt-bridge free conformation. We assume
that this observation is the structural basis that explains why the BH3-like motif from TCTP
with D16 residue promotes conformational heterogeneity at the molecular interface with

Mcl-1 compared to canonical BH3s.

4.3.3 Relative affinity of BH3 peptides and TCTP protein for Mcl-1
4.3.3.1 Relative affinity of TCTPgy3, D161 variant and Mulegy3 at Mcl-1 protein

To estimate the relative affinity of native BH3-like peptide, D161 variant and BH3 motifs
from Mule, we mixed an equal amount of each peptide (5 eq.) with free Mcl-1 (100 uM)
and measured "H-""N spectra over hours (Fig. 4.37 A). In such competition experiments,
we would expect Mcl-1 to “choose” to preferentially bind with the peptide(s) with highest
affinity. System did equilibrate readily (> min.) and we measured crosspeaks intensity ratio
(Ibound/Ifree) for reporter signals of all three distinct Mcl-1 complexes with BH3-derived
peptide. Since we know the intensity ratio to expect between bound and free Mcl-1 consider-
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Fig. 4.37 Relative affinity of TCTPpu3u3p161 and Mulegys for Mcl-1. (A) Overlay of 'H-°N
SOFAST HMQC spectra from ISN-Mcl-1 (100 uM) in complex with TCTPgy3pi61 (orange), Mulegys
(green) and with equimolar mix (5 eq. each) of the three peptides (black). (B) Relative population of
I5N-Mecl-1 bound to TCTPgu3, TCTPgmapier or Mulegps. Ratios represent Rgx,/Rger, Where Rgy, is,
for example, equal to Ipound/Ifee. Data are shown for all separated reported residues (left) and also the
average (right). Experiments were recorded at 25 °C and 950 MHz in the following buffer: 50 mM
EPPS pH 8, 50 mM NaCl, 2 mM TCEP and 5 % D,0O /95 % H,O.

ing 100 % complex formation, we can estimate the fraction of each complex in the sample

by dividing intensity ratio of reporters in competition experiment by the intensity ratio in
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the reference experiments (Fig. 4.37 B) that are 'H-'"N spectra of 100 % bound Mcl-1 to
either TCTP or Mule derived peptides. This complication in the calculation mode comes
from expected differences in the relaxation properties and chemical exchange for Mcl-1
in complex with each peptide. For example, since line broadening is seen in the "H-"N
spectrum of Mcl-1 complex with TCTPgy3 due to conformational exchange (ms) at the
molecular interface, we expect less intensity from these residues upon complex formation
compared with other Mcl-1/peptides complexes, for the same complex population fraction.
Thus, rather than doing a simple ratio of intensities (Inound/Ifree), W€ need to compute a ratio

of ratio to obtain reliable parameters.

About ten reporters residues were chosen since they were well above the spectral noise
and did not overlap in spectra from free Mcl-1 and in complex with all three different BH3
peptides (Fig. 4.37 A). On all reporter residues, we could not detect an unambiguous signal
characteristic of ’N-Mcl-1 complex with native BH3-like peptide from TCTP. However, we
could detect signals from the protein in complex with the D16l variant TCTPgy3pi61 and
Mulegys. This indicates that TCTPgys peptide has at least 5 times less affinity for Mcl-1
than the two canonical BH3 motifs. Indeed, in a simple competitive binding model and
considering the estimated Ky for each Mcl-1/peptide complex, less than 10 % of the Mcl-
1/TCTPgy3 complex should be formed in our conditions (with 100 uM Mcl-1 protein). This
is below our detection level considering the reporter crosspeaks and intermediate exchange

regime specific of resonances from Mcl-1/TCTPgy3 complex.

Mulegys has slightly higher relative affinity for Mcl-1 compared to TCTPgy3p1e1 since 55 %
of Mcl-1 was bound to Mulegys at equilibrium compared to 45 % bound to TCTPgu3p161
(Fig. 4.37 C). This correlates with the lower ratio for saturation of Mcl-1 by Mulegys (1:2)
compared to TCTPgy3pi6r (1:3) and allows to conclude that Mule has comparable but slightly
greater relative affinity to Mcl-1 compared to TCTPgu3p161, consistently with the absolute
values of K4 we reported before. In contrast, the presence of D16 in the BH3-like motif
significantly reduced the affinity by at least a factor of at least 5 compared to TCTPpu3pier-
We finally tested if dissociation kinetics could allow for displacement of TCTPgy3pi61 by
Mulegys. In order to remove free peptides from the sample containing bound Mcl-1 and
the free peptides that remain, we desalted the sample to remove free peptides, checked
that Mcl-1 was still fully bound and we added a large excess (10 eq.) of Mulegy3 and
observed the dissociation of the Mcl-1/TCTPggsp61 over several hours, yielding only Mcl-
1/Mulegys at equilibrium (> 95 %). This shows the competitive binding of the two peptides
at the BH3 binding groove of Mcl-1. Similarly, the competition experiments precluded the
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binding of TCTPgy3 to Mcl-1, reinforcing the structural model where peptides can only form

heterodimeric complexes since their binding interfaces all largely overlap at Mcl-1 protein.

4.3.3.2 Mulegys at the transient Mcl-1/TCTPgy3 complex
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Fig. 4.38 Dissociation of transient Mcl-1/TCTPgy3 by Mulegys. (A) Overlay of 'H-'>N SOFAST
HMQC spectra from isolated ISN-Mcl-1 (100 uM) (black), in transient complex with TCTPgp3 (red)
and upon addition of Mulegys (2 eq.) (cyan). (B) Overlay of 'H-N SOFAST HMQC spectra
from "N-Mcl-1 with the TCTPgp3 (0.5 eq.) and Mulegys (1 eq.) (cyan) and reference spectrum
of ’N-Mcl-1 bound to Mulegys (green). Experiments were recorded at 35 °C and 950 MHz in the
following buffer: 50 mM MES pH 6.5, 50 mM NaCl, 2 mM TCEP and 5 % D,0 /95 % H,O.

Since we observed that the BH3-like motif in TCTP promotes a transient complex with Bcl-2
family partners in solution, we tested if the transient Mcl-1/TCTPgy3 complex could prevent
Mulegy; from binding to Mcl-1, even though this hypothesis lacks strong rationale since the
transient complex appears to have much lower affinity compared to stable Mcl-1/Mulegys
complex. We prepared the transient complex with half equivalent of TCTPgy3 peptide in
Mcl-1 sample and recorded 'H-'>N spectrum of the protein (Fig. 4.38 A). Signals from
the BH3-binding groove of Mcl-1 did totally disappear, as described before (Sec. 4.2.3.3).
We added 2 eq. of Mulegys peptide in the sample and measured 'H-'"N experiment to
test if Mcl-1/Mulegys; complex could be readily formed or inhibited by the pre-formed
transient Mcl-1/TCTPgy3 complex. We immediately (min.) observed that transient Mcl-
1/TCTPgy3 complex was dissociated upon addition of Mulegys peptide. We nearly recovered
the reference 'H-'°N spectrum of Mcl-1 complex with Mulegys (Fig. 4.38 B). This indicates
that the native BH3-like sequence from TCTP can not protect Mcl-1 from Mulegys binding,
as expected considering the faster exchange regime seen in transient Mcl-1/TCTPgy3 which

suggests lower relative affinity compared to Mcl-1/Mulegyz complex.
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4.3.3.3 Full length TCTP protein and its BH3-like peptide
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Fig. 4.39 Impact of pre-formed TCTP/Mcl-1 complex on TCTPgy3 binding. Overlay of 'H-'SN
SOFAST HMQC spectra from isolated '>N-TCTP (100 uM) (black), in complex with unlabeled Mcl-1
(2 eq.) (red) and upon addition of TCTPgy3 peptide (2 eq.) (cyan). Experiments were recorded at
35 °C and 950 MHz in the following buffer: 50mM MES pH 6.5, 50 mM NaCl, 2 mM TCEP and 5 %
D,0 /95 % H,O0.

BH3-like peptide at TCTP/Mcl-1 complex
We could not identify a significant contribution of full length TCTP versus the BH3-like
peptide at the molecular interface with Mcl-1 protein. Both full length protein and peptide

did bind Mcl-1 with very similar modes, including binding site definition and dynamics (ms)
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Fig. 4.40 Impact of pre-formed TCTPgy3/Mcl-1 complex on TCTP FL binding. Overlay of 'H
spectra from isolated Mcl-1 (100 uM) (black) and upon addition of TCTPgy3 (4 eq., 2 hrs) (blue) and
TCTP FL (2 eq.) (cyan) after incubation time (2 hrs) (red). Experiments were recorded at 35 °C and
950 MHz in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 2 mM TCEP and 5 % D;0 /
95 % H,O0.

inside the complexes. Thus, we wanted to test if the affinity of full length TCTP for Mcl-1
protein was significantly different than the affinity between the BH3-like peptide and the
same Mcl-1 protein. We first pre-formed ">N-TCTP complex with unlabeled Mcl-1 APEST
ATM (Mcl-1) (2 eq.) and we obtained a populated complex (> 90 %) after equilibration
time (2 hrs) (Sec. 4.39). Then, we added an excess of TCTPgy3 peptide (4 eq.) and we
progressively observed over time (2 hrs) a gradual increase of free full length TCTP protein
in the NMR tube as seen in the corresponding 'H-1>N SOFAST HMQC spectrum (Sec. 4.39).

However, we commonly observe a loss of intensity from flexible residues and solvent-
exposed side-chains in the spectrum of '>’N-TCTP bound to Mcl-1. Upon dissociation of
TCTP/Mcl-1 by the TCTPgpy3 peptide we could not recover the whole spectral intensity from
native TCTP. Then, upon addition of a large excess of Mulegys peptide we could recover
Mcl-1/Mulegys complex, as seen in the corresponding 'H experiment, but still we did not
recover significantly more free TCTP protein. However, we could not detect significant
crosspeak patterns corresponding to bound TCTP anymore upon addition of a large excess
of peptides. This means that a significant fraction of TCTP turns in a dead angle for NMR
upon complex formation with Mcl-1 or dissociation. We know that TCTP/Mcl-1 can still
form oligomers in these conditions, and this can first explain at least part of the observation.
Moreover, we do not know at which extent bound TCTP could refold to the native TCTP
state upon dissociation. We have shown that TCTP* state is more prone to aggregation that
the native state, especially at high temperature as we use 35 °C in the current experiment. If
dissociation and refolding to the native TCTP state involves the TCTP* state, as we strongly

think, then we do not expect to recover all the spectral intensity present at the beginning of the
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experiment with native TCTP. The consequence of this is the impossibility to reliably quantify
the relative affinity between TCTP FL and the BH3-like peptide. However, we can still
affirm that the peptide dissociates TCTP FL from Mcl-1 when used at similar concentration
regarding full length TCTP. This suggests, as we expected, that the affinity of both full length
protein and peptide for Mcl-1 protein is likely in the same order of magnitude. That fits with
the poor differences we could observe in the behavior of TCTP FL or the BH3-like peptide
at the molecular interface with TCTP. Another more practical explanation is that the TCTP*
(free or in complex) is more prone to proteases that native TCTP, and the cleaved TCTP*
probably cannot refold properly.

Full length TCTP at Mcl-1/TCTPgy3 complex

Even though we demonstrated that TCTPgy3 can dissociate Mcl-1/TCTP at near equimolar
TCTP:peptide ratio, we could not quantify the relative affinity of the BH3-like peptide and
full length TCTP protein for Mcl-1 and thus thought to proceed with the reverse competition

experiment.

On september 29 ™ of this year, at night (2-3 in the morning), whereas my PhD contract was
going to end a few hours ahead, I thought it was important to spend a bit more time with the
950 MHz to have a last moment of intimacy with my favorite machine. The first intention
was to observe the dissociation of Mcl-1 and TCTPgy3 upon full length TCTP addition to get
the relative affinity information by canceling the problem of intensity recovery we mentioned
in the previous paragraph. Since I could not find any "N-labeled Mcl-1 protein left in the
lab I followed the informed recommendation of my PhD supervisor, E. Lescop, and I used
unlabeled Mcl-1 APEST ATM (Mcl-1), TCTPgy3 and TCTP FL to perform a last series of
spectra, a last experiment before a long time out of the lab. Using unlabeled Mcl-1 protein,
I measured 'H spectrum and this was characteristic of the free protein (Sec. 4.40). Upon
TCTPgy3 addition, we obtained the 'H spectrum with characteristic signatures of bound
Mcl-1 to the BH3-like peptide. Then, we added TCTP in the tube. And strictly nothing
happened when looking at unlabeled TCTP signatures over time (Sec. 4.40). Whereas the
TCTPgy3 peptide did dissociate TCTP FL over time, the reverse effect could not be observed.
This is even more surprising considering that the affinity of rather full length TCTP or BH3-
like peptide for Mcl-1 protein were similar in experiments with separated binary systems
Mcl-1/TCTP or Mcl-1/TCTPgys3.

Finally, I realized that this was maybe the more significant and undeniable proof of the
existence of TCTP* as a concept in urea-free conditions. It is not possible to explain what we
observed if we do not invoke a minor TCTP state in solution. Indeed, since TCTP* would be

a very minor state (< 1 %), the concentration of "active" full length TCTP would always be
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negligible compared to the active concentration of TCTPgp3. These experiments therefore
informed us that the peptide has a much greater affinity compared to the full length protein
due to the small fraction of TCTP* in the whole TCTP content.

4.4 Discussion

Model for TCTP interactions with Bcl-xL. and Mcl-1

TCTP
TCTP*
BH3 Slow BH3
Bcl-xL /TCTP Bcl-xL Mcl-1/TCTP
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Transient
Bcl-xL/Mcl-1

Fig. 4.41 Model for TCTP interactions with Bcl-2 family proteins Bel-xL and Mcl-1. TCTP
(red) exists with major (TCTP) and minor (TCTP*) (< 1 %) states. Native TCTP slowly convert
to TCTP* state (> min.). TCTP* has molten-globule organization in the globular domain (grey
sphere) with unpinned, solvent-exposed BH3-like motif (black line). Bcl-xL exists as a mixture of
monomer and dimer and we represent Bcl-xL as dimer (lightgrey) with Mcl-1 as monomer (mauve).
TCTP complex with partners are transient (bottom) or more stable (sides). TCTP complex with
Bcl-xL is shown with 1:2 stoichiometry, possibly leaving a free binding interface in Bcl-xL for Bax.
TCTP/Mcl-1 complex is shown as heterodimer.

As we demonstrated, TCTP exists as major, native TCTP and in the minor (< 1 %), molten-
globule TCTP* state, slowly converting from TCTP (> min.). Bcl-xL exists as a mixture
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of monomer and dimer and we confirmed that heterotetramers were mostly forming with
TCTP [111]. Moreover it was reported that TCTP affinity for Bcl-xL dimers is higher
compared to monomers [111]. Thus, we simplified by only considering Bcl-xL. dimers,
but not monomer, in our model (Fig. 4.41). Mcl-1 is known to be as a monomeric protein
in solution and we confirmed this (Sec. 4.2.1.1). TCTP and Bcl-2 family proteins slowly
assemble together because the native TCTP takes time to convert into TCTP*, which is the
only species forming complexes with partners. If TCTP* is also a dimer in native conditions
of population (< 1 %), temperature (25-35 °C) and buffer (pH 7-8, 50-150 mM NaCl) and
considering that we established that it corresponds to the active state of TCTP protein, it
is seducing to envisage that interactions with Bcl-2 family partners dissociate the dimer of
TCTP*, since we know that major TCTP/Mcl-1 complex contains a single TCTP unit. Upon
conversion, TCTP* forms a weak affinity, transient complex with Bcl-xL and Mcl-1, that is
overridden by a more stable, stable complex that form predominantly at high TCTP:partners
ratios or long (2 hrs) equilibration time. It is unclear if the transient interaction represents
an encountering complex that proceeds to final TCTP complex with Bcl-2 family partners.
It can also be forming off pathway and then could represent the TCTP complexes when
Bcl-xL/Mcl-1 are in less permissive conformations, preventing TCTP to lock into the BH3
binding groove. In the final TCTP complex with Mcl-1, heterodimers are thought to be
predominant. With Bcl-xL, heterotetramers were suggested. Interestingly, TCTP dissociates
fast (< min.) from Bcl-xL under lower temperature, dilution or any change that modify
populations at equilibrium. Compared to TCTP complex with Mcl-1, it is likely that TCTP in
complex with Bcl-xL dissociates faster considering that it can be reversed upon non favorable
conditions. This raises the possibility for conformational selection by BH3 ligands such as
Bax at the free Bcl-xL unit from the dimer. Indeed, dissociation of TCTP could release a 1:2

TCTP/Bcl-xL complex with exposition of a specific interface (Fig. 4.41).



Chapter 5

Exploration and frontiers in TCTP

interactome

Dozens of partners were reported to interact directly with TCTP [145]. They are diverse
by nature and the list is regularly updated [145], as for the newly identified TCTP partner
YB-1, a pleiotropic protein originally discovered as a transcription factor. In the context of
cancer, anti-TCTP drugs such as sertraline are thought to break protein-protein interactions
with specific partners, such as MDM2 protein, leading to the restoration of p53 levels. At
the frontiers of TCTP interactome, the TCTP/Mcl-1 interaction can also be abolished, in
principle, by targeting Mcl-1 protein with small molecules. Our collaborator F. Roussi (ICSN,
CNRS/Université Paris-Saclay) develops molecules targeting Mcl-1 protein but lacked a

structural description to further improve them.

In this last chapter of results, we will examinate the interplay between TCTP, YB-1 and RNA
molecules. To discuss the molecular interface in TCTP/MDM?2 complex and related bound
TCTP structure, we will investigate the interaction between the full length TCTP and MDM2
N-terminal domain (Sec. 5.1). Then we will report our binding studies with TCTP inhibitors,
sertraline and related, known to break TCTP/MDM2 complex with efficiency in clinical
assays for cancer treatment (Sec. 5.2). At the frontiers of TCTP interactome, we will map
binding sites and confirm selectivity for ligands targeting preferentially Mcl-1 compared to
Bcl-xL in line with medicinal chemistry need (Sec. 5.3). Finally, we will discuss our finding
at the end of the chapter (Sec. 5.4).
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5.1 TCTP complex with proteins and RNA

5.1.1 The E3 ubiquitin ligase MDM?2
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Fig. 5.1 TCTP upon partial complex formation with MDM2 N-terminal domain. Overlay of
'H->N SOFAST HMQC spectra from isolated ISN-TCTP (50 uM) (black) and upon addition of
unlabeled MDM?2 (3.5 eq.) and system equilibration (2 hrs) (red). A close-up view of the central
region is shown (top-left). Experiments were recorded at 950 MHz and 25 °C in the following buffer:
50 mM NaPOy4 pH 6.8, 12.5 mM KCI, 2 mM TCEP and 5% D,0O /95 % H,0.

The interaction between TCTP and the E3 ubiquitin ligase MDM?2 was reported to induce
decreased p53 levels in cancer cells. Indeed, TCTP stabilizes MDM?2 and thus promotes
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proteasome-mediated pS3 degradation [173]. This promotes cancer cell survival and con-
stitutes part of TCTP antiapoptotic mode of action. TCTP was proposed to bind MDM2
N-terminal domain [150] through its «-helices x, and a3 (residues 68-133) or, alternatively,
MDM2 C-terminal domain [173] through its N-terminal segment (residues 1-68). Drugs
targeting MDM2/partners association are of great interest to promote higher levels of tumor
suppressors such as p53 [266]. Moreover, we introduced before anti-TCTP drugs such
as sertraline and thioridazine (Sec. 1.2.3.3) that target TCTP/MDM?2 interaction at TCTP
protein. Overall, it is of great interest to decipher the molecular basis for this interaction
in order to improve our knowledge about two pharmacological targets of choice. Thus, we
decided to test if the full length TCTP could bind to the N-terminal domain of MDM?2 protein

and to get details of the interaction mode and surfaces.

As preliminary studies, the interaction between full length '>N-TCTP and the unlabeled
MDM2 N-terminal domain (1-125) (MDM2) was monitored by recording 'H-1>N SOFAST
HMOQC spectra of TCTP upon successive additions of MDM?2 (Fig. 5.1). The whole spectral
intensity from the structured parts of TCTP gradually decreased upon addition of MDM?2
but no significant diminishing in intensity could be observed in TCTP IDR, meaning that
the loop dynamics remains unaffected upon complex formation. However, a small set of
crosspeaks in the "H-""N SOFAST HMQC spectra from TCTP appeared with slow kinetics
after each partner addition and these were strengthened until system stabilization (2 hrs).
Protein degradation can be excluded from SDS-PAGE analysis of samples and the usual very
long lifetime of free and bound TCTP samples, typically days at 35 °C. Similarly to what
observed with Bcl-2 family partners (Sec. 4.2.2), several hours were required to reach the
equilibrium. However, no signatures from TCTP* like C172 could be identified concerning
the visible part of the protein upon complex formation. But we could only characterize
TCTP* in more alkaline conditions (pH 8) and thus we can not say how this particular state
behaves at more acidic pH (pH 6.8) which impairs for the detection of specific signatures.
Finally, visible TCTP does not seem to form a fast forming, transient complex with MDM2
even though we could only detect it by looking at TCTP bound partners 'H-1"N spectra
in the last chapter with Bcl-2 family proteins ( 4.2.3). Thus, we can not exclude that such
transient complex exists if it also involves a minor, non NMR-visible TCTP. In conclusion,
TCTP interacts with MDM?2 N-terminal domain (MDM2) in one slow kinetics step and the
structure of TCTP is likely to undergo major structure and dynamics changes upon complex

formation.
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Fig. 5.2 Interaction of TCTP with RNAs from yeast by NMR and MST experiments. (A)
Overlay of 'H-'>N SOFAST HMQC spectra from isolated '"’N-TCTP (50 uM) (orange) and upon
addition of unlabeled RNA extract from yeast (0.3 mg.mL"") (green). A close-up view of part of the
central region is shown (right). Experiments were recorded at 950 MHz and 25 °C in the following
buffer: 10 mM HEPES pH 7.4, 150 mM NaCl,2 mM TCEP and 5% D,0O / 95 % H,0. (B) MST
traces and (C) normalized MST signals (Fporm) from labeled TCTP (20-40 nM) in function of RNA
concentration (0.1-1000 uM) calculated from average MW for single ribonucleotides. For MST
experiments, 100 % H,0 and 0.005 % Tween20 were used for buffer preparation.

5.1.2 Interaction studies between TCTP and RNAs

Our collaborators A. Telerman and R. Amson (IGR, INSERM/Université Paris-Saclay) have
identified that TCTP plays a role in RNA fate, and more specifically the subcellular and
extracellular distribution of RNA. For confidentiality reasons we cannot describe more this in
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more details (yet unpublished results). In order to provide a molecular basis to this biological
function of TCTP, we aimed at characterizing if TCTP could directly interact with RNA.

To test if TCTP could interact with RNA sequences, we recorded IH-I5N SOFAST HMQC
spectra of the 'N-labeled protein (50 uM) in absence or in presence of increasing of RNA
concentration from yeast RNA extracts to reach 1:65 protein:RNA molar ratios. The RNA
concentration was calculated as nucleotide equivalents. In case of interaction between TCTP
and RNA, we typically expect chemical shift or intensity changes in the spectrum of the
protein upon RNA addition. These perturbations usually reflect a change in the very close
environment of the protein or in the molecular tumbling. Here, we compared spectra from
isolated TCTP and in the presence of RNA in a 1:65 molar ratio (Fig. 5.2 A). We could
not observe significant perturbation in the 'H-'>N spectrum of '>’N-TCTP. Indeed, no rapid
exchange chemical shift perturbations could be reliably observed and we could not detect a
new TCTP state since the total of crosspeaks remained unchanged upon RNA addition in
ISN-TCTP spectrum. In term of spectral intensity, we did not observe significant variations
neither. This indicates that the oligomeric state of the TCTP is unaffected by the presence of
RNA and that no interaction at the surface of the protein giving rise to intermediate exchange

is present.

To confirm that TCTP does not interact with RNA sequences from yeast extract, MST
experiments were performed with TCTP (20-40 nM) at increasing concentrations of RNAs
(0.1-1000 uM eq. nucleotides) (Fig. 5.2 B, C). We could record MST curves and observe
that all were slightly different but regardless the concentration of RNA, suggesting that
the variations originate from the measurement error (Fig. 5.2 B). When calculating the
normalized MST response (Fporm), we confirmed that the small variations (5 %) observed
were meaningless regarding the RNA concentration in solution (Fig. 5.2 C). This indicates
that we could not detect a change in TCTP oligomeric state or association with RNA since

the diffusion properties of the protein remain unchanged upon addition of the yeast extract.

In conclusion, we have shown using NMR and MST experiments that TCTP does not interact
with RNAs sequences from yeast extract. However and despite the variety of RNA sequences
in the extract, we can not exclude that TCTP does present a low to moderate affinity (Kq > uM)
for a specific pattern that would not be sufficiently present in the mix ([RNA] < uM). This
result is part of a paper in preparation with our collaborators and suggested that the observed
RNA-related biological event they observed is likely not due to direct interaction between
TCTP and RNA but most probably due to the regulation of RNA binding protein by TCTP.
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5.1.3 TCTP and the RNA binding YB-1 protein

5.1.3.1 TCTP interacts with full length YB-1
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Fig. 5.3 Comparison of free TCTP and in complex with YB-1. Overlay of 'H-'>N SOFAST
HMQC spectra from isolated ISN-TCTP (50 uM) (black) and upon addition of YB-1 (1 eq.) after
equilibration time (2 hrs) (red). A close-up view of the central region at intermediate YB-1 ratios is
shown (top-left). Experiments were recorded at 950 MHz and 25 °C in the following buffer: 50 mM
NaPO4 pH 6.8, 12.5 mM KCL2 mM TCEP and 5% D,0O /95 % H,0.

YB-1 is a pleiotropic protein originally described for its role in DNA transcription but has
recently emerged as a potential biomarker and novel therapeutic target [160]. The protein
is 324 amino-acid long with N-terminal A/P rich domain, CSD domain and C-terminal
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Fig. 5.4 Description of TCTP upon slow complex formation with YB-1. (A) Combined 'H-'>N
chemical shift perturbations and (B) Intensity ratios computed between 'H-"N spectra from free
TCTP and upon slow complex formation with YB-1 are shown along the IDR region. Other parts of
the protein could not be observed.

disordered region composed of clusters of charged residues (Sec. 2.2.1.3). The interaction
between TCTP and YB-1 was first reported in Co-IP experiments [151] in HeLa cells. Even
though the method could not distinguish between direct or indirect interaction in this context
the authors have demonstrated the dependence of the interaction toward segments of YB-1
(1-129) and TCTP (42-83). Additionally, they have calculated a structural model of the
complex in direct interaction through MD experiments. However, no information regarding
the interplay of YB-1/TCTP and RNAs was explicated. Thus, we decided to test if TCTP
could directly interact with YB-1 protein and if we could confirm predicted data concerning
the complex arrangement. We also searched for validating the suggested ternary complex
between TCTP, YB-1 and RNAs.

In order to test if both full length TCTP and YB-1 proteins could directly interact together,
we have recorded 'H-"N SOFAST HMQC spectra of ’'N-TCTP (50 uM) upon successive
increments of unlabeled YB-1 concentration (0-50 uM). Immediately after addition of the
unlabeled YB-1 the whole spectral intensity from the structured parts of TCTP significantly
decreased until system stabilization (2 hrs). No signal from free TCTP could be detected
anymore at one equivalents of protein partner, indicating a medium-strong binding affinity
(K4 <5 uM) for the complex formation. In the spectrum of bound TCTP, we could not
detect signals from structured parts of the protein (Fig. 5.3). Rapid exchange shifts of small
amplitude could be measured along the protein primary sequence during the NMR titration
but these were explained by the dissociation of the weak TCTP dimer upon diminishing of
free TCTP in solution. Despite acidic conditions that generally sharpen "H-'"N crosspeaks

by reducing backbone amide hydrogen exchange with water, no spectral signature from
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structured parts of bound TCTP could be found in the spectrum. 'H-'"N resonances from
TCTP IDR were still visible upon complex formation and we could still compute combined
'H-'>N chemical shift perturbations along this specific protein segment. These were stronger
in the N- and C- terminal parts of the IDR (Fig. 5.4 A) compared to the central part.
Corresponding intensity ratios showed similar pattern with more marked decrease of signal
intensity in N- and C- terminal of the IDR (Fig. 5.4 B). The whole protein core domain
was not visible upon complex formation and we can presume that TCTP IDR extremities
have spectral perturbations because they feel the strong structure or dynamics changes in
the globular part of TCTP. This is seen from the disappearing of crosspeaks, meaning either
complex oligomerization or conformational exchange (ms) in the core domain. These global
variations in TCTP core do not allow to map the interaction surface with YB-1 in the current
setup. Finally, we could not detect signatures of TCTP* in the 'H-!"N spectrum of TCTP
bound to YB-1. This means that the protein has a distinct structure and dynamics in complex
with YB-1 compared to previously described complexes with Bcl-2 family proteins or MDM?2.
The most likely explanation is that the highly negatively charged TCTP interacts with YB-1
to form large oligomers, without major reorganization of TCTP core structure. In conclusion,
we have demonstrated in vitro that TCTP does interact with YB-1 with medium-strong
affinity in a slow kinetics process. Also, the current experiment was carried out in presence
of 12.5 mM KCI. It should be noted that at high salt concentration (100 mM NaCl) no
interaction was detectable between TCTP and YB-1 by NMR, suggesting an electrostatic

interaction mode between the two proteins.

5.1.3.2 TCTP transiently interacts with YB-1/RNAs

To test if TCTP could still interact with YB-1 in presence of RNA, we have added an
excess of RNAs from yeast extract (1 mg) to the previous sample containing '>N-TCTP and
YB-1. Whereas all crosspeaks from structured parts of TCTP disappeared upon complex
formation with YB-1 (Fig. 5.3), a flagrant recovery was observed upon RNA addition to
yield a spectrum resembling to free TCTP (Fig. 5.5 A). However, several 'H-'"N crosspeaks
were left shifted between isolated TCTP and upon YB-1 and RNAs addition (Fig. 5.5 B).
We computed "H-'>N combined chemical shift positions and intensities were computed
between the isolated TCTP and in presence of YB-1/RNA (Fig. 5.6 A, B). We observed
local differences along TCTP primary sequence and this signifies that TCTP still transiently
interacts with either YB-1 or RNA or complexes thereof in fast kinetics (< us). The long
«-helices «; and a3 hosted the majority of residues for which a significant perturbation was
observed in presence of YB-1/RNAs compared to isolated YN-TCTP. Thus, this x-helical

segment in TCTP mediates the transient complex formation with YB-1/RNA, demonstrating
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Fig. 5.5 TCTP upon fast complex formation with YB-1/RNAs. Overlay of 'H-">N SOFAST
HMQC spectra from isolated '>’N-TCTP (50 uM) (black) and in presence of YB-1 (1 eq., red) plus
an excess of RNAs from yeast (green). Experiments were recorded at 950 MHz and 25 °C in the
following buffer: 50 mM NaPOy4 pH 6.8, 12.5 mM KC1,2 mM TCEP and 5% D,0 /95 % H,0.

that the three molecules retain the capability to assemble together (Fig. 5.6 C). We have
shown that TCTP does not directly interact with the same RNA extract from yeast (Sec. 5.1.2)
and this encourages to propose that TCTP contacts mainly YB-1 in the transient complex
with RNAs. The RNA could also impact the oligomerization state of YB-1 bound to TCTP,
possibly leading to signal recovery in TCTP spectrum. Perturbations in the N-terminal
region of TCTP IDR were abolished in the transient TCTP complex YB-1/RNA compared to
the TCTP/YB-1 complex, suggesting that the TCTP/YBI1 interface is largely disrupted in
presence of RNA.

We then wanted to assess which component of YB-1/RNAs complex did interact with TCTP
in the transient interaction between TCTP and YB-1/RNAs. We have compared 'H-1°N
spectra of isolated '>’N-TCTP, in presence of unlabeled YB-1 (1-180) and upon addition of
RNAs from yeast extract (Fig. 5.7 A). As already described for YB-1 full length protein,
'H-N resonances were affected upon slow kinetics, partial complex formation with C-
terminally truncated YB-1 (1-180). These were either reversed or prolonged co-linearly upon
RNAs addition, indicating that two different populations decrease and increase, respectively.
This could signify that TCTP and YB-1 IDR form two complexes with different interfaces or
a single one with an extended interaction surface. In any cases, RNA addition disrupts one
interface to only allow the helices «; and o3 to interact with YB-1 (1-180). Moreover, we
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Fig. 5.6 Description of TCTP in the fast forming complex with YB-1/RNAs. (A) Combined
'H-SN chemical shift perturbations calculated between isolated TCTP and in presence of YB-1 (1 eq.)
plus a large excess of RNAs from yeast extract (1 mg). (B) Mapping of large (red > 0.03, 0.03 >
orange > 0.025) and low (grey < 0.0045) combined 'H-'>N chemical shift perturbations on TCTP
structure (pdb code: 2HR9). Residues for which no value was computed (black) are highlighted.

could not detect a new interface in TCTP upon RNA addition, suggesting that the protein
does not directly interact with RNA in the transient ternary complex with YB-1 (1-180), in
agreement with previously reported experiments showing that TCTP does not interact with
the same RNA extract from yeast (Sec. 5.1.2). To confirm that the same observation can
be made with full length YB-1/RNA, we compared 'H-'"N perturbation profiles computed
between isolated TCTP and transient complex with YB-1 (1-180)/RNA or full length YB-
1/RNA. We could not detect significant differences, indicating the YB-1 IDR does not seem
to participate in the binding interface between TCTP and YB-1/RNAs.
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Fig. 5.7 Impact of RNA on TCTP and YB-1 (1-180) complex. (A) Overlay of 'H-">"N SOFAST
HMQC spectra from isolated ISN-TCTP (100 uM) (black) and in presence of 1.5 eq. YB-1 (1-180)
(1.5 eq.) (blue) plus an excess of RNAs from yeast extract (1 mg) (red). Close-up views are shown for
residues 143, D44, D45, V66, E86, A87 and Y151. (B) Combined 'H-!>N chemical shift perturbations
computed between TH-BN spectra from isolated TCTP and in presence of YB-1 (1-180) (1.5 eq.)
plus an excess of RNAs from yeast extract (1 mg). Experiments were recorded at 950 MHz and 25 °C
in the following buffer: 50 mM NaPO4 pH 6.8, 12.5 mM KCl, 2 mM TCEP and 5% D,0 /95 % H;0.

In conclusion, TCTP transiently interacts with YB-1/RNA complex via its helical segment
composed of helices oy, a3 and is likely to only contact YB-1 via a pre-existing interface
detected in TCTP/YB-1 without RNA.

5.1.3.3 YB-1 C-terminal IDR mediates stronger affinity

To identify the structural determinants for the medium-strong interaction between TCTP
and YB-1 (K4 <5 uM), we used a variant of YB-1 protein truncated for the C-terminal part.
YB-1 (1-180) excludes a region from the C-terminal of YB-1 which arranges as clusters of
charged residues in the native protein. We have recorded 'H-""N spectra of >’N-TCTP FL
upon successive increments of unlabeled YB-1 (1-180) concentration (2 eq.) (Fig. 5.8 A).
After addition of the unlabeled YB-1 (1-180) the whole spectral intensity from the structured
parts of the TCTP protein progressively decreased until system stabilization (2 hrs). Since
about half of the signal from structured parts in free TCTP was left at the end of the titration,
we can presume that the affinity of the interaction is weaker (Kgq > 100 uM) with YB-1
(1-180) compared to YB-1. This highlights the importance of the IDR region in YB-1 for the
interaction strength. We could compute combined 'H-'SN chemical shift perturbations and
intensity ratios between 'H-1>N spectra of isolated TCTP and upon YB-1 (1-180) addition
(Fig. 5.9 A, B). We corrected for perturbations induced by the re-equilibration of TCTP
monomer-dimer upon interaction with YB-1 (1-180) by applying a 'H, !N chemical shift
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Fig. 5.8 TCTP upon partial complex formation with YB-1 IDR. (A) Overlay of 'H-'">'N SOFAST
HMQC spectra from free TCTP (100 uM) (black) and upon partial, slow kinetics complex formation
with YB-1 (1-180) (2 eq., red) and equilibration time (6 hrs). (B) Close-up view for residues D44,
G359, G56 and V66 with superimposition of the 'H-'"N spectrum of the fully formed TCTP/YB-1
complex. Experiments were recorded at 950 MHz and 25 °C in the following buffer: 50 mM NaPO4
pH 6.8, 12.5 mM KC1,2 mM TCEP and 5% D,0O /95 % H,0.

baseline calculated from dilution experiments. First, 3-strands and connecting loops in the
C-terminal extremity of the TCTP globular core did show perturbations above threshold
(Fig. 5.9 C). This could either originate from a transient contact with YB-1 (1-180) or be due
to residual perturbation from the monomer-dimer related shifts since the protein segment
hosts residues such as Y151 which is sensitive to the dimer content. For residue F83 and F85
it is clear that residual perturbations arise from the monomer-dimer equilibrium whose they
are the main probes. However, we could still detect chemical shift perturbations specific of
the complex formation with YB-1 (1-180). For 'H-1N resonances from residues spanning
the TCTP IDR, chemical shift perturbations were smaller but co-linear with those observed
in the same region in interaction studies with full length YB-1 (Fig. 5.8 B). Intensity ratios in
TCTP IDR showed a similar pattern upon complex formation with full length YB-1 or YB-1
(1-180) whereas structured parts from bound TCTP were non-visible in both complexes.
These similarities between chemical shift perturbations and intensity ratios led to propose
that TCTP interacts comparably with full length and AIDR YB-1 constructs. However, since
most of bound TCTP is not visible in complex with full length YB-1, we have to be careful

regarding this assessment. In conclusion, we have demonstrated the importance of YB-1 IDR
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Fig. 5.9 Description of TCTP upon partial, slow complex formation with YB-1 (1-180). (A)
Combined 'H-""N chemical shift perturbations and (B) Intensity ratios computed between 'H-'SN
spectra from isolated TCTP and in presence of YB-1 (1-180) (1.5 eq.) after system equilibration
(6 hrs). (C) Mapping of large (red > 0.05, 0.05 > orange > 0.025) and low (grey < 0.0025) combined
"H-I5N chemical shift perturbations on TCTP structure (pdb code: 2HR9). Residues for which no
value was computed (black) are highlighted.

in mediating the medium-high affinity (Kgq < 5 uM) of the complex formation with TCTP

and is likely important for oligomerization related process.

5.2 Inhibitors of TCTP for anti-cancer therapy

In this section, we present our binding studies with ligands that target TCTP protein (Sec. 5.2).
Several molecules were demonstrated to bind TCTP and one of them, sertraline, has even
proved clinical efficiency in cancer treatment [188, 173] (Fig. 1.14). Binding affinities
between these ligands and TCTP were established using the SPR method and found a micro-
molar range of affinity (K4 ~ 10-100 uM) for sertraline, thioridazine and other molecules
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developed by our collaborator S. Messaoudi (BioCIS, CNRS/Université Paris-Saclay) and
based on the same molecular scaffold with sertraline. For patenting reasons, we can not show
the molecular structure of these herein. Even though TCTP is a recognized pharmacological
target in cancer treatment, structural data describing these interactions [184] are still very
limited, making difficult the rationale optimization of these compounds. Thus, we used
NMR to locate the ligands binding site on TCTP surface experimentally and in solution. We
used native and phosphorylated TCTP since phosphorylation mimetics S46E and S64E were
shown to abolish interaction with sertraline (Sec. 5.2). TSA and PAGE were combined with
NMR to challenge results from SPR studies first established (Sec. 5.3).

5.2.1 Sertraline and other ligands at TCTP protein

B
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Fig. 5.10 NMR evaluation of ligands ability to target TCTP. (A) Overlay of 'H-'SN SOFAST
HMQC spectra from isolated SN-TCTP (50 uM) (black) and in presence of thioridazine (10 eq.)
(green) or sertraline (red). (B) Overlay of 'H-'3C SOFAST HMQC spectra from isolated >’N-TCTP
(50 uM) (black) and in presence of CA592.1 (2.5 eq.) (green), AC014 (2.5 eq.) (blue) or AC0O85
(2.5 eq.) (red). The aromatic (top) and methyl (bottom) region are shown. Experiments were recorded
at 950 MHz and 25 °C in the following buffer: HEPES 10 mM pH 7.4, 150 mM NaCl, 3 mM EDTA,
0.005% Tween20, 5% DMSO, 2 mM TCEP and 5% D,0O / 95 % H,0.
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Fig. 5.11 Effect of sertraline at high concentration on TCTP. Overlay of '"H-'>N SOFAST HMQC
spectra from isolated ISN-TCTP (50 uM) (black) and in presence of 25% acetronitrile (green) plus
60 eq. sertraline hydrochloride (3 mM) (red). A close-up view of 1D 'H spectra focusing on sertraline
signals from aromatics protons is shown (bottom). Signal decrease upon TCTP addition before
recovery within an hour to reach a partial recovery. Experiments were recorded at 800 MHz and 25 °C
in the following buffer: 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% Tween20,
2 mM TCEP and 25 % acetonitrile / 5 % DMSO / 65 % H,O /5 % D,0.

First, we verified that all ligands were soluble in our experimental conditions (5 % DMSO

included in buffer). We recorded 'H spectra of each ligand at increasing concentration and
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Fig. 5.12 Thioridazine and toluidine blue induce covalent TCTP oligomers. (A) Native BisTris
PAGE, (B) Non-reducing and (C) reducing SDS-PAGE experiments (4-16 %) done on isolated TCTP
(25 uM) and upon incubation with increasing concentration of thioridazine or toluidine blue (TolB)
(0-1 mM) during 24 hrs at 37 °C. Experiments were done in the following buffer: 50 mM HEPES
pH 7.4, 150 mM NaCl and 2 mM TCEP.

compared to the increase in signal intensity to estimate that the solubility is at least 100 uM
for all ligands. Prior to proceed with interaction studies, the effect of DMSO (5 %) on TCTP
was also tested and we did not observe major change in the 'H-'>N spectrum of the protein,
suggesting that TCTP structure remains largely unchanged in presence of DMSO. Then we
recorded '"H-'>N and 'H-13C SOFAST HMQC of isolated 13C ISN-TCTP FL and in presence
of increasing concentrations of the different molecules from dry aliquots resuspended in
the NMR sample. Systems were free to evolve during several hours (6 hrs) before the last
measurement. At low concentration of ligands (125 uM), no significant 'H-'N and 'H-'3C
spectral perturbations could be detected upon addition of the molecules in the NMR samples
containing TCTP. This is exemplified by the 'H-'3C spectra from TCTP in both methyl
and aromatic regions recorded upon addition of different ligands (Fig. 5.10 B). However, at
higher concentration of ligands, the comparison of "H-'>N spectra from isolated TCTP and
upon ligand (sertraline or thioridazine) addition (Fig. 5.10 A) showed that both thioridazine
and sertraline induced a global decrease in spectral intensity without chemical shift variation
excepted for the monomer-dimer equilibrium. The protein did aggregate in the NMR tube,
diminishing the free TCTP concentration. The effect was more marked with sertraline. This
clearly indicates that these ligands have a destabilizing effect on TCTP by inducing oligomer
formation or protein aggregation. In conclusion, ligands did not show any significant effect
on TCTP structure at reasonable (125 uM), biologically relevant concentration. Higher

concentrations led to protein aggregation and that might be due to destabilization of TCTP
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via ligand aggregates or stabilization of an alternative state of the protein that is prone to

aggregation.

We decided to clarify the impact of sertraline on TCTP and we have optimized the experi-
mental setup to allow very high ligand concentrations in order to accelerate and reinforce the
aggregation-related effect mentioned above. We used acetonitrile since it was already used
at high concentration for protein NMR and sertraline is largely soluble in the solvent. We
recorded 'H-"'N SOFAST HMQC spectra of TCTP in buffer (5 % DMSO), supplemented
with acetonitrile and later with sertraline (Fig. 5.11). The impact of high acetronitrile con-
centration on TCTP were visible through the global diminishing of signal from structured
parts of the protein. However the protein was still largely visible through the flexible parts
and resonances from the protein core. Strikingly, almost all signal present in the spectrum
disappeared immediately after sertraline addition (3 mM) in the sample, meaning that ser-
traline readily induced TCTP aggregation nor precipitation. Informations on the interaction
can still be derived by looking at the evolution of sertraline 'H crosspeaks before, after
TCTP addition and following equilibration time (2 hrs) (Fig. 5.11). Sertraline signals were
visible in the 'H spectrum before TCTP addition. Immediately after addition of TCTP about
50 % of the signal intensity disappeared, with no line broadening for sertraline signals left
in the spectrum. A few hours later about 75 % of the initial intensity was recovered. This
means that sertraline molecules are released from TCTP/sertraline aggregates over time.
Overall TCTP did interact immediately with sertraline to readily aggregate in the NMR tube.
Considering that almost 30 molecules of sertraline did aggregate with 1 molecule of TCTP
straight after ligand addition, we can expect this interaction to be mediated by oligomers of
ligands rather than single molecules.

Finally, we decided to assess the nature of the aggregate of TCTP that is induced upon
ligand addition at high concentration. To do so, we achieved PAGE experiments in native,
denaturing and reducing/denaturing conditions (Fig 5.12). We used thioridazine and another
phenothiazine we identified as a TCTP binder, the toluidine blue. After incubation time
overnight at room temperature in presence of reducing agent as in the NMR conditions (2 mM
TCEP), we observed a strong effect with toluidine blue whereas which was much less marked
with thioridazine. Both thioridazine and toluidine blue started to induce the disappearing of
the native TCTP band starting 250-500 uM ligand (Fig 5.12 A, B). This means that the TCTP
protein aggregated in a molecular assembly that contains strong chemical bond, most likely
covalent bond. In reducing conditions, we recovered most of TCTP signals and observed
several bands of high molecular weight (Fig 5.12 C). That confirms the ligands did induce
disulfide bonding between TCTP and TCTP, or between TCTP and the ligands molecules.
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So far we do not known how that could be relevant in a biological context, especially when
considering the reducing environment of the intracellular space, which makes quite unlikely
that the molecules could act by such a way in vivo. Moreover, we showed that the toluidine
blue itself reacts with reducing agents in solution, most likely interfering with the experiments
and explaining why we observed a strong induction of disulfude bonded oligomers using this

particular ligand compared to thioridazine.

5.2.2 Binding of sertraline on phosphorylated TCTP

Since phosphorylation mimetic S46E and S64E were reported to abolish the interaction
between TCTP and sertraline, we have tested if phosphorylated TCTP at S46 position
was still affected upon sertraline addition at high concentration (> 500 uM). We titrated
pTCTP from low (50 uM) to high (1050 uM) concentration of sertraline by recording 'H->N
SOFAST HMQC spectra of the ’N-labeled pTCTP in absence and in presence of ligand. We
could not see significant changes in the spectrum of pTCTP until 550 uM of sertraline. After
equilibration time overnight, we observed a gradual decrease in the whole spectral intensity
from pTCTP, indicating that the phosphorylated protein did also aggregate in presence of
ligand, as observed for the non-phosphorylated form. At higher concentration (1050 uM),
the phenomenon was strengthened right after ligand addition and after equilibration time
overnight. At the end of the experiment, about 75 % of pTCTP did aggregate in the NMR
sample, as judged from the intensity loss. We could not detect a binding site in pTCTP and
only monitored the rapid exchange shifts from the monomer-dimer of TCTP. In conclusion,
sertraline induces the aggregation of phosphorylated TCTP in a concentration-dependent
manner with significant effect starting at ~ 500 uM.

5.2.3 Impact of sertraline on the melting temperature of TCTP

Ligand-induced destabilization of TCTP was recurrently suggested in the previous paragraphs.
Thus, we have used TSA to detect such effect through the variation of the protein melting
temperature (Tp,) possibly induced upon ligand addition. Thus, we measured the Ty, of
TCTP in presence of increasing concentrations of sertraline. The latter molecule destabilized
TCTP to yield a 5.1 °C decrease in the Ty, of the protein upon ligand addition, albeit at high
ligand concentration (500 uM) (Fig. 5.14 A). At lower concentration, the decrease is more
modest with 2.6 °C at 250 uM sertraline. Below the difference with isolated TCTP is weak
(< 1 °C). We compared with control proteins and we show the denaturation curves for three
proteins in absence and in presence (500 uM) of sertraline (Fig. 5.14 B). We also observed a

destabilizing effect of sertraline for all three controls. For control no 1, 2 and 3 a decrease
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Fig. 5.13 NMR titration of phosphorylated TCTP (pTCTP) by sertraline ligand. Overlay of
TH-I5’N SOFAST HMQC spectra from isolated I5N-labeled pTCTP (30 uM) (black) and in presence
of 550 uM (red) or 1050 uM (cyan) sertraline after equilibration time (> 6 hrs). Experiments were
recorded at 800 MHz and 25 °C in the following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl,
0.5 mM EDTA, 2 mM TCEP and 5 % DMSO /5 % D,0 /90 % H;O.

in melting temperature of 3.2 °C, 2 °C and 2.4 °C were observed upon sertraline addition,
respectively (Fig. 5.14 B). This indicates that the impact of sertraline on TCTP stability is not
specific of the protein, even though the decrease of TCTP melting temperature is about twice
stronger at 500 uM sertraline compared to controls. In conclusion, we demonstrated the
destabilizing effect of sertraline on proteins, especially TCTP, leading to protein unfolding

and aggregation. It is important to note that TSA experiments do not let the system evolving
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Fig. 5.14 Evaluation of TCTP thermal stability toward ligands. (A) Dependence of the TCTP
melting temperature (T,) regarding sertraline concentration (0-500 uM). Minima of curves cross the
x axis at Ty,. (B) Comparison with control proteins in absence or presence of sertraline (500 uM).
Experiments were done by applying a temperature gradient from 25 °C to 95 °C at 3 °C.min"! on
TCTP sample (5 uM) in the following buffer: 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP,
5 mM EDTA and 2.5 % DMSO.

toward equilibrium due to the fast temperature ramp (3 min.). Thus, the impact of sertraline

on the Ty, of TCTP might be under-evaluated in these conditions.

5.3 Selective Mcl-1 inhibitors

Exploring protein-protein interactions is important for the rational design of drugs for anti-
cancer therapy, especially for in silico workflows [267]. Correspondingly, the description of
drug and protein complexes at the binding interface allows for the identification of structural
determinants and further drug optimization. Both TCTP [183] and Mcl-1 [72] represent
targets of therapeutic interest in anti-cancer therapy. Here, we report our collaboration work
with F. Roussi (ICSN, CNRS/Université Paris-Saclay) who is developing ligands showing
selectivity for Mcl-1 in fluorescence polarization assays with preformed Bcl-2 family protein
and BH3 peptide complex. Selectivity for Mcl-1 compared to Bcl-xL is important in AML for
example, where Mcl-1 is overexpressed but where Bcl-xL is constitutively present and should
not be removed to prevent healthy immune cells from death, with obvious consequences in
the whole organism. Even though not strictly part of TCTP interactome, the interaction Mcl-
1/ligands represent the frontiers we refer to in the title of the current chapter. Ligands targeting
Mcl-1 are likely to have an impact on TCTP/Mcl-1 interaction and we can start learning
by establishing binding sites of these ligands on Mcl-1 protein, to further compare with
the interfaces found for TCTP/Mcl-1 and TCTPgy3/Mcl-1 complexes. Thus, we document
binding interfaces of ligands Na-1-115-7 (Sec. 5.3.1) and FD-24-3 (Sec. 5.3.2) at both Mcl-1
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and Bcl-xL proteins. Moreover, we report experiments to confirm the selectivity of the

molecules toward Mcl-1 compared to Bcl-xL (Sec. 5.3.3).

5.3.1 Solubility of Na-1-115-7 and FD-24-3
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Fig. 5.15 Solubility of Mcl-1 selective ligands Na-1-115-7 and FD-24-3. Overlay of 'H spectrum
from buffer (black) and in presence of increasing concentration of (A) FD-24-3 (0-400 uM) and (B)
Na-1-115-7 (0-200 uM). Experiments were recorded at 800 MHz and 25 °C in the following buffer:
20 mM NaPO4 pH 7.4, 50 mM NaCl, 2 uM EDTA, 2 mM TCEP, 0.005% pluronic acid, 3.5% DMSO,
and 5% D,0 /95 % H;0.

We first tested the solubility of both Na-1-115-7 and FD-24-3 ligands by recording 'H
spectra of the molecules at increasing concentrations. From 0 uM to 400 uM we observed
sharp resonances for methyl hydrogen from FD-24-3 (Fig. 5.15 A). Signal intensity was
proportional to ligand concentration in this range, with no major modification of peak shape.
This indicates that FD-24-3 is soluble up to at least 400 uM. With Na-1-115-7, we used
a similar protocol to demonstrate that the molecule was soluble up to at least 200 uM
(Fig. 5.15 B). In conclusion, both molecules are soluble enough (200-400 uM) in presence of
organic co-solvent (3.5 % DMSO) for interaction studies with Mcl-1 and Bcl-xL proteins.
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5.3.2 Binding study with Mcl-1 selective FD-24-3

5.3.2.1 FD-24-3 binding study with human Mcl-1
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Fig. 5.16 FD-24-3 binds to human Mecl-1 with strong affinity. (A) Overlay of SOFAST 'H-'NN
HMQC spectra from isolated Mcl-1 (50 uM) (black) and in presence of increasing number (0-2, left;
2-6, right) of FD-24-3 equivalents. (B) Overlay of 'H-'""’N SOFAST HMQC spectra from isolated
Mcl-1 (50 uM) (black) and in presence of FD-24-3 (2 eq.) (red). (C) Mapping of disappearing
'H-15N resonances and corresponding residues in presence of FD-24-3 (2 eq.) on Mcl-1 structure.
Experiments were recorded at 800 MHz and 25 °C in the following buffer: 20 mM NaPO,4 pH 7.4,
50 mM NaCl, 2 uM EDTA, 2 mM TCEP, 0.005% pluronic acid, 3.5% DMSO, and 5% D,O /95 %
H0.

In order to first locate the binding pocket of FD-24-3 on human Mcl-1 APEST ATM (Mcl-1)
we recorded 'H-1SN spectra of isolated '°N-labeled Mcl-1 and in presence of increasing
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concentrations of the molecule (Fig. 5.18 A). Along the titration and in a concentration-
dependent manner, ligand induced two successive events in the protein. The first event is
characterized by the progressive decrease in intensity, but without chemical shift variation,
from a consequent set of 'H-'SN resonances (~ 15) (Fig. 5.18 B). When increasing ligand
concentration toward higher ratios (> 2 eq.) the whole signal from Mcl-1 decreased and almost
no resonances anymore could be seen at maximum ligand concentration (300 uM, 6 eq.).
The first event was described through computation of 'H-'"N intensity ratios. Disappearing
residues were mapped on Mcl-1 structure (Fig. 5.18 C) and these were located within the
BH3-binding groove of the protein composed by «-helices «,, &3 and o4. Additional
perturbations could be observed in «-helix o5 that does not directly interact with the ligand
in most crystal structures. The helix o5 likely underwent a displacement upon ligand binding,
as reported before for Mcl-1 complex with BH3-derived peptides and full length TCTP
(Sec. 4.2). Considering that resonances from the BH3 binding groove did totally disappear
at 2 eq. ligand, establishing the saturation of Mcl-1, we estimated a K4 of 5 uM between
FD24-3 and human Mcl-1. In conclusion, FD-24-3 binds to Mcl-1 in the BH3-binding pocket
and likely induces the oligomerization of Mcl-1 at high concentration (> 100 uM). It is
important to note that FD24-3 is a dialdehyde molecule which could react at lysine residues
and in N-terminal of the protein, predominantly, possibly inducing covalent protein-ligand

complexes and oligomerization.

5.3.2.2 FD-24-3 selectivity for Mcl-1 compared to Bcl-xLL

FD-24-3 was designed for selectivity toward Mcl-1 compared to Bcl-xL.. We have done
competition experiments to compare the relative affinity of FD-24-3 for human Mcl-1 APEST
ATM (Mcl-1) and human Bcl-xL A45-84 ATM (Bcl-xL). The 'H-'"'N SOFAST HMQC
spectrum of isolated *N-labeled Mcl-1 was compared with the 'H-!SN spectra of Mcl-1
in presence of ligand (1 eq.) or in presence of ligand (1 eq.) and Bcl-xL (1 eq.). In these
conditions, about 75 % of Mcl-1 is bound to FD24-3 in absence of Bcl-xL as seen from the
partial disappearing of resonances from residues in the BH3 binding groove of the protein
(Fig. 5.17 A). Upon addition of Bcl-xL, no significant change was observed in the spectrum
of N-labeled Mcl-1 in term of both 'H-1SN chemical shifts and intensity (Fig. 5.17 B). This
means that the protein remained bound to the ligand until 2 hours of equilibration time and
confirms the selectivity of FD24-3 for human Mcl-1 compared to Bcl-xL in our experimental
setup with pre-formed Mcl-1/FD24-3 complex. Considering the relative concentration of
the two proteins, this suggests that the relative affinity of FD24-3 for Bcl-xL is at least 20
lower (K4 > 100 uM) compared to Mcl-1 (Kq ~ 5 uM). We can explain the difference since

the BH3 binding groove of Bcl-xL and Mcl-1 differ in size and amino-acids composition.
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Fig. 5.17 Relative affinity of FD-24-3 for Mcl-1 and Bcl-xL evaluated by NMR. (A) Overlay of
'H-15N SOFAST HMQC from isolated Mcl-1 (50 uM) (black) and in presence of 1 eq. FD-24-3. (B)
Overlay of SOFAST 'H-"NN HMQC from isolated Mcl-1 (50 uM) (black) and in presence of 1 eq.
FD-24-3 plus 1 eq. Bcl-xL. Experiments were recorded at 800 MHz and 25 °C in the following buffer:
20 mM NaPO4 pH 7.4, 50 mM NaCl, 2 uM EDTA, 2 mM TCEP, 0.005% pluronic acid, 3.5% DMSO,
and 5% D,0 /95 % H;0.

Indeed, the space between C-terminal of helix o; and helix o3 in Mcl-1 is more extended
(10.6 A between residues M231-V249) compared to the homologous region in Bel-xL (6.2 A
between residues L.108-V126) at helices oz and ouy.

5.3.3 Binding study with Mcl-1 selective Na-1-115-7
5.3.3.1 Binding site of Na-1-115-7 in human Mcl-1

In order to first locate the binding pocket of Na-1-115-7 on human Mcl-1 APEST ATM (Mcl-
1) we recorded 'H-'""N SOFAST HMQC spectra of isolated '>N-labeled Mcl-1 and in pres-
ence of increasing concentrations of the molecule until the solubility limit (250 uM, 4.5 eq.).
At maximum concentration of ligand, the protein was not fully saturated (Fig. 5.18 A). Along
the titration, spectral perturbations were clearly visible through progressive shifts of several
resonances, predominantly in intermediate exchange regime (Fig. 5.18 B, C). After each
ligand increment, several hours were necessary to reach an apparent system equilibrium.
Despite heterogeneity in perturbations regime we could estimate that most of Mcl-1 (60-70%)
was bound to Na-1-115-7 at maximum ligand concentration (250 uM). Considering that
the protein concentration (50 uM), this corresponds to a dissociation constant of ~ 100 uM

describing a medium affinity interaction. Then we have computed 'H-!>N chemical shifts per-
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Fig. 5.18 Na-1-115-7 binds to human Mcl-1 with medium affinity. (A) Overlay of 'H-'N SO-
FAST HMQC spectra from isolated Mcl-1 (50 uM) (black) and in presence of Na-1-115-7 (4.5 eq.)
(red). A close-up view of the central region is shown (right). (B) Overlay of SOFAST 'H-'NN
HMQC spectra from isolated Mcl-1 (50 uM) (black) and in presence of increasing concentrations
of Na-1-115-7 (blue, green, red). A close-up view of residues experiencing spectral perturbations is
shown (right). Experiments were recorded at 950 MHz and 25 °C in the following buffer: 20 mM
NaPO4 pH 7.4, 50 mM NaCl, 2 uyM EDTA, 2 mM TCEP, 0.005% pluronic acid, 3.5% DMSO, and 5%
D,0 /95 % H,0.

turbations between "H-'"N spectra from isolated Mcl-1 and in presence of ligand. Residues
located in helical regions (x, &, and «3) forming the BH3-binding groove of the protein
were predominantly affected upon ligand addition. This indicates that Na-1-115-7 and BH3

motifs do share a common binding pocket in the protein. Notably, no residue from helix
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Fig. 5.19 Mapping of Na-1-115-7 binding site on Mcl-1 (A) Combined 'H-'SN chemical shift
perturbations calculated between isolated Mcl-1 (50 uM) and in presence of Na-1-115-7 (4.5 eq.). (B)
Mapping of combined 'H-'>N chemical shift perturbations (red > 0.08, 0.08 > orange > 0.05, grey <
0.005) on Mcl-1 structure. Residues for which no data are available are highlighted (black).

o was affected above threshold as reported for BH3-motifs, consistently since helix o is
located at the opposite of the BH3 binding groove.

Ligands targeting Mcl-1 including Na-1-115-7 were originally developed using mouse Mcl-1
APEST ATM (mMcl-1) since it was the only model available for decades, despite striking
differences [264] in the BH3-binding groove organization between both orthologous human
and mouse proteins. To bridge past development of Na-1-115-7 to the current circumstances
and to experimentally validate the importance of using a human protein, binding experiments
were repeated using the mouse 15N Mcl-1 APEST ATM (mMcl-1) (Fig. 5.22). Results have
shown that mMcl-1 is saturated at equivalence (1-1.25 eq.) with an estimated affinity rather
high (K4 < 1 uM) for Na-1-115-7 complex formation with mMcl-1 compared to human
Mcl-1. This confirms that human and murine sequence have distinct binding properties,
probably due to the divergence in the width of the BH3 binding groove [264], the murine
protein having 100 higher affinity for Na-1-115-7 than the human counterpart. Consistently,
spectral perturbations were visible through slow and, marginally, intermediate exchange

shifts on the protein spectrum and also located on the BH3 binding site.

5.3.3.2 [Evaluation of Na-1-115-7 binding to Bcl-xLL

Na-1-115-7 was designed for Mcl-1 selectivity compared to Bcl-xL protein based on the
fluorescence competition experiment. Our collaborators F. Roussi (ICSN, CNRS/Université
Paris-Saclay) used a binding assay of ligands on pre-formed complexes Mcl-1/Bakgys and
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Fig. 5.20 Na-1-115-7 binds to human Mecl-1 with low affinity. (A) Overlay of 'H-'>'N SOFAST
HMQC spectra from isolated Bcl-xL (50 uM) (black) and in presence of Na-1-115-7 (1.5 eq.) (blue),
(3 eq.) (red). A close-up view of selected crosspeaks is shown (right). Experiments were recorded
at 950 MHz and 25 °C in the following buffer: 20 mM NaPO,4 pH 7.4, 50 mM NaCl, 2 uM EDTA,
2 mM TCEP, 0.005% pluronic acid, 3.5% DMSO, and 5% D,0O /95 % H,0.
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Fig. 5.21 Mapping of Na-1-115-7 binding site on Bcl-xL. (A) Combined 'H-'>N chemical shift
perturbations calculated between isolated Bcl-xL (50 uM) and in presence of Na-1-115-7 (4.5 eq.).
(B) Mapping of largest combined 'H-'SN chemical shift perturbations (red > 0.02, 0.02 > orange >
0.015) on Bcl-xL structure. Residues for which no data are available are highlighted (black).
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Bcl-xL/Baxpys, originally with the murine Mcl-1. Since Bcl-2 family proteins undergo
structure changes upon complex formation, it is unclear how the ligands could be selective of
Mcl-1 compared to Bcl-xL in the context of both human, free proteins. Thus we first wanted
to test if the ligand Nal-115-7 could still bind to human Bcl-xL A45-84 ATM (Bcl-xL).
Binding was tested by recording successive 'H-!9N spectra of isolated !’N-labeled Bcl-xL
and upon addition of ligand (3 eq.) (Fig. 5.20). Along the titration, spectral perturbations
were modest but still visible through small but progressive shifts of several resonances
(10-15), predominantly in rapid exchange regime. However, for a very limited number of
residues (< 5), intermediate and slow exchange regime shifts could be observed. Bcl-xLL
was far (< 50%) from being saturated at the maximum concentration of ligand (150 uM)
since the rapid exchange shifts are linear regarding the concentration of ligand along the
whole titration. Spectral perturbations were of small amplitude but sufficient to compute
'H->N chemical shifts perturbations (Fig. 5.21) upon ligand addition. In Bcl-xL, several
residues from the BH3-binding groove of the protein (x3, &4 and «5) were affected upon
ligand addition. Overall we conclude that Na-1-115-7 binds to Bcl-xL in the BH3-binding
groove of the protein with rather low affinity (Kd > 150 uM).

5.3.3.3 Na-1-115-7 selectivity at Mcl-1 compared to Bcl-xL

In order to test if Na-1-115-7 also binds the BH3 binding groove of murine Mcl-1 (mMcl-1),
we recorded 'H-1>N SOFAST HMQC spectra of the free protein and upon saturation by the
ligand (1.25 eq.) (Fig. 5.22). Major spectral changes are observed between both conditions.
First, numerous signals disappeared upon addition of the ligand. Second, an important
number of new peaks are observed within the bound mMcl-1 state. Signal broadening
was also seen. Overall, these slow and intermediate exchange spectral perturbations are in
agreement with a medium-strong (K4 ~ 1 uM) binding affinity of the ligand for mMcl-1.

To assess the relative affinity of murine Mcll (mMcl-1) and human Bcl-xL for Nal-115-7,
a competition experiment was done. Overlay of isolated mMcl-1 and bound to Nal-115-7
is shown (Fig. 8) as well as an overlay of mMcl-1 bound to Na-1-117-7 in absence and in
presence of 3 eq. Bcl-xL A45-84 ATM (Bcl-xL). Spectral differences were very important
between free and bound mMcl-1, as described before. When comparing both mMcl-1
bound spectra in absence and in presence of Bcl-xL, minor changes were observed. Several
crosspeaks with low intensity disappeared upon Bcl-xL addition and very small shifts were
observed for several resonances. Such minor spectral changes were not significant compared
to the major changes observed between free and bound Mcl-1. Considering that we added 3
eq. of Bcl-xL, we can say that mMcl-1 has a much greater affinity for Nal-115-7 than Bcl-xL.
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Fig. 5.22 Comparison of free mMcl-1 and bound to Na-1-115-7. Overlay of 'H-'>N SOFAST
HMOQC spectra from isolated mouse Mcl-1 (50 uM) (black) and in presence of Na-1-115-7 (4.5 eq.)
(red). Experiments were recorded at 800 MHz and 25 °C in the following buffer: 20 mM NaPOq4
pH 7.4, 50 mM NaCl, 2 uM EDTA, 0.005% pluronic acid, 3.5% DMSO, 2 mM TCEP in 95 % H,0 /

5 % D,0.

We can estimate a K difference if we consider that less than 5 % of mMcl-1 is displaced

from the ligand upon Bcl-xL addition. By doing the hypothesis we can deduce that the Kq4
of Nal-115-7 for mMcl-1 is at least 50 times lower than for Bcl-xL. Overall, Nal-115-7
appears to be mMcl-1 selective. This result will complement other results in an article.
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5.4 Discussion

Sertraline and other ligands at TCTP protein

Sertraline is a well-known TCTP inhibitor used to target AML. First clinical trials carried
out under mono-therapy and led to promising results despite adverse side effect on CNS at
the dose used, mainly due to its main usage as a SSRI. The current strategy is a bi-therapy
combining cytarabine (Ara-C) with low dose of sertraline to recover apoptosis in cancer cells,
under clinical phase I evaluation. Despite these very promising clinical results, the detection
of molecular interaction between TCTP and sertraline is limited to SPR technique. By NMR,
we revealed that sertraline did not bind TCTP with micromolar affinity as reported in the
SPR assay (34 uM). SPR is based on crosslinking reactions between a protein and a sensor
chip. This can impact protein structure and SPR was often reported to induce a high level
of false positive. By contrast, solution-state NMR ensures optimal conservation of relevant
protein structure and dynamics. Nevertheless one cannot rule out the hypothesis that SPR
captured the sertraline-induced TCTP aggregation. This further strengthened the idea that

one needs to validate molecular interaction by multiple techniques.

The very low, if any, affinity of sertraline to TCTP (> mM) detected under our conditions
and leading to protein aggregation questions the molecular target of sertraline in cells. This
also questions if the native well-folded TCTP state is the actual state in cells, which would
be inconsistent with being the main component of sertraline effect. Interestingly, sertraline
decreased the melting temperature of TCTP, suggesting that it stabilizes a folding intermediate
on the aggregation route. Also, ligands were shown to induce the formation of disulfide
covalent TCTP-TCTP dimers, questioning the relevance of this for biological systems. The
destabilizing effect of sertraline on TCTP might also be linked to the decrease in protein
levels observed under treatment, with increase in p53 levels and recovery of apoptosis. Thus,
the mode of action of sertraline can be linked to cellular turnover of TCTP rather than
direct inhibition of protein-protein interaction. Indeed, a simple model whereby sertraline
interacts with a protein to perturb its molecular network does not imply a change in the
protein level. Nothing occurs in vitro at less than 100 uM sertraline. So another very probable
mechanism, consistent with the low dosage at which sertraline has effects on cells (<10uM)
is that sertraline does not touch TCTP directly but controlled TCTP levels through mTOR
pathway
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TCTP and MDM2 N-terminal domain

The overall preliminary study carried out on TCTP/MDM?2 show strong similarities with the
previous TCTP interaction with Mcl-1 and Bcl-xL. Slow kinetics and both dynamics and
conformational change in TCTP suggest that the protein undergoes a significant remodeling
upon interaction with MDM2. This firmly indicates that TCTP/MDM2 interaction is not a
simple complex bringing two rigid-body in proximity and undoubtedly, the proposed model
is likely not correct. Further work will be needed to characterize the competent structural
isoform of TCTP when bound to MDM?2, and how this is similar or dissimilar to TCTP* and
where the binding interface is located.

However, our preliminary work contradicts SPR experiments reported by our collaborators A.
Telerman and R. Amson (IGR, CNRS/Université Paris-Saclay) since they could not detect en
interaction between TCTP and MDM2 N-terminal domain (1-134) but they rather proposed
that the C-terminal or central MDM2 domain could bind TCTP protein with a K4 of 370 nM
and 290 nM, respectively. This difference finally makes no naive surprise since we already
reported striking differences in binding studies with sertraline and other ligands when using
TCTP in solution or immobilized on the SPR chip by covalent cross-linking. Thus, we think
that SPR should not be used if one wants to study the interaction between MDM?2 and TCTP
from its native structure (2HR9Y). Indeed, it is likely that the protein structure a strikingly

different between both solution and immobilized states.

Interplay between TCTP, YB-1 and RNA

We validated the direct interaction between TCTP and YB-1 and have shown that TCTP
does not interact with RNAs extracted from yeast. TCTP and YB-1 likely form soluble
oligomer upon complex formation. The C-terminal IDR in YB-1 was responsible for greater
affinity for complex formation with TCTP. It is interesting to note that the YB-1 C-terminal
IDR has crucial role in the binding affinity with TCTP since it is also important to allow
high affinity association with RNA. Indeed, the CSD itself has significantly lower affinity
for RNA which illustrates the importance of the YB-1 C-terminal IDR in mediating high
affinity interactions. In presence of RNA, the TCTP/YB-1 complex dissociated but the
TCTP protein was found to still transiently and weakly interact with YB-1 in YB-1/RNA
complexes. The binding mode was rather different compared to TCTP/YB-1 complex but we
surprisingly recovered a spectral pattern that resemble to TCTP bound to YB-1 construct
truncated for the C-terminal IDR. Thus, this might be the interface with the CSD domain of
YB-1. Consequently, we can expect TCTP to bind YB-1 at either YB-1 CSD or C-terminal
IDR, with the latter interface likely broken upon RNA addition. It is clear that the interaction
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between TCTP and YB-1 N-terminal fragment (1-180, A/P rich domain and CSD) does not
induce major modifications of TCTP structure, dynamics and oligomeric state. However,
we do not know how the C-terminal YB-1 IDR since TCTP could induce oligomerization
upon complex formation with YB-1. In any case, the RNA sequences and TCTP definitely
interfere at YB-1 protein and its possible that RNA could regulate TCTP/YB-1 association
or the opposite, which could make TCTP as also involved in RNA fate. To demonstrate such

hypothesis, our preliminary work should be extended further.

Although the in vitro data were promising, the group of our collaborator D. Pastré tried to
reproduce the interaction between TCTP and YB1 in HeLa cells but failed (same cells as in
the original paper). Therefore whether this interaction is biologically relevant is not clear yet,

and the in vitro interaction could be facilitated by the low salt concentration.



Chapter 6
General discussion

In the first chapter of the manuscript, we introduced the tumor reversion program and the
associated TCTP protein in term of structure, function and interaction in the context of
apoptosis and beyond (Sec. 1). All the methods we used to study structure and dynamics of
TCTP interactome were presented in the second chapter with practical considerations and
brief theoretical description, with a more extensive focus on NMR (Sec. 2). In the first part of
results, we demonstrated that TCTP can adapt different tertiary and quaternary organization
upon IDR modification or non-covalent dimer formation and we also unveiled TCTP*, a
molten-globule state of the protein (Sec. 3). In the second part of results we characterized
TCTP complex with Bcl-2 family proteins Bel-xL/Mcl-1 and we established the molten-
globule nature for TCTP structure in the complexes. We mapped binding interfaces of TCTP
and BH3-derived peptides on Bcl-xL/Mcl-1 proteins and we identified discriminant of the
BH3-like motif compared to the canonical BH3 sequence in term of structure and dynamics
at the molecular interface with Mcl-1 (Sec. 4). In the last part of results, we identified
TCTP complex with YB-1, YB-1/RNA and we confirmed that TCTP associates with MDM?2
N-terminal domain but we could not reproduce the TCTP/sertraline interaction reported by
SPR (Ky = 34 uM). Regarding ligands, we could still map binding sites of Mcl-1 selective
molecules at Bcl-xL/Mcl-1 and confirmed the Mcl-1 selective nature of the drugs compared
to Bel-xL (Sec. 5).

As general discussion topics, we first extend the description of the molten-globule state and
discuss the putative impact for TCTP function (Sec. 6.1). Then we propose a functional
model that explains, from our structural work, the mechanistic basis for the TCTP-induced
reinforcement of the antiapoptotic properties of Bcl-xLL and Mcl-1 (Sec. 6.2). Finally, we
compare BH3-like and canonical BH3 sequences in term of binding mode specificity and
nature, and discuss the particular role of the BH3-like TCTP protein (Sec. 6.3).
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6.1 Molten-globule states
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Fig. 6.1 Energetic model for the molten-globule state. (A) Energy diagrams representing a two-
step folding pathway (top) and including a molten-globule intermediate (bottom). Upon variation of
environmental conditions, relative energy levels between protein states can evolve (grey) and possibly
balance the thermodynamic equilibrium toward the molten-globule state. The energy of activation
between native and molten-globule state is annotated (TS). (B) Model for the molten-globule. From
a native protein a limiting step with high energetic cost (T'S’) convert into a dry molten-globule.
The folding intermediate could easily convert into wet molten-globule upon water insertion in the
hydrophobic core of the protein. Equilibrium with the unfolded form of the protein is likely to happen.

In the history, protein folding was first theorized as an univocal path in which a single unfolded
amino-acids chain adopts a single and unique tridimensional structure, which represents the
global minimum in the free energy diagram of the protein [268-270] (Fig. 6.1). Over time,
accumulating evidences of additional structural states for a single protein were gained mainly
through improvements in solution-structure determination by NMR, thus challenging the
dominant model of protein folding. The description of stable folding intermediates, such
as the Molten-Globule (MG) state [257], irreversibly triggered a shift of the dogma in that
multivocal sequence-structure relationship can also drive protein folding and be the physical
basis for molten-globule states and metamorphic proteins [271]. These alternative states
were demonstrated to be functionally important in a wide range of cellular processes and
are commonly found in proteins having a large interactome, like TCTP, to adapt with their

partners.

We have compiled experimental results on TCTP structure in TCTP* and bound state to
Bcl-2 family partners Bel-xL and Mcl-1. Since the literature reports structures of MG from
many different proteins we could compare and establish that TCTP* and bound TCTP have a
molten-globule organization in the core domain. In general, MG state of a protein is weakly
populated at neutral pH and medium salt concentration, as in this case. We used urea and
pressure to balance the energy levels of both native and MG state [272-274], thus allowing
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for the formation of an equilibrium MG. One of the most important features of the MG
state is the similarity of the compactness compared to the native state. In term of secondary
structure, it is often accepted that the MG retains a far-UV CD spectrum as pronounced as in
the native protein as we observed between native TCTP and bound or TCTP* states [275]. In
contrast, the near-UV spectrum of the MG state differ substantially and is strongly reduced
compared to the native one suggesting the absence of a rigid tertiary structure organization,
consistently with our observations. By NMR, people have demonstrated that MG have much
simpler spectra resembling to those of unfolded proteins [276—279] due tertiary structure

fluctuation with similar appearance compared to our data.

The MG can be Dry (DMG) or Wet (WMG) in that it disallows or allows for water to insert
inside the hydrophobic core of the protein [280, 281] (Fig. 6.1 B). The increase in large-scale
fluctuation can lead to a substantial increase in MG susceptibility to proteases [282] and
we could also detect such effect in bound TCTP with Mcl-1 protein. Similarly, the WMG
should expose more hydrophobic surface to solvent, thus allowing for binding of hydrophobic
ligands. Such principle was used with the ANS probe which strongly binds to WMG leading
to a large increase in the fluorescence properties of the probe [283]. We could confirm using
this test that the bound TCTP state and TCTP* have wet molten-globule core domains.

Interestingly, the MG can present stronger affinity for membranes [282] as shown with
liposomes [284] or phospholipids [285] which can be important in case of membrane-
inserting proteins as suggested for TCTP. Indeed, it was proposed that the MG state could be
involved in the translocation of proteins across membranes [286]. In line with TCTP/Bcl-
xL/Bax, such membrane insertion could be facilitated by the molten-globule state of the
protein. As a general property the MG state of proteins tend to aggregate as recently
illustrated by the MG state of pS3 protein [287]. We also demonstrated that TCTP* and the
bound protein tend to precipitate at lower concentration and temperature compared to the
native protein. The existence of the MG state in vivo has also been demonstrated in several
studies [274], making relevant to study this particular TCTP state. Considering that MG state
have more labile tertiary structures and are more prone to degradation by proteases and the
ubiquitin-proteasome system, this would mean that upon interaction with Bcl-xLL or Mcl-1
the MG nature of TCTP could lead to increased TCTP degradation in cells, unless some

specific mechanisms protect TCTP from degradation.
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6.2 TCTP in complex with Bcl-xL and Mcl-1: functional
hypothesis

BH3-like
TCTP

Bcel-xL

MOM

Survival

Fig. 6.2 Impact of the BH3-like TCTP on MOMP via Bcl-xL and Mcl-1. In presence of TCTP,
pro-survival signaling through Bcl-xL. and Mcl-1 inhibits MOMP, cytochrome c release and thus
apoptosis which contributes to cancer cells maintenance and progression. By interacting with Bcl-xL,
the BH3-like protein TCTP promotes Bcl-xL/Bax interaction even though both TCTP and Bax share
the same binding pocket on Bcl-xL. TCTP and Bax have potentiating and inhibiting impact on Bel-xL,
respectively. An hypothesis is that TCTP binds nor induces Bcl-xL dimers to expose a modified
BH3-binding groove of greater affinity for Bax. Alternatively, TCTP could prepare Bcl-xL for binding
to Bax with greater affinity. Complementary, TCTP inhibits ubiquitinylation and proteasome-mediated
degradation of Mcl-1. It is possible that TCTP competes with the E3 ubiquitine ligase Mule for
binding to the protein. This could also be mediated by binding interference with other E3 ubiquitine
ligase, even though Mule was reported to be necessary for proteasome-mediated degradation of Mcl-1.

We have shown that TCTP complex with Mcl-1 are smaller in size compared to TCTP
complex with Bel-xL. Using SEC, DLS and !’N-spin relaxation plus DOSY experiments
we could estimate that TCTP/Mcl-1 and TCTP/Bcl-xL were predominantly forming stable
heterodimers and heterotetramers with equimolar ratios. An underlying equilibrium in
both complexes with higher n-mers was suggested from our failure to establish reliable
complex stoichiometry in MALS and SAXS, despite prior separation by SEC. Interestingly,
cytosolic Bcl-xL dimers were described to be dissociated upon ligand binding and membrane
insertion [83]. This was also observed with other Bcl-2 family proteins [288]. The fact that
ligand binding dissociates Bcl-xL dimers means that BH3 ligands can tune the monomer-
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dimer equilibrium in Bcl-xL. In consequence, the BH3 binding groove from Bcl-xL. monomer
is promoted. By opposite, we showed that TCTP did stabilize Bcl-xL dimers, consistently
with reports indicating that TCTP preferentially binds the Bcl-xL. dimer [111], thus likely
shifting the equilibrium toward complete Bcl-xL dimerization. TCTP promotes the BH3
binding groove from Bcl-xLL dimer, with possibly different binding properties toward Bax
or other BH3 ligands. However, we do not know the consequence of such observations
regarding TCTP and Bcl-xL oligomeric state in the context of the cytosolic or membrane
environment. Still, we can propose a model to explain how TCTP potentiates Bcl-xL and
strengthens Bcl-xL/Bax interaction. By stabilizing Bcl-xL dimer, TCTP promotes a specific
binding interface since the BH3-binding groove organization slightly differs between Bcl-
xL monomer and dimer. We showed that TCTP/Bcl-xL. complex still has heterogeneous
stoichiometry and thus, we expect Bcl-xL dimers to bind one or two TCTP units, leaving
the opportunity for Bax to compete for binding to the dimer state of Bcl-xL, as a putative
mechanism to explain membrane permeabilization assays [111]. This interplay would be
more likely to occur in cytosolic complexes since membrane insertion usually competes
with Bcl-xL oligomerization. Also, TCTP levels can be very high (500 uM) in the cytosolic
fraction of cancer cells.

The study of the heterodimeric TCTP/Mcl-1 complex permitted to unveil the binding site
of TCTP on Mcl-1 and this was located to the BH3 binding groove, at the opposite of the
ubiquitinylation sites K194 and K197. The E3 ubiquitin ligase Mule was reported to be
required for the poly-ubiquitinylation [85] and proteasome-dependent degradation of Mcl-1.
The protein includes a BH3 motif that specifically interacts with Mcl-1 but not with Bcl-2,
Bcl-xL or Bax. Interestingly, Bcl-2 family proteins can modulate the interaction between
Mcl-1 and Mule. Phosphorylations in the PEST domain also serve to tune the association.
Conceptually, it is interesting to note that BH3-only proteins such as Bim, Puma and Noxa
were shown to inhibit [289, 290] and promote [291, 292] proteasome-dependent degradation
of Mcl-1, respectively, in a Mule dependent manner [293]. Other things being equal, this
means that the activity of Bim and Puma is a mix with an antiapoptotic fraction at Mcl-1
protein with functional significance regarding Mule activity. Compared to canonical BH3-
only proteins, the Mulegys peptide was reported to have very low binding affinity for Mcl-1,
as for TCTPgy3. Thus, TCTP and Mule could possibly compete to bind the BH3 binding
groove of Mcl-1, as possible basis for explaining how TCTP contributes in reducing the
ubiquitinylation of the protein. This should be further tested in membrane environment
with more native protein constructs since we showed that Mulegys has significantly greater
affinity for Mcl-1 than TCTPgy3 using a soluble truncate of Mcl-1 protein, contradicting
this hypothesis. TCTP is also likely to be present at higher concentrations in cancer cells
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compared to the massive Mule E3 ubiquitin ligase (481 kDa, 4374 residues), which could
still allow TCTP to protect Mcl-1 from Mule. Also, one cannot exclude that the stabilization
of Mcl-1 by TCTP can be explained by Mule-dependent but BH3-independent mechanisms
or by Mule-independent degradation.

6.3 Toward a representative definition for all natural BH3

motifs
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Fig. 6.3 Primary sequence alignment of BH3 motifs from BH3-only proteins. All sequences
were retrieved from the uniprot ID present in BCL2DB [66] for the corresponding proteins. Low
(blue) to high (red) sequence entropy for similar residues are shown.

BH3 and BH3-like sequences are predominantly proapoptotic, as reported for 92 % (3/37)
of the human proteins containing the sequences that we compiled from BCL2DB [66].
Canonical BH3 sequences were first identified in BH3-only proteins [294]. Over a 12
residues stretch, the consensus sequence was established as the h1-X, 4-h2-Xg.7-h3-Xg_11-h4



6.3 Toward a representative definition for all natural BH3 motifs 267

- L GD
g MILE QEVGQLLQDMGDDVYQ
T RADISA G KA VHSLSRIGDELYL
= chivP5 DDLEAELDALGDELLA
2 BOP WLLDRFLAQLGDYMSF
S ATGl2 KK I DILLKAVGDTPI M
S SEC20 NLEKAELLQGGDLLRK
ERBB4 RDPQRYLVIQGDDRMK
o | APOL6 GNI DKKLRALADDI DK
S |Bws KEVESILKKNSDWI WD |
S | Aot EDNIRRLRALADGVAQK]|E
S|BNMiL EKEVEALKKSADWVSD|&
| ® |erBB2 EDPTVPLPSETDGYVA|[SE
£ clus NPSQAKLRRELDESLAQ |
$ sPHk2 HEVLNGLLDRPDWEEA |D
@ apol2 EDHIRKLRALAEEVEQ ]S
o HEBP2 LTLASI LREDGKVEFEDE]|®
TeM2 DVNPKFLKNAGRDCSR
AMRA S TSRGLLPEAGQLAER
O
Z|AEN TDFSVLLSSAGDSFSQ
S |tetP FSDIYKIREIADGLCL
S 1AaR SILWSALKQKAESLAQI
“ EcM ENLSRRLKVTGDLEFD I

Fig. 6.4 Primary sequence alignment of BH3 motifs in BH3-like proteins. All sequences were
retrieved from the uniprot ID present in BCL2DB [66] for the corresponding proteins. Low (blue) to
high (red) sequence entropy for similar residues are shown.

with h hydrophobic residue in the canonical BH3 sequence. Notably, less identity variation
is observed at h2 position, with a leucine residue for 95 % of the canonical BH3 motifs in
BH3-only proteins. By comparison, no amino-acid identity above 50 % can be found at

any of h1, h3 or h4 positions. However, BH3-like proteins were reported to have BH3-like
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sequences that could not be described reliably using this description but are still active at
Bcl-2 family proteins. This is not surprising considering that the definition of a canonical
BH3 motif was first established regarding the pool of BH3-only proteins and evolutionary
unrelated Bcl-2 family proteins known at this time, which represents less than a third of
known BH3-containing proteins (Bcl-2 family, BH3-only and BH3-like proteins). Most
importantly, the problem in giving a consensus sequence that only corresponds to a limited
ensemble of BH3 motifs is that we can not properly apply algorithms to search and detected
new BH3-containing proteins in databases. In consequence, it is of interest to unify all
natural canonical and BH3-like motifs under the same description to permit the identification

of more regulators of Bcl-2 family proteins and beyond.

Thus, the BH3 motif consensus was re-established to include only 3 more conserved residues
embedded in a 6-residues stretch L-X, 4-G-D, with X any amino-acid between position
2-4 [93]. In the set of sequences we report, strict residue conservation is above 50 % at all
three L (95 %), G (65 %) and D (87 %) positions whereas residues G/D were not included in
the before-mentioned h1-h4 consensus, even though they are largely more conserved than
any residue in hl, h3 or h4 positions. The BH3-like sequence in TCTP protein is unique in
that it has not leucine residue (5 % of sequences) and no conservation of glycine (35 % of
sequences) compared to L-X, 4-G-D consensus sequence. D16 residue is found in position
h1 were we normally expect a hydrophobic residue considering the former h1-h4 consensus
sequence. Strengthening TCTP sequence-function relationship, the BH3-like sequence of
TCTP inhibits apoptosis (8 % of sequences/proteins) rather than promoting it for the vast
majority of other BH3-only and BH3-like proteins.

Whereas Apolipoprotein L2 (ApoL2) has a BH3-like motif with unclear function in cells
regarding apoptosis regulation [295], only two BH3-containing proteins were found to be
antiapoptotic along with TCTP, namely the BH3-like proteins Cell death regulator Aven
(AVEN) and Ataxia Telangiectasia and Rad3 related (ATR). The sequence of the BH3 motif
in AVEN is canonical and includes all four hydrophobic residues h1-h4. It also respects the
extended L-X;_4-G-D consensus and the protein stabilizes Bcl-xL upon interaction [296]. As
for TCTP protein, AVEN also exhibits cell cycle regulatory function and is involved in DNA
repair. Despite being evolutionary and structurally unrelated to Bcl-2 family proteins, the
ATR protein contains a BH3-like sequence that enables association with Bid protein following
DNA damage, preventing from Bid-mediated activation of Bax and thus pore formation and
cytochrome c release [297]. So far it was not reported that TCTP either interacts or not with
Bid proteins, but the implication of TCTP in DNA repair was described in several studies.
Among the three TCTP, AVEN and ATR primary sequences in the BH3 segment, we observe
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variability at a degree not allowing to propose consensus for antiapoptotic BH3 sequences.
Comparing the BH3-like sequence from TCTP to all other reported from BH3-containing
protein did also fail to identify unambiguous discriminant apart from those already discussed.

As a supplementary difficulty to predict the BH3 motifs and their function at regulating Bcl-2
family proteins, the L-X, 4-G-D consensus sequence still degenerates for a significant part
of the BH3 sequences, yielding the L-X;,_4-[G/A]-D which finally suggest no significant
primary sequence conservation within the BH3 motifs and makes difficult to reliably detect
the motif in databases of genes of proteins since it is too permissive and promotes false
positive at great extent [93]. It can also promote false negative, since TCTP is the only
BH3-containing protein with Bcl-w that has no leucine in first position of L-X, 4-[G/A]-D
with an isoleucine and methionine, respectively. Consequently, the current nomenclature
seems to be meaningless regarding the shortness of the consensus and the high divergence

between experimentally established BH3-containing proteins.

Interestingly, it was proposed that the BH3 motif could be a Short Linear Motif (SLIM) [298].
They are generally stretches of 10-12 residues with three to five hot-spots that have a critical
role to bind their target. Other SLIM include the ER-retention sequence K-D-E-L, the
L-X,3-L-L motifs that binds to transcription regulators, and others having similar sequence
degeneration and organization compared to BH3 motifs. Moreover, same SLIM sequences
can be found in very heterogeneous proteins in terms of size, cellular localization and main
documented function. The BH3 motifs also correspond to these features since they can be
found at the mitochondrial membrane and cytosol (Bcl-2 family proteins, BH3-only proteins)
but also in the cell membrane as for the BH3-like ERBB2 protein. BH3-containing proteins
can be as little as Noxa (54 amino-acids) and as big as Mule (4374 amino-acids). To add
diversity in the topology of BH3-containing proteins, some were ported to have more than one
BH3 motif in their primary sequence (Noxa/Bid). However, despite this very high variability
in all features that could define a protein in the context of the cell, all these BH3-containing
proteins bind to the same targets family, namely the Bcl-2 family proteins. Which is also
a characteristic of SLIM which have in general common targets despite displaying strong
variations in sequences that compose a given SLIM [93]. However the BH3 motif would still
be an unusual SLIM since it is found in both unstructured and structured proteins whereas

SLIM are generally included in loops and exposed to solvent to readily interact with partners.

The trick in redefining the BH3 motif [93] as a SLIM is that we do not need primary sequence
elements to define it. The definition lies on functional and thermodynamic definition elements
such as structure, binding affinity, activity at the Bcl-2 family proteins etc. Having a set

of rules that represents well the diversity of BH3 motifs can still be used to screen and
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to filter candidate sequences for new BH3-containing protein. The TCTP protein and its
BH3-like motif is very well described using this definition, as well as the vast majority of
other documented BH3-containing sequences and corresponding proteins. This without the
need of any specific sequence description. Since this semantic chaos originating from a non-
reasonable classification 30 years ago is still running up to day, with evident consequences at
slowing down BH3-related research, we can wonder why sticking to this "classical" definition
that should definitely be overridden to accept the evidence: functional motifs in proteins do
not need a consensus sequence to be described and the BH3 SLIM motif is a good example.
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Number Construct Strain ~ Plasmid  AntibioR Tag Cleavage Origin

1 Mcl-1 APESTATM  DH5a  pETI15b Amp His-MBP PreScission L. Carlier (UPMC)
2 T7 RNAp P226L DH5cc  Unknown Amp His Unknown S. Campagne (ETHZ)
3 TCTP BH3 DH50 pRSET-A Amp His-GST  Enterokinase-Prescission F. Malard (ICSN)
4 pGEX-6P1 DNA DH5x pGEX-6P1 Amp - - C. Sizun (ICSN)
5 TCTP C27W DH5x pETM-11 Kan His TEV F. Malard (ICSN)
6 TCTP C27R DH5ax pETM-11 Kan His TEV F. Malard (ICSN)
7 TCTP A1-10 DH5x pETM-11 Kan His TEV N. Assrir (ICSN)
8 TCTP FL DH5x pETM-11 Kan His TEV N. Assrir (ICSN)
9 Bcel-xL A45-84ATM  DH5a  pETM-11 Kan His TEV F. Malard (ICSN)
10 Bcel-xL A27-82ATM  DH5«  pETM-11 Kan His TEV F. Malard (ICSN)

Table 1 Inventory of glycerol stocks from DNA storing strains. Antibiotics are diluted
from a 1000 X stock at use.

Number Construct Strain Plasmid AntibioR Tag Cleavage Origin Expressed Purified Comment
1 TCTPgu3 BL21 STAR pRSET-A Amp Hisg-GST  Enterokinase-Prescission  F. Malard (ICSN) YES YES Hisg-GST-TCTPgy3
2 TCTP C27TW BL21 STAR pETM-11 Kan His TEV F. Malard (ICSN) NO NO
3 TCTP C27R BL21 STAR  pETM-11 Kan His TEV F. Malard (ICSN) NO NO
P TCTP BL21 STAR pETM-11 Kan His TEV N. Assrir (ICSN) YES YES Nir G
5 TCTPAloop BL21 STAR pETM-11 Kan His TEV N. Assrir (ICSN) YES YES Nter G
6 Bcel-xL BL21 STAR  pETM-11 Kan His TEV N. Assrir (ICSN) YES NO Nier G
7 Bcel-xL ATM BL21 STAR pETM-11 Kan His TEV N. Assrir (ICSN) YES YES Nier G
8 TCTP AN10 BL21 STAR pETM-11 Kan His TEV N. Assrir (ICSN) NO NO
9 TCTP ATCTPI BL21 STAR  pETM-11 Kan His TEV N. Assrir (ICSN) YES YES Nier G
10 Bcel-xL A45-84ATM  BL21 STAR  pETM-11 Kan His TEV F. Malard (ICSN) YES YES Nier G
11 Bcl-xL A27-82ATM  BL21 STAR  pETM-11 Kan His TEV F. Malard (ICSN) YES YES Nier G
12 Mcl-1 APESTATM  BL21 Rosetta pET15b  Amp + Chlo His-MBP PreScission L. Carlier (UPMC) YES YES Nier GP
13 MDM?2 1-125 BL21 STAR pET28a Kan His Thrombine E. Jacquet (ICSN) YES YES Nier GSHMAS
14 TEV BL21 Rosetta Unknown Amp + Chlo His Unknown N. Assrir (ICSN) YES YES
15 PreScission SE1 Unknown Amp His Unknown L. Carlier (UPMC) YES YES

Table 2 Inventory of glycerol stocks from protein expression strains.

diluted from a 1000 X stock at use.

Antibiotics are
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Fig. 5 Examples of pulse-programs used in NMR experiments The zgesgp (top), >N SO-
FAST HMQC (middle) and BEST-TROSY HNCO (bottom) are presented. Pulse-sequences
are annotated in the Bruker notation system.
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Fig. 6 NMR structure of TCTP and electrostatic potential map. (A) Structural alignment
of the 20 NMR structures of TCTP protein [176] (pdb code: 2HR9). The protein segment
containing the loop region (38-66) is highlighted (red). (B) Positively (blue) and negatively
(red) charged residues on the surface of TCTP protein are highlighted.
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Fig. 7 The pH-dependent monomer-dimer equilibrium in TCTP. (A) Overlay of 'H-1°N
SOFAST HMQC spectra from TCTP upon acidification from alkaline (pH 8) (black) to lower
pH (pH 6.5) (orange). Spectra were scaled arbitrary. Residue F83 (top-left) shows the largest
perturbation upon dilution. Experiments were carried out at 950 MHz and 298 K in the
following buffer: 50 mM HEPES and variable pH, 150 mM NacCl, 2 mM TCEP in 95 % H,0
/'S5 % D,O0.
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Fig. 8 Impact of temperature transition on TCTP backbone residues. (A) Combined 'H-
ISN chemical shift perturbations and (B) Intensity ratios computed between 'H-!1SN planes
from TCTP (1 mM) at 308 K and 293 K. Disappearing (blue bar) or appearing (magenta bar)
residues are shown.
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Fig. 9 Evaluation of conformational changes under temperature gradient. Dependence
of 'H->N chemical shifts from TCTP residues toward temperature from 278 K to 313 K.
(A) "H chemical shift of residues G101 (top) and A127 (bottom) in function of the tempera-
ture. (B) '°N chemical shift of residues G101 (top) and A127 (bottom) in function of the
temperature. Error on 'H and !N chemical shift are highlighted (red dash). Experiments
were recorded at 800 MHz in the following buffer: 50 mM EPPS pH 8, 50 mM NaCl, 1 mM
TCEP in 95 % H,O /5 % D;0.
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Fig. 10 Impact of prolonged exposition of TCTP to high temperature. Overlay of 'H-
15N SOFAST HMQC spectra from TCTP (1 mM) before (black) and after (red) incubation
during 2 hours at 313 K. A close-up view of the amide side-chain of residue N42 is shown.
Experiments were recorded at 800 MHz at 308 K in the following buffer: 50 mM EPPS pH 8,
50 mM NaCl, I mM TCEP in 95 % H,O /5 % D;0.
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Fig. 11 Impact of low (1 M) concentration of urea on TCTP structure. (A) Overlay of
'H-1SN SOFAST HMQC spectra from TCTP in buffer (black) and supplemented with urea
(1 M) (red). (B) Mapping of disappearing residues (red) upon urea addition. Excluded
residues are highlighted (black). Experiments were recorded at 950 MHz and 298 K in the
following buffer: 50 mM EPPS, 50 mM NaCl, 2 mM TCEP in 95 % H,O /5 % D,0 and
urea (0-1 M).
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Fig. 12 Heterogeneity of TCTP/Bcl-xL. complex by SEC with TCTP variants. Normal-
ized SEC elution profiles from isolated (500 uM) TCTP FL (black), ATCTP1 (green) and
AIDR (blue). In (B), (C) and (D) SEC elution profiles from TCTP constructs (500 uM) with
an equimolar amount of Bcl-xL ATM. Samples were prepared in 50 mM EPPS pH 8, 50 mM
NaCl, 2 mM TCEP and all incubated 2 hrs at 37°C prior to SEC injection.
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Fig. 13 Heterogeneity of TCTP/Mcl-1 complex by SEC with TCTP variants. Normal-
ized SEC elution profiles from isolated (500 uM) TCTP FL (black), ATCTP1 (green) and
AIDR (blue). In (B), (C) and (D) SEC elution profiles from TCTP constructs (500 uM) with

an equimolar amount of Mcl-1. Samples were prepared in 50 mM EPPS pH 8, 50 mM NaCl,
2 mM TCEP and all incubated 2 hrs at 37°C prior to SEC injection.
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Fig. 14 Comparison of free Mcl-1 and in complex with TCTPgy3 or TCTPgy3pi6i-
Overlay of 'H-'>'N SOFAST HMQC from isolated Mcl-1 (100 uM) (black) and in complex
with TCTPgy3 (blue) or with TCTPpu3pi61 (yellow). Experiments were recorded at 950 MHz
and 308 K in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM NaCl, ] mM
TCEP in 95 % H,O /5 % D,O.



314

- Mcl-1
105— Mcl-1 + Mule,,, ¢
110 —
E 115—
(o} |
o _|
-.nZ —
© 120

125 —

B 0

s ] o
130 —  o° .

105 100 95 9.0 85 8.0 75 7.0 6.5
&'H (ppm)

Fig. 15 Comparison between free Mcl-1 and in complex with TCTPgy3 or Mulegys.
Overlay of 'H-'>N SOFAST HMQC spectra from isolated Mcl-1 (100 uM) (black) and in
complex with TCTPgy3 (blue) or with Mulegys (green). Experiments were recorded at
950 MHz and 308 K in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM
NaCl, 1 mM TCEP in 95 % H,O /5 % D,O.
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Fig. 16 Comparison between free Mcl-1 and in complex with TCTPgy3p;61 or Mulegys.
Overlay of 'H-'SN SOFAST HMQC spectra from isolated Mcl-1 (100 uM) (black) and in
complex with TCTPgyspier (yellow) or with Mulegys (green). Experiments were recorded
at 950 MHz and 308 K in the following buffer: 50 mM MES pH 6.5, 50 mM EPPS, 50 mM
NaCl, 1 mM TCEP in 95 % H,O /5 % D,0.
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pET-M11 TCTP FL in fusion with His6 tag

1 8
GATATACC
9
ATGAAACATCACCATCACCATCACCCCATGAGCGATTACGACATCCCCACTACTGAGAATC ATTTTCAG

8 GGCATGATTATCTACCGGGACCTCATCAGCCACGATGAGATGTTCTCCGACATCTACAAGATCCGGGAGATCGCGGACGG

GTTGTGCCTGGAGGTGGAGGGGAAGATGGTCAGTAGGACAGAAGGTAACATTGATGACTCGCTCATTGGTGGAAATGCCT
CCGCTGAAGGCCCCGAGGGCGAAGGTACCGAAAGCACAGTAATCACTGGTGTCGATATTGTCATGAACCATCACCTGCAG
GAAACAAGTTTCACAAAAGAAGCCTACAAGAAGTACATCAAAGATTACATGAAATCAATCAAAGGGAAACTTGAAGAACA
GAGACCAGAAAGAGTAAAACCTTTTATGACAGGGGCTGCAGAACAAATCAAGCACATCCTTGCTAATTTCAAAAACTACC
AGTTCTTTATTGGTGAAAACATGAATCCAGATGGCATGGTTGCTCTATTGGACTACCGTGAGGATGGTGTGACCCCATAT
597
ATGATTTTCTTTAAGGATGGTTTAGAAATGGAAAAAT
598
GITAAGACCCAGCTTTCTTGTACAAAGTGGTGATGTACCTCGA
GCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGC
AATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTG
GCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCC
AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAA
TCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCAC
GTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTC
CAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTT
AAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTC
GGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTA
GAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTT
TCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGT
CCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGA
ATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAAT
CACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAA
TTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTC
TTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCT
TGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCT
TTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATT
ATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTT
GAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACG
TGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAA
TCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCG
AAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAA
CTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTA
CCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGC
TTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAA
GGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATC
TTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGG
AAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC
CCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCG
AGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGG
TCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGA
CAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTA
AAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAA
GCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAA
GGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACA
TGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTC
AATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATA
ATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGT
CGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCC
GCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGC
TTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGA
CAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGA
GTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTG
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AAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCC
CGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTG
GGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTG
CAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGC
TGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCG
CCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAA
ACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAG
CCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGC
TCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAA
CGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGA
CGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTG
GCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAAC
GCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTT
CCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCA
TACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCAT
ACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAG
CCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCC
GGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGG
TGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATC
GAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATT
TTGATTTAACTTTAAGAAGGA

pET-M11 Bcl—xL FL in fusion with His6 tag

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTG
CCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTA
AATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC
ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGT

2 TCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGG

TTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTT
TCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCT
TAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCG
TTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTC
GTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACT

8 GAATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAA

ATCACTCGCATCAACCAAACCGTITATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGAC
AATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATAT
TCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATG
CTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTAC
CITTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACA
TTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCG
TTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAA
CGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT
AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTC
CGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAG
AACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCT
TACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCA
GCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGA
AAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA
TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTAT
GGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA
TCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTG
GGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACA
GACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGG
TAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAG
AAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGT

2 AAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAA

CATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGG
TCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACA
TAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAG
GTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACC
CCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCT
GCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGC
GACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTAC
GAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGT
TGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTAT
TGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGT
TGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGA
GCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTG
CGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGA
AAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCC
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AGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGAT
GCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAAT
AACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACT
GACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGC
TGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCA
ACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGC
TTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGG
CATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCC
ATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGC
AGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCC
CCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATC
GGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGA
TCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAA
TTTTGATTTAACTTTAAGAAGGAGATATACCATGAAACATCACCATCACCATCACCCCATGAGCGATTACGACATCCCCA
5152
CTACTGAGAATCTTTATTTTCAGGGCGCCATG
5153
TCTCAGAGCAACCGGGAGCTGGTGGTTGACTTTCTCTCCTACAAGCIT
TCOCCAGAAAGGATACAGCTGGAGTCAGTTTAGTGATGTGGAAGAGAACAGGACTGAGGCCCCAGAAGGGACTGAATCGGA
GATGGAGACCCCCAGTGCCATCAATGGCAACCCATCCTGGCACCTGGCAGACAGCCCCGCGGTGAATGGAGCCACTGGCC
ACAGCAGCAGTTTGGATGCCCGGGAGGTGATCCCCATGGCAGCAGTAAAGCAAGCGCTGAGGGAGGCAGGCGACGAGTTT
GAACTGCGGTACCGGCGGGCATTCAGTGACCTGACATCCCAGCTCCACATCACCCCAGGGACAGCATATCAGAGCTTTGA
ACAGGTAGTGAATGAACTCTTCCGGGATGGGGTAAACTGGGGTCGCATTGTGGCCTTTTTCTCCTTCGGCGGGGCACTGT
GCGTGGAAAGCGTAGACAAGGAGATGCAGGTATTGGTGAGTCGGATCGCAGCTTGGATGGCCACTTACCTGAATGACCAC
CTAGAGCCTTGGATCCAGGAGAACGGCGGCTGGGATACTTTTGTGGAACTCTATGGGAACAATGCAGCAGCCGAGAGCCG
AAAGGGCCAGGAACGCTTCAACCGCTGGTTCCTGACGGGCATGACTGTGGCCGGCGTGGTTCTGCTGGGCTCACTCTTCA
5852
GTCGGAAATGAC
5853
TCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCT
GCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGG
AACTATATCCGGAT

Coding sequence for human Mcl—1 in pETI15b

CCATGGGATCGTCGCATCATCATCATCATCACTCGGAAGAAGGTAAACTGGTCATTTGGATCAACGGCGATAAAGGCTACA
ACGGTCTGGCGGAAGTGGGCAAAAAATTCGAAAAAGATACCGGTATCAAAGTGACGGTTGAACATCCGGACAAACTGGAAG
AAAAATTTCCGCAGGTTGCCGCAACCGGTGATGGTCCGGACATTATCTTTTGGGCACACGATCGTTTTGGCGGTTATGCCC
AGTCCGGTCTGCTGGCCGAAATCACCCCGGATAAAGCCTTTCAAGACAAACTGTACCCGTTCACGTGGGATGCAGTCCGCT
ATAATGGTAAACTGATTGCTTACCCGATCGCCGTGGAAGCACTGTCTCTGATTTATAACAAAGATCTGCTGCCGAATCCGC
CGAAAACCTGGGAAGAAATCCCGGCGCTGGACAAAGAACTGAAAGCGAAAGGCAAAAGTGCCCTGATGTTTAACCTGCAGG
AACCGTATTTCACGTGGCCGCTGATTGCAGCTGATGGCGGTTATGCCTTCAAATACGAAAACGGCAAATACGATATCAAAG
ACGTCGGTGTGGATAACGCGGGCGCCAAAGCAGGTCTGACCTTTCTGGTGGACCTGATCAAAAACAAACACATGAACGCAG
ATACGGACTATTCTATCGCTGAAGCGGCCTTCAATAAAGGCGAAACCGCGATGACGATTAACGGTCCGTGGGCCTGGTCTA
ATATCGATACCAGTAAAGTTAACTACGGCGTTACCGTCCTGCCGACGTTTAAGGGTCAGCCGAGCAAACCGTTCGTGGGCG
TTCTGTCGGCCGGTATTAACGCAGCTAGCCCGAATAAAGAACTGGCAAAAGAATTTCTGGAAAATTATCTGCTGACCGATG
AAGGCCTGGAAGCGGTGAACAAAGACAAACCGCTGGGTGCTGTTGCGCTGAAAAGCTATGAAGAAGAACTGGCGAAAGATC
CGCGTATTGCGGCCACGATGGAAAATGCCCAGAAAGGCGAAATTATGCCGAACATCCCGCAAATGTCGGCTTTTTGGTATG
CGGTTCGTACGGCCGTCATCAATGCAGCTAGCGGTCGCCAGACCGTTGATGAAGCACTGAAAGACGCTCAAACGAACAGCT
CTAGTCTGGAAGTCCTGTTCCAGGGCCCGGATGAACTGTATCGCCAATCCCTGGAAATTATCTCACGTTACCTGCGCGAAC
AGGCTACCGGTGCGAAAGATACGAAACCGATGGGCCGTTCGGGTGCAACCAGCCGTAAAGCTCTGGAAACGCTGCGTCGCG
TGGGCGATGGTGTTCAGCGTAATCACGAAACCGCGTTTCAAGGCATGCTGCGCAAACTGGACATTAAAAACGAAGATGACG
TGAAATCCCTGTCACGTGTCATGATCCATGTGTTCTCCGATGGCGTTACCAATTGGGGTCGCATTGTCACGCTGATCTCAT
TTGGTGCCTTCGTTGCAAAACACCTGAAAACCATTAACCAAGAATCTTGCATCGAACCGCTGGCGGAAAGTATTACCGATG
TCCTGGTGCGTACGAAACGCGACTGGCTGGTGAAACAGCGTGGTTGGGACGGCTTTGTGGAATTCTTTCATGTGGAAGACC
TGGAAGGCGGCTGACATATG

Listing 1 DNA sequence of template plasmids and genes from TCTP, Bcl-xL. and Mcl-1

TCTP C27R

fw 5 -GGG TTG CGG CTG GAG GTG GAG GGG AAG ATG 3
rv 3 GCC CTC TAG CGC CTG CCC AAC GCC GAC CTC 5

TCTP C2TW

fw 5 GGG TTG TGG CTG GAG GTG GAG GGG AAG ATG 3
rv 3 GCC CTC TAG CGC CTG CCC AAC ACC GAC CTC 5

Bel—xL 45 -84 TM

fw 3’ CTIT CCC TGA CTT AGC CTC CGT CAT TTC 5°
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15 rv 5 GAA TCG GAG GCA GTA AAG CAA GCG CTG 3
16

17 Bel—xL 27 —82 TM

18

19 fw 3 CCT ATG TCG ACC TCA GTC TAC CGT CGT 5
20 rv 5 TGG AGT CAG ATG GCA GCA GTA AAG CAA 3

Listing 2 List of primers sequence, concentration and annealing properties for cloning.

TCTP FL (E=11920)

W =

IS

-1 1
GP MIIYRDLISH DEMFSDIYKI REIADGLCLE VEGKMVSRTE GNIDDSLIGG NASAEGPEGE

v

7 GTESTVITGV DIVMNHHLQE TSFTKEAYKK YIKDYMKSIK GKLEEQRPER VKPFMTGAAE
8 172

9 QIKHILANFK NYQFFIGENM NPDGMVALLD YREDGVIPYM IFFKDGLEME KC

Il TCTP TCTPl (E=11920)

13 =11
14 GP MIIYRDLISH DEMFSDIYKI REIADGLCLE VEGKMVSRTE GNIDDSLIGP

16 EGEGTESTVI TGVDIVMNHH LQETSFTKEA YKKYIKDYMK SIKGKLEEQR
18 PERVKPEMTG AAEQIKHILA NFKNYQFFIG ENMNPDGMVA LLDYREDGVT
19 165

20 PYMIFFKDGL EMEKC

22 TCTP loop (E=11920)

24 -1 1
25 GP MIIYRDLISH DEMESDIYKI REIADGLCLE VEGKMVSITG VDIVMNHHLQ

27 ETSFTKEAYK KYIKDYMKS IKGKLEEQRPE RVKPFMTGAA EQIKHILANF
28 143
29 KNYQFFIGEN MNPDGMVAL LDYREDGVTPY MIFFKDGLEM EKC

31 TCTP BH3 recombinant (E=1490)

3 -1 11 31
4GP DEMFSDIYKI REIADGLCLE V

6 Bel—xL FL (E=47440)

38 =11
39 GA MSQSNRELVV DFLSYKLSQK GYSWSQFSDV EENRTEAPEG TESEMETPSA

t1 INGNSWHLAD SPAVNGATGH SSSLDAREVI PMAAVKQAIR EAGDEFELRY

3 RRAFSDLTSQ HITPGTAYQS FEQVVNELFR DGVNWGRIVA FFSFGGALCV

45 ESVDKEMQVL VSRIAAWMAT YLNDHLEPWI QENGGWDTFV ELYGNNAAAE

46 233

47 SRKGQERFNR WHLTGMTVAG VVLLGSLFSR K

49 Bel—xL TM (E=41940)

51 =11

53 GA MSQSNRELVV DFLSYKLSQK GYSWSQFSDV EENRTEAPEG TESEMETPSA
;S INGNSWHLAD SPAVNGATGH SSSLDAREVI PMAAVKQAIR EAGDEFELRY

;" RRAFSDLTSQ HITPGTAYQS FEQVVNELFR DGVNWGRIVA FFSFGGALCV

;‘) ESVDKEMQVL VSRIAAWMAT YLNDHLEPWI QENGGWDTFV ELYGNNAAAE

60 206

61 SRKGQE

63 Bel-xL 45 —84 TM (E=36440)
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-1 1
GA MSQSNRELVV DFLSYKLSQK GYSWSQFSDV EENRTEAPEG TESEAVKQAL

REAGDEFELR YRRAFSDLTS QLHITPGTAY QSFEQVVNEL FRDGVNWGRI

VAFFSFGGAL CVESVDKEMQ VLVSRIAAWM ATYLNDHLEP WIQENGGWDT
168

2 FVELYGNNAA AESRKGQE

Bel—xL 27 —82 TM (E=36440)

-1 1
GA MSQSNRELVV DFLSYKLSQK GYSWSQMAAV KQALREAGDE FELRYRRAFS

DLTSQLHITP GTAYQSFEQV VNELFRDGVN WGRIVAFFSF GGALCVESVD

KEMQVLVSRI AAWMATYIND HLEPWIQENG GWDTFVELYG NNAAAESRKG
152

_QE

Mcl-1 PESTTM (E=19480)

-1 1
GP DELYRQSLEI ISRYLREQAT GAKDTKPMGR SGATSRKALE TLRRVGDGVQ

RNHETARQGM LRKLDIKNED DVKSLSRVMI HVESDGVINW GRIVTLISFG

AFVAKHLKTI NQESCIEPLA ESITDVLVRT KRDWLVKQRG WDGFVEFFHV
156

EDLEGG

MDM2 N-terminal domain (E=10430)

=5 1

GSHMAS MCNTNMSVPT DGAVTTSQIP ASEQETLVRP KPLLLKLLKS VGAQKDTYTM

KEVLFYLGQY IMTKRLYDEK QQHIVYCSND LLGDLFGVPS FSVKEHRKIY
125

TMIYRNLVVV NQQESSDSGT SVSEN

YB-1 FL (E=29340)

1
MSSEAETQQP PAAPPAAPAL SAADTKPGTT GSGAGSGGPG GLTSAAPAGG

DKKVIATKVL GIVKWENVRN GYGFINRNDT KEDVFVHQTA IKKNNPRKYL

RSVGDGETVE FDVVEGEKGA EAANVTGPGG VPVQGSKYAA DRNHYRRYPR

RRGPPRNYQQ NYQNSESGEK NEGSESAPEG QAQQRRPYRR RRFPPYYMRR

PYGRRPQYSN PPVQGEVMEG ADNQGAGEQG RPVRQNMYRG YRPRFRRGPP

RQRQPREDGN EEDKENQGDE TQGQQPPQRR YRRNFNYRRR RPENPKPQDG
324

KETKAADPPA ENSSAPEAEQ GGAE

YB-1 180 —324 (E=15930)

1
MSSEAETQQP PAAPPAAPAL SAADTKPGIT GSGAGSGGPG GLTSAAPAGG

DKKVIATKVL. GTVKWENVRN GYGFINRNDT KEDVFVHQTA IKKNNPRKYL

RSVGDGETVE FDVVEGEKGA EAANVTGPGG VPVQGSKYAA DRNHYRRYPR
180

RRGPPRNYQQ NYQNSESGEK NEGSESAPEG

BH3—derived peptides peptides

TCTP BH3 commercial

DEMFSDIYKIREIADGLCLEVE
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140 TCTP BH3 D161 commercial
141

142 DEMFSIIYKIREIADGLCLEVE
143

144 Mule BH3 commercial

145

146 VMIQEVGQLLQDMGDDVYQQYR

Listing 3 Primary sequence of proteins presented for interaction studies in the current work

#!/bin/csh

W =

&~

### For Tl raw ser file conversion to NMRpipe fid format

N

6 bruk2pipe —in ./ser \
7 —bad 0.0 —ext —aswap —AMX —decim 1404 —dspfvs 21 —grpdly 76 \

8 —xN 1792 —zN 50 —yN 10\
9 —xT 806 —=zT 25 —yT 10\
10 —XMODE DQD —MODE Echo—AntiEcho —yMODE Real \
11 —XxSW 14245.014 —2SW 2790.917 —ySW 2790.179 \
12 —xOBS 949.655 —zOBS 96.227 —yOBS 96.239 \
3 —xCAR 4.701 —zCAR 116.500 —yCAR 116.484 \
14 —xLAB HN —zLLAB 13C —yLAB TAU \
15 —ndim 3 —aq2D Complex \
16 —out ./fid/test%03d.fid —verb —ov

Listing 4 Script fid.com to convert data from Bruker to NMRpipe format (adapted from
sample generated with nmrDraw) [215].

1

2 #!/bin/csh

3

\ ### For T1 fid processing via NMRpipe

5

6 xyz2pipe —in fid/test%03d.fid —x —verb \

7 | nmrPipe —fn SOL \
8 | nmrPipe —fn SP —off 0.5 —end 0.98 —pow 2 —c 0.5 \
9 | nmrPipe —fn ZF —auto \
10 | nmrPipe —fn FT \
Il | nmrPipe —fn PS —p0 0 —pl 0.0 —di \
12 | nmrPipe —fn EXT —left —sw \
13 | pipe2xyz —out ft/test%03d.ft2 —x

14

15 xyz2pipe —in ft/test%03d.ft2 —z —verb \
16 | nmrPipe —fn SP —off 0.5 —end 0.98 —pow 2 —c 0.5 \
17 | nmrPipe —fn ZF —auto \
18 | nmrPipe —fn FT \
19 | nmrPipe —fn PS —p0 90.0 —pl 0.0 —di \
20 | pipe2xyz —out ft/test%03d.ft3 —y

21

22 xyz2pipe —in ft/test%03d.ft3 —x —verb \

.

| nmrPipe —fn POLY —auto \
24 | pipe2xyz —out ft/test%03d.ft4 —x

Listing 5 Script nmrproc.com to process raw FID in NMRpipe format. (adapted from sample

generated with nmrDraw) [215].

#!/bin/bash

AW =

nbL=$(wc —1 test_assign.tab | awk °{ print $1 }’)
cutVal=$(echo $nbL—4 | bc)

file=$(echo test_assign.tab)

head —4 test_assign.tab > ft_${file}

8 tail —$cutVal test_assign.tab > tmp_test_assign.tab

N

9 file=$(echo tmp_test_assign.tab)
10 grep —v None ${file} > tmp
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mv tmp ${file}

sed —i ’s/.H/I/g’ ${file}

sed —i ’s/.N/I/g’ ${file}

sed —i "s/l.x=1/11/g> ${file}

sed —i s/1//g’ ${file}

sort —n —k23 ${file} > tmp

mv tmp ${file}

awk *{$1=$23; print}’ ${file} > tmp
sort —g —k1,3 tmp > tmp2 && mv tmp2 tmp
file=$(echo test_assign.tab)

echo " " >> ft_${file}

cat tmp >> ft_${file}

rm tmp:

Listing 6 Script ftab.sh to clean up test_assign.tab generated with ipap.tcl module prior to
extraction of peaks intensity.

### In the NMR directory
tcsh
# Processing

./ fid .com
./ nmrproc .com

# Import ft/test001.ft4 in NMR analysis software and adjust peaklist
as tab.tbl

# Export peaklist in nmrDraw format

cp ft/test001.ft4 ./test.ft2
sethdr test.ft2 —ndim 2

# Detect peaks in test.ft2 via nmrDraw. Add new peaks everywhere you know several resonances are close from each other.

Save as test.tab file.
ipap.tcl —inNamel test.tab —specNamel test.ft2 —single —assName tab.tbl
# Save as test\_assign.tab after completion
# Peaklist was formatting and clustering
./ ftab .sh
clustTab.tcl —in ft_test_assign.tab —out clust_ft_test_assign.tab —x X PPM Y_PPM —dist 0.075 0.75
# Time constant assignment to planes in ft/« ft4
awk “{print $1x10}° vclist > vdlist

set tim = ‘awk “{print $1}° vdlist ®
set plane2D = “\ls ft/x. ft4 *

@j=0
foreach i ($tim)

@ j+=1

sethdr $plane2D[$j] —tau $tim[$j]
end

# Fit and modeling

autoFit.tcl —specName ft/test%03d.ft4 —series —inTab clust_ft_test_assign.tab
modelExp.tcl nlin.tab nlin.spec.list 0.0

# Generation of PDF output and text files

cd txt/

# Import fitPlotListXYdYinPDF.py in the current directory

cp $PATH/fitPlotListXYdYinPDF .py ./
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python fitPlotListXYdYinPDF .py
Listing 7 Script fitModPlot.csh which sum up the procedure for extracting and fitting
intensities from a given peaklist with NMRpipe [215].

#!/bin/bash

w0 =

rm #tmps

W

6 nbL=$(wc —1 nlin.tab | awk °{ print $1 }’)
8 cutVal=$(echo $nbL—18 | bc)

10 file=$(echo nlin.tab)

12 #head —4 $file > ft_S$file

14 tail —$cutVal $file | awk { print $1, $18, $19, $26x$18, $27%$18, $28x$18, $29+$18, $30x$18, $31x$18, $32x$18, $33x$1
15 8, $34x$18, $35x$18, $36x«$18, $37x$18}° > tmp_intensities_$file

16

17 cp tmp_intensities_$file tmp_transpose.dat

18

19 ./transpose.sh > tr_tmp_intensities_$file

20

21 nbL=$(wc —1 tr_tmp_intensities_$file | awk °{ print $1 }’)

Mt

cutVal=$(echo $nbL—4 | bc)

25 head —1 tr_tmp_intensities_$file > tmp_resi

head —3 tr_tmp_intensities_$file | tail —2 > tmp_I0
29 c¢p tmp_I0 tmp_transpose.dat

./transpose.sh > tr_tmp_IO0

tail —$cutVal tr_tmp_intensities_$file > ft_tr_tmp_intensities_$file
5 resi=1

rm R2eff_out.dat

38 rm mean_err_tmp

39 rm int_err_tmp

41 touch R2eff_out.dat

42 touch mean_err_tmp

3 touch int_err_tmp

46 cat tr_tmp_IO0 | while read —r line; do

48 int0=$(echo $line | awk *{print $1}°)

50 err_int0=$(echo $line | awk ’{print $2}°)

W

1

52 awk —v var=$resi —v intIni=$int0 ’{ ratio=$var/intIni; R2eff=(—-1/(0.02%2))xlog(ratio); print R2eff}’ ft_tr_tmp

53 _intensities_$file > tmp

54 awk —v err=$err_int0 —v var=$resi —v intIni=$int0 ’{ error=($varxerr+intlni*err)/(intInixintIni); ratio=$var/i

55 ntIni; sup_R2eff=(—1/(0.02%2))=«log(ratio+error); inf_R2eff=(—1/(0.02%2))=log(ratio—error); print (sup_R2eff+inf_R2eff)
56 /2}° ft_tr_tmp_intensities_$file > tmp2

57 awk —v err=$err_int0 —v var=$resi —v intlni=$int0 °{ error=($varxerr+intlnixerr)/(intlnixintlni); ratio=$var/i

58 mntIni; sup_R2eff=(—-1/(0.02%2))=*log(ratio+error); inf_R2eff=(—-1/(0.02%2))=*log(ratio—error); intErr=(sup_R2eff—inf_R2eff
59 )/2; print (intErr >0)?intErr:—intErr}’ ft_tr_tmp_intensities_$file > tmp3

60

61 paste R2eff_out.dat tmp > tmp4 && mv tmp4 R2eff_out.dat
62 paste mean_err_tmp tmp2 > tmp4 && mv tmp4 mean_err_tmp
63 paste int_err_tmp tmp3 > tmp4 && mv tmp4 int_err_tmp

64

65 let "resi = $resi + 1"

66

67 done
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sed —i ’s/\t/ /g’ R2eff_out.dat
sed —i ’s/\t/ /g’ mean_err_tmp
sed —i ’s/\t/ /g’ int_err_tmp
cp R2eff_out.dat tmp

cat tmp_resi > R2eff _out.dat
cat tmp >> R2eff_out.dat

cp mean_err_tmp tmp

cat tmp_resi > R2eff_err.dat
cat tmp >> R2eff_err.dat

cp int_err_tmp tmp

cat tmp_resi > tmp_R2eff_err.dat

cat tmp >> tmp_R2eff_err.dat

echo Res > tmp_y_axis
sort —n vdlist | tail —11 >> tmp_y_axis

paste tmp_y_axis R2eff_out.dat > tmp & mv tmp R2eff out.dat

paste R2eff_err.dat tmp_R2eff_err.dat > tmp & mv tmp R2eff_err.dat

paste R2eff_out.dat R2eff_err.dat > tmp & mv tmp R2eff_out.dat

column —t R2eff_out.dat > tmp && mv tmp R2eff_out.dat

rm stmps

Listing 8 Script getR2eff.sh to extract CPMG parameter Ro.¢ from a single nlin.tab output
from the autofit.tcl procedure.

#!/bin/bash

#Calculate HetNoe as AcN,HetNoE, Error for two nlin.tab generated with autofit.tcl on separated ref/sat experiment

nAc=172

firstAc=1

read —p "nlin.tab from Reference experiment? " refexp
echo ""

read —p "nlin.tab from Saturated experiment? " satexp

echo

read —p "Output name ? " output_name

echo

echo
echo "Many thanks, gonna be processed soon!"

sleep 1

grep —v REMARK ${refexp} | grep —v FORMAT | grep —v VARS | grep —v °A$’ | awk *{ print $1, $18, $19 }’ > tmp_refexp
grep —v REMARK ${satexp} | grep —v FORMAT | grep —v VARS | grep —v *A$’ | awk *{ print $1, $18, $19 }° > tmp_satexp

i HE# AR R HE# I H R H# R A" fpl . sh like

for file in tmp_refexp tmp_satexp
do

count=${ firstAc}
cat ./${file} | while read —r LINE; do

var_current=$(echo ${LINE} | awk *{ print $1 }’)

if [[ "$count" == "$var_current" ]]
then

echo ${LINE} >> ${file}_formated
let "count = $count +1"

fi
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41 while [[ $count —It $var_current ]]
42 do

43 echo ${count} NA NA >> ${file}_formated
44 let "count = $count +1"

45 done

46

47 if [[ "$count" == "$var_current" ]]
48 then

49 echo ${LINE} >> ${file}_formated
50 let "count = Scount +1"

51 fi

52

53 echo ${count} > tmp_count

54

55 done

56

57 count=$(cat tmp_count | awk ’{print $1}°)

58

59 while [[ $count —le $nAc ]]

60 do

61 echo ${count} NA NA >> ${file}_formated

62 let "count = S$count +1"

63 done

64

65 awk —v var=${firstAc} 'BEGIN{NR=var —1};{ print NR " " $2 " " §3 " " §4 }’ ${file}_formated > temp

66 mv temp ${file}_formated2

67 rm =formated

68 rm xtemp tmp_count

69 mv ${file}_formated2 ${file}
70 done

T2 #EHHHHHHHHHH HH#HHH A HHHHHHHH " fpl.sh like # HH# H# #4 HHHHH HHH

74 paste tmp_refexp tmp_satexp | sed ’s/\t/ /g’ | sed s/ [/ /g’ > tmp_refexp_satexp

=

cat tmp_refexp_satexp | awk *{ if($2!="NA" && $5!="NA"){ia_ib = $5 / $2 ; incertitude_int = ($5x$3+$2+$6)/($2=$2); pri
77 nt $1, ia_ib, incertitude_int}else if($2!="NA" && $5=="NA"){print $1, "DIS", "0"}else if ($2=="NA" && $5!="NA"){print $
78 1, "APP", "0"}else if($2=="NA" && $6=="NA"){print $1, "NA", "NA"}}’ > ${output_name }.dat

=%

R
82 echo "Done. ..

Listing 9 Script calcHetNoe.sh to compute intensity ratios between two nlin.tab files output
of autofit.tcl procedure.

1

2 #!/usr/bin/python

3

4 ### Sample for a three parameters non—linear regression with B as the constant of interest
5

6 import numpy as np

7 from scipy.optimize import curve_fit

8 import matplotlib.pyplot as plt

9 from io import StringlO

10 import glob, os
11 from fpdf import FPDF

13 def func(x,a,b,c):

14 return a#np.exp(—bxx)+c

15

16 os.chdir("./")

17

18 numberName = np.array ([])

19

20 if os.path.isfile(’./B.out”):
21 os.remove("B.out")

22

23 pdf = FPDF('L’, 'mm’)

24

25 for file in glob.glob("x*.txt"):
26

27 fname = file.split(".")[0]
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number = fname.split("t")[1]
xydy = np.loadtxt(file)
numberName = np.append(numberName, number)

x = np.array ([])
y = np.array ([])
dy = np.array ([])

for line in xydy:
x = np.append(x,line [0])
y = np.append(y,line [1])
dy = np.append(dy, line[2])

while True:

try :
popt, pcov = curve_fit(func, x, y, sigma=dy, bounds=((0,0,—np.inf), (np.inf ,np.inf , np.inf)))
break
except:
break
outFile = open(fname+".out","w")

outFile . write ("A = %f +/— %f\n" % (popt[0], pcov[0,0]%%0.5))
outFile.write ("B = %f +/— %f\n" % (popt[1], pcov[l,1]%%0.5))
outFile.write ("C = %f +/— %f\n" % (popt[2], pcov[l,1]%%0.5))

outFile = open("B.out","a")
outFile. write ("%s %f %f\n" % (number, popt[1], pcov[l,1]*%0.5))

fig , ax = plt.subplots ()

ax.errorbar(x, y, yerr=dy, fmt="none")

xfine = np.linspace (0., 20., 100) # define values to plot the function for
ax.plot(xfine, func(xfine, popt[0], popt[l], popt[2]), 'r—")

ax.set_title ('Residue number %s with B = %f +/— %f’ % (number, popt[1], pcov[l,1]*%0.5))

plt.savefig (number+".png")

numberName = map(int, numberName)
numberName . sort ()

print numberName
for number in numberName:

pdf.add_page ()
pdf.image(str (number)+".png", 1, 1, 280)

pdf.output("full_output.pdf","F")

Listing 10 Script fitPlotListXYdYinPDF.py to plot XYdY *txt data files and to fit the requested
equation to each file. Ultimately generate a PDF containing all plots and fits.

Detector Reporter
SYPRO090324 SYPRO090324

Well Sample Name
1 Tris8.5

2 Tris8.5

3 Tris8.5+NaCl100

4 Tris8.5+NaCl100

5 Tris8.5+NaCl200

6 Tris8.5+NaCl200

7 Tris8.5+NaCl300

8 Tris8.5+NaCl300

9 Tris8.5+NaCl500
10 Tris8.5+NaCl1500
11 Tris8.5+KCI300
12 Tris8.5+KCI1300
13 Tris8.5+Glyl10%
14 Tris8.5+Glyl0%
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26

90
9

92
93

94
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
82
33
34
35
36
37

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

Tris8.5+NaCl100+Gly10%
Tris8.5+NaCl100+Gly10%
Tris8.5+NaCl200+Gly10%
Tris8.5+NaCl200+Gly10%
Tris8.5+NaCl300+Gly10%
Tris8.5+NaClI300+Gly10%
Tris8.5+NaCl500+Gly10%
Tris8.5+NaCl500+Gly10%
Tris8.5+MgCl10
Tris8.5+MgCl10

NaKP7.5

NaKP7.5
NaKP7.5+NaCl100
NaKP7.5+NaCl1100
NaKP7.5+NaCI200
NaKP7.5+NaClI200
NaKP7.5+NaClI300
NaKP7.5+NaCI300
NaKP7.5+NaClI500
NaKP7.5+NaCl500
NaKP7.5+KCI300
NaKP7.5+KCI300
NaKP7.5+Gly10%
NaKP7.5+Gly10%
NaKP7.5+NaCl100+Gly10%
NaKP7.5+NaCl1100+Gly10%
NaKP7.5+NaCl1200+Gly10%
NaKP7.5+NaCl1200+Gly10%
NaKP7.5+NaC1300+Gly10%
NaKP7.5+NaCl1300+Gly10%
NaKP7.5+NaCl500+Gly10%
NaKP7.5+NaCl500+Gly10%
Tp Prot ine

Tp Prot ine

Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe
Hepe

Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.
Hepes7.

Mes6.0
Mes6.0

s7.0

s7.0
s7.04+NaCl1100
s7.0+NaCl100
s7.0+NaCl200
s7.0+NaCl200
s7.0+NaCl300
s7.0+NaClI300
s7.0+NaClI500
s7.04+NaCl1500
s7.0+KCI1300
s7.0+KCI1300
s7.0+Gly10%
s7.0+Gly10%

0+NaCl100+Gly10%
0+NaCl100+Gly10%
0+NaC1200+Gly10%
0+NaCl1200+Gly10%
0+NaCl300+Gly10%
0+NaCl300+Gly10%
0+NaCl500+Gly10%
0+NaCl500+Gly10%
0+MgCl10

0+MgCl10

Mes6.0+NaCl100
Mes6.0+NaCl100
Mes6.0+NaCl200
Mes6.0+NaCl200
Mes6.0+NaCl300
Mes6.0+NaCl300
Mes6.0+NaCl500
Mes6.0+NaCl500
Mes6.0+KC1300
Mes6.0+KC1300
Mes6.0+Gly10%
Mes6.0+Gly10%
Mes6.0+NaCl1100+Gly10%
Mes6.0+NaCl100+Gly10%
Mes6.0+NaCl200+Gly 10%
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90 Mes6.0+NaCl200+Gly10%
91 Mes6.0+NaCl300+Gly10%
92 Mes6.0+NaCl300+Gly10%
93  Mes6.0+NaCl500+Gly10%
94  Mes6.0+NaCl500+Gly10%
95 Mes6.0+MgC110

96 Mes6.0+MgCl10

Listing 11 96-well plates organization and tested buffer conditions for TSA experiments
assessing the stability of TCTP regarding pH and salt concentration (0-500 uM) or type
(NaCl, KCl)

#For all xpeaks (define in extension variable) in the current path output ft_sxpeaks file will be generated. Matrix size

is automatically detected and headers are accepted. The script fills the blank entries from start to end parameters

and add the blank character for Yn values.
#!/usr/bin/python
import sys
import csv

import glob

start=1
end=100

blank = "N"
extension = "#.peaks"
for dataXYn in glob.glob(extension):

with open(dataXYn, 'rw’) as XYn:
header = XYn.readline ()

nb_column = len (header.split())
XYn = csv.reader (XYn, delimiter=" ", skipinitialspace=True)
current = start

out_XYn = []
out_XYn.append (header.replace("\n",""))

blank_line = []

for i in xrange(nb_column—1):
blank_line .append(blank)

blank_line = " ".join(blank_line)

for line in XYn:
while int(line [0]) > current:
out_XYn.append(str(current)+" "+blank_line)
current = current+l

if int(line[0]) == current:
out_XYn.append(" ".join(line))
current = current + 1

while current <= end:
out_XYn.append(str(current)+" "+blank_line)
current = current +1

with open("ft_"+dataXYn, 'w’) as out:
for line in out_XYn:

out.write(line+"\n")
out.close ()

Listing 12 Script XYnFT.py to format any text data matrix with automatic size detection for

further processing based on comparison between lists of same nature.
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#!/bin/bash

### Calculate CCSP, dH, dN and intensity ratio for peaklists formated with fpl.sh ###

[ S T

read —p "Reference? " reference
6 echo " "
read —p "Treatment? "

treatment

8 echo
9 read —p "Fichier noise ?

noise_file
10 echo

3 ref_title=$(echo ${reference} | cut —d "_" —fl —complement | cut —d "." —f1)

14 treatment_title=$(echo ${treatment} | cut —d "_" —fl —complement | cut —d "." —f1)
15

16 output=$(echo RESULT ${ref_title}_vs_${treatment_title })
17

18 echo ${output}.dat > output_name

19

20 if [ "S$noise_file" == "" ]

21 then

22 noise_file=$(echo noise.noise)

23 fi

24

25 pr —m —t ${reference} ${treatment} > tmp

26

27 sed —i ’s/\t/ /g’ tmp

28

29 sd_noise=$(cat ${noise_file})

30

31 rm ${output}.dat

32

33 cat tmp | awk —v sdn=${sd_noise} ’{ if($2!="NA" && $6!="NA"){dh = $6 — $2 ; dn = $7 — $3 ; ccsp = sqrt(dh”2 + 0.144 = dn
A2) ; ia_ib = $8 / $4 ; incertitude_int = ($8+sdn+$4=%sdn)/($4x$4); print $1, dn, dh, ccsp, ia_ib, incertitude_int}
else if($21="NA" && $6=="NA"){print $1, "NA", "NA", "NA", "DIS", "0"}else if($2=="NA" && $6!="NA"){print $1, "NA",
"NA", "NA", "APP", "0"}else if($2=="NA" && $6=="NA"){print $1, "NA", "NA", "NA", "NA", "0"}}’ > ${output}.dat

35 rm tmp

37 rm ${output}_dh.dat
38 rm ${output}_dn.dat
39 rm ${output}_ccsp.dat

40 rm ${output} _intensity.dat

42 cat ./${output}.dat | while read —r LINE; do

44 var_current=$(echo ${LINE} | awk *{ print $1 }’)
45

46 dh=$(echo ${LINE} | awk ’{print $3}°)

47 dn=$(echo ${LINE} | awk ’{print $2}°)

48 cesp=$(echo ${LINE} | awk *{print $4}°)

49 intensity=$(echo ${LINE} | awk *{print $5}°)

50 incertitude_int=$(echo ${LINE} | awk ’{print $6}°)
51

52 echo ${var_current} ${dh} >> ${output}_dh.dat

53 echo ${var_current} ${dn} >> ${output}_dn.dat

54 echo ${var_current} ${ccsp} >> ${output}_ccsp.dat
55 echo ${var_current} ${intensity} ${incertitude_int} >> ${output} _intensity.dat
56 done

Listing 13 Script calc.sh to compare peaklists and to compute chemical shift perturbations

and intensity ratios.

# Param tres

#set datafile missing 'NA’

#set style data boxes

set xlabel "Num. Res." font "Verdana,l5"

N N T

set ylabel "Perturbations de d placements chimiques combin s 1H-15N" font "Verdana,bl5"
6 binwidth=1

7 set boxwidth binwidth

8 set key outside bmargin left box

9 set style line 1 It 2 1w 2

10 set xtics font "Verdana,20"
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set ytics font "Verdana,20"
set autoscale x
set autoscale y

set style fill solid border —I

s(x)=0
f(x)=AAA
g(x)=BBB

# Dessin de la courbe

set term xI11

plot "XXX’ using l:(stringcolumn(2) eq "NA" ? 1/0 : column(2)) with boxes linecolor rgb "#0099FF" title ‘XXX’ ,\
"" using l:(stringcolumn(2) eq "NA" ? 0 : 1/0) with points linecolor rgb "#ff0000" title ’Missing data’,\
s(x) with lines linecolor rgb "#000000" notitle ,\
f(x) 1s 1 linecolor rgb "#696969" notitle ,\
g(x) 1Is 1 linecolor rgb "#696969" title 'AV; AV+SD’

#with boxes linecolor rgb "#0099FF"

set term png size 1200,800
set output ’YYY.png’

replot

set term postscript
set output 'YYY.ps’

replot

Listing 14 Script plotXY.sh to quickly plot XY data file using bash and gnuplot.

#!/bin/bash

read —p "Fichier x y ? " toplot

echo
toplot_short=$(echo ${toplot} | cut —d "." —f1)

SD_data=$(grep —v 'NA’ ${toplot} | awk ’*{sum+=$2; sumsq+=$2x$2}END{print sqrt(sumsq/NR — (sum/NR)=x%2)}")
AV_data=$(grep —v 'NA’ ${toplot} | awk ’{sum+=$2}END{av = sum/NR ; print av}’)

cutoffl=$(echo ${AV_data})
cutoff2=$(echo ${SD_data} + ${AV_data} | bc —1)

sed —i "s/AAA/S$cutoffl/g" gnuplot_ccsp.conf
sed —i "s/BBB/$cutoff2/g" gnuplot_ccsp.conf
sed —i "s/XXX/S$toplot/g" gnuplot_ccsp.conf
sed —i "s/YYY/$toplot_short/g" gnuplot_ccsp.conf

cat gnuplot_ccsp.conf | gnuplot

sed —i "s/$cutoffl /AAA/g" gnuplot_ccsp.conf
sed —i "s/$cutoff2/BBB/g" gnuplot_ccsp.conf
sed —i "s/$toplot/XXX/g" gnuplot_ccsp.conf

sed —i "s/$toplot_short/YYY/g" gnuplot_ccsp.conf

display ${toplot_short}.png

Listing 15 Gnuplot configuration file plotXY.conf for plotXY.sh script.

#!/bin/bash

read —p "Cutoff most shifted? " cutoffl

echo " "
read —p "Second cutoff? (NA if not) " cutoff2
echo " "

read —p "Cutoff less shifted? (NA if not) " cutoff3

echo
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read —p "File_name?

echo

file_name2=$(echo ${file_name} |

file_name

cut —d "." —fl)

echo "Most shifted grp 1: x >" ${cutoffl}
echo "Most shifted grp 1: x >" ${cutoffl} > ${file_name2}.grp
awk —v varl=${cutoffl} ’$2 >= varl && $2!="NA"’ ${file_name} |
echo —n "sele resi "
cat tmp_command | while read —r line; do
echo —n  ${line}+
done
echo " "
echo —n "sele resi " >> ${file_name2}.grp

cat tmp_command |

while read —r line:; do

echo —n  ${line}+ >> ${file_name2 }.grp
done
echo —n "DEL" >> ${file_name?2 }.grp
echo " " >> ${file_name2 }.grp

awk —v varl=${cutoffl}

awk ’{print $1}’ > tmp_command

'$2 >= varl && $2!="NA"’ ${file_name} >> ${file_name2 }.grp

’$2 >= var2 && $2!="NA" && $2<=varl && var2!="NA"’ ${file_na

if [ $cutoff2 != "NA" ]
then
echo " "
echo " " >> ${file_name2}.grp
echo "Most shifted grp 2:" ${cutoff2} "< x <" ${cutoffl}
echo "Most shifted grp 2:" ${cutoff2} "< x <" ${cutoff3} >> ${file_name2 }.grp
awk —v var2=${cutoff2} —v varl=${cutoffl}
me} | awk {print $1}° > tmp_command

echo —n "sele resi

cat tmp_command | while read —r line; do
echo —n  ${line}+

done

echo " "
echo —n "sele resi " >> ${file_name2}.grp

cat tmp_command |

while read —r line; do

echo —n  ${line}+ >> ${file_name2}.grp
done

echo —n "DEL" >> ${file_name2 }.grp
echo " " >> ${file_name2}.grp

awk —v var2=${cutoff2} —v varl=${cutoffl}

me} >> ${file_name2 }.grp

’$2 >= var2 && $2!="NA" && $2<=varl && var2!="NA"' ${file_na

| awk *{ print $1}’ > tmp_command

fi
if [ $cutoff3 != "NA" ]
then
echo " "
echo " " >> ${file_name?2 }.grp
echo "Less shifted: x <" ${cutoff3}
echo "Less shifted: x <" ${cutoff3} >> ${file_name2}.grp
awk —v var3=${cutoff3} ’$2 <= var3 && $2!="NA" && var3!="NA"’ ${file_name}
echo —n "sele resi "
cat tmp_command | while read —r line; do
echo —n  ${line}+
done
echo " "
echo —n "sele resi " >> ${file_name2}.grp
cat tmp_command | while read —r line; do
echo —n  ${line}+ >> ${file_name2 }.grp
done
echo —n "DEL" >> ${file_name?2 }.grp
echo " " >> ${file_name2 }.grp
awk —v var3=${cutoff3} ’$2 <= var3 && $2!="NA" && var3!="NA"’ ${file_name} >> ${file_name2 }.grp
fi
echo " "
echo " " >> ${file_name2}.grp
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87 echo "No Data"
88 echo "No Data" >> ${file_name2 }.grp

89 awk ’$2 == "NA" ’ ${file_name} | awk *{ print $1 }’ > tmp_command
90 echo —n "sele resi

91 cat tmp_command | while read —r line; do

92 echo —n  ${line }+

93 done

94 echo " "

95 #awk ’$2 == "NA" ’ ${file_name}

96 awk ’$2 == "NA" ’ ${file_name} | awk ’{ print $1 }’ > tmp_command
97

98 echo —n "sele resi " >> ${file_name2}.grp

99 cat tmp_command | while read —r line; do

100 echo —n  ${line}+ >> ${file_name2 }.grp

101 done

102 echo —n "DEL" >> ${file_name?2 }.grp

103 echo " " >> ${file_name?2 }.grp

104 awk ’$2 =="NA"’ ${file_name} >> ${file_name2 }.grp
105

106

107

108 rm tmp_command

109

110 sed —i ’s/+DEL//g’ ${file_name2 }.grp

111 sed —i ’s/DEL//g’ ${file_name2 }.grp

Listing 16 Script grpXY.sh to group residues in function of cutoffs and to generate
corresponding pymol command for residues selection using Bash.

#!/bin/bash

T

./ fpl.sh # Format peaklist F1 F2 Ass Height in XY

W

6 ./calc.sh # Compare XY and calc CCSP dH dN Intensity ratio

N

o

./plotXY.sh # Plot XY datafile

1(

./grpXY.sh # Make grp according to cutoffs and generate pymol commands
Listing 17 Script analyze.sh which sum up the procedure for quick list comparison and results

visualization.

#!/usr/bin/env python3

#Requirements :
# pip3 install biopython

[ VO

- o

from Bio import Entrez
from scidownl.scihub import =*

©

from scidownl.update_link import =
10 from subprocess import DEVNULL, STDOUT, check_call

12 import os
import time
14 import glob

15 import codecs
16 import re
17 import sys

19 path_bib = ’/media/synthase/postDoc/biblio/’

21 create = True
22 scihub = False

24 nbtent = 5

26 update_link = False
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28 if update_link == True:
29 update_link (mod="b")

30

31 Entrez.email = ’florian.malard@cnrs. fr’
32 Entrez.tool = ’2Pmed.py’

33

34 def fetchdata(pmid):

35 handle = Entrez.esummary(db = ’“pubmed’, id = pmid)
36 result = Entrez.read (handle)

37 handle.close ()

38 return result

39

40 with codecs.open(’/media/synthase/apps/scripts/2Pmed.dat’, 'r’, encoding="utf8’) as inputfile:

42 biblist=[]

3 titlecitelist =[]

44 citelist=[]

45

46 wordcite =[]

47

48 notfound =[]

49

50 filecount = 0

51

52 #total = sum(1l for line in inputfile)

53

54 for entry in inputfile:

55

56 print ("\n\nFile no "+str(filecount+1)+"\n")

57

58 authors = []

59 pdf_title = []

60 wordauth = []

61

62 pmid = entry

63 metadata = fetchdata (pmid)

64

65 title = metadata[O][ Title ].replace("<i>", "").replace("</i>", "").replace("<sub>", "").replace("<—sub>", "")
66 jname = metadata[0][’FullJournalName’].replace ("&","\&")
67 number = metadata[0][ Issue’]

68 vol = metadata[0][ Volume’]

69 pages = metadata[0][ "Pages’]

70

71 if 'DOI’ in metadata[0]:

72 DOI = metadata [0][ 'DOI" ]

73 elif 'DOI’ not in metadata[0]:

74 print("No DOI..."+"\n")

75 notfound.append("No DOI: "+title)

76

77 if len(metadata[0][ EPubDate’]) != 0:

78 years = metadata [O][ "PubDate” ].split(" ")[0]
79 if len(metadata[0][ PubDate’]) != 0:

80 years = metadata [0][ "PubDate’].split(" ")[0]
81

82 for item_authors in metadata[0][  AuthorList’]:
83 tmplist = item_authors.split()

84 first = ". " join(tmplist[—1])+"."

85 last = "_".join(tmplist[:—1])

86 ft_item_authors = last+", "+first

87 authors.append (ft_item_authors)

88

89 pages = pages.replace("-", "—")

90

91 first = authors[0].split(" ")[0]

92

93 ft_authors = ’\n’.join(authors)

94 ft_authors = ft_authors.replace("\n", " and ")
95 ft_authors = ft_authors.replace(".", "")

96 ft_authors = ft_authors.replace("_", " ")

97

98 ft_title = title.replace(" ", "_")

99 ft_title = title.replace("/", "=").replace("/", "=")
100

101 cpt =1

102
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for authname in authors:
if cpt < len(authors):
wordauth . append (authname)
wordauth . append (", ")

if cpt == len(authors) and len(wordauth) != 0:
del wordauth[—1]
wordauth . append (" & "+authname)

cpt += 1

authors_list = °’.join(map(str, wordauth))

biblist.append (' @article{%s%s, \n journal = {%s} . .\n year = {%s},\n volume = {%s}.,\n number = {%s},\n pages = {%s}.\n
title = {%s}.\n author = {%s}.\n pmid = {%s}}\n" % (first.replace(",", ""
.replace ("&","\&"),ft_authors ,pmid.replace("\n", "")))

) ,years ,jname , years , vol ,number, pages , title

titlecitelist.append( '%s~\cite{%s%s}’ % (title ,first.replace(",", ""),years))

citelist.append(’ ~\cite{%s%s} % (first.replace(",", ""),years))

wordcite . append (authors_list.replace("_", " ")+" "+title+" "+jname+" "+vol+", "+pages.replace("—", "=")+" ("+years+"
).\n")

full_path_bib = path_bib+first.replace(",", "")+years+"_"+pmid.replace("\n", "")

if create == True:
print ("Create processing..."+"\n")

if not os.path.isdir(full_path_bib):
os . mkdir(full_path_bib)
os.mkdir (full_path_bib+"/div")

print ("New path created..."+"\n")

with codecs.open(full_path_bib+"/bib.bib", ’w’, encoding="utf8’) as bibfile:
bibfile . write (’ @article{%s%s., \n journal = {%s} . \n year = {%s}.\n volume = {%s}.\n number = {%s},\n pages = {%s
}\n title = {%s}.\n author = {%s}.,\n pmid = {%s}}\n’ % (first.replace(",", ""
title .replace ("&","\&"),ft_authors ,pmid.replace("\n", "")))
bibfile.close ()

) .years ,jname, years ,vol ,number, pages ,

with codecs.open(full_path_bib+"/word.dat",
wordfile . write (authors_list.replace("_",
"—", "=")+" ("+years+") .\n")
wordfile . close ()

w’, encoding="utf8 ) as wordfile:
"")+" "+title+" "+jname.replace ("\&","&")+" "+vol+", "+pages.replace(

with codecs.open(full_path_bib+"/note.tex", 'w’, encoding="utf8’) as notefile:
notefile . write (’\documentclass{article }\n\\begin{document} \n\n\n’)
notefile . write ("%s~\cite{%s%s }\n\n" % (title ,first.replace(",", "").replace("&","\&"),years))
"") . years))
notefile . write (’\\ vspace {20mm}\n\n\\ bibliography {bib }\n\\ bibliographystyle{ieeetr }\n\end{document}’)
notefile .close ()

notefile . write (" ~\cite{%s%s }\n\n\n" % (first.replace(",",

os.system("latexmk —quiet —output—directory="+full_path_bib+"/"+" —pdf —bibtex "+full_path_bib+"/note.tex > /dev/
null™)

os.rename (full_path_bib+"/note.aux", full_path_bib+"/div/note.aux")

os.rename (full_path_bib+"/note.bbl", full_path_bib+"/div/note.bbl")

os.rename (full_path_bib+"/note.blg", full_path_bib+"/div/note.blg"

os.rename (full_path_bib+"/note.fdb_latexmk", full_path_bib+"/div/note.fdb_latexmk")

os.rename ( full_path_bib+"/note.log", full_path_bib+"/div/note.log")

os.rename ( full_path_bib+"/note.fls", full_path_bib+"/div/note. fls")

if scihub == True and 'DOI’ in metadata[0]:
dlFile = []
cpt = 0
print ("Scihub processing..."+"\n")
while dIFile == [] and cpt < nbtent:

print("\nTry no "+str(cpt+1)+"/"+str(nbtent)+"\n\n")

sci = SciHub(DOI, full_path_bib+"/")

sci.download ()

dlFile = [f for f in glob.glob(full_path_bib+"/"+"x.pdf") if full_path_bib+"/note.pdf" not in f]
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171 cpt = cpt + 1

172

173 if cpt == nbtent:

174 notfound .append (" Other: "+title)
175

176 for torename in dlFile:

177 newname = full_path_bib+"/"+ft_title .replace(".", "").replace("\& ","&")+".pdf"
178 os.rename (torename , newname)

179

180 filecount = filecount + 1

181

182 print(’\n’.join (map(str, wordcite)))

183 print(’\n’.join (map(str, biblist)))

184 print(’\n’.join (map(str, citelist))+"\n")

185 print(’\n’.join (map(str, titlecitelist)))

186

187 if notfound != []:

188 print ("\n\n\n/!\/!\/!\ Titles below could not be downloaded on scihub /!\/!\/!I\\")
189 print(’\n’.join (map(str, notfound)))

Listing 18 Script 2Pmed.py to retrieve papers metadata and to manage bibliography from
PMID list input. Generate word text citation and .bib bibliography files with associated PDF.
The use of download module is deactivated by default.

import requests
from bs4 import BeautifulSoup

[SUR .

import codecs

N B

import re

import time

8 with codecs.open(’2Gpat.dat’, 'r’, encoding="utf8’) as inputfile:

10 biblist = []

12 for entry in inputfile:

13

14 inventors = []

15 ft_inventors = []

16 ft_ft_inventors = []

17

18 url = "https :// patents.google.com/patent/"+entry.replace("\n","")

19

20 data = requests.get(url)

21 data_text = data.text

22 soup_data = BeautifulSoup (data_text, "lxml")

23

24 for inventor in soup_data.find_all("dd", itemprop="inventor"):

25 inventors .append(inventor. text)

26

27 for item_inventors in inventors:

28 tmplist = item_inventors.split ()

29 first = tmplist[:—1]

30 first = [x[0] for x in first]

31 last = "".join(tmplist[—1])

32 ft_item_inventors = last+", "+" ".join(first)+"."

33 ft_inventors.append(ft_item_inventors)

34

35 title = soup_data.find("span", itemprop="title").text

36

37 for tag in soup_data.find_all("meta"):

38 if tag.get("name", None) == "citation_patent_number" or tag.get("name", None) == "
citation_patent_publication_number":

39 number = tag.get("content", None)

40 elif tag.get("name", None) == "DC.date":

41 date = tag.get("content", None)

42 elif tag.get("name", None) == "DC.date" and tag.get("scheme", None) == "issue":

43 date = tag.get("content", None)

44

45 year = date.split("=")[0]
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first = ft_inventors [0].split(" ")[0]

ft_ft_inventors = "\n’.join(ft_inventors)
ft_ft_inventors = ft_ft_inventors.replace("\n", " and ")
ft_ft_inventors = ft_ft_inventors.replace(".", "")
ft_ft_inventors = ft_ft_inventors.replace("_", " ")

biblist.append (' @misc{%s, \n author = {%s}.\n year = {%s}.\n number = {%s} . \n title = {%s}}\n’ % (first.replace(",",
"")+year, ft_ft_inventors ,date ,number, title .replace("\n", "").replace(" ", "")))

print(’\n’.join(map(str, biblist)))
Listing 19 Script 2Gpat.py to retrieve patents metadata from ID list input. Generate word
text citation and .bib data.
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Figure S1: TCTP binding regions of calcium [1-3] and 12 proteins found in the literature:
TSC-22 [4], Bel-xL [5, 6], Mcl-1 [7, 8], YBX1 [9], MDM2 [10, 11], P53 [12], eEF1B§ [13],
Na,K-ATPase [14], VDR [15], Plk1 [16], Tubulin [17], and TCTP itself [18]. The top black

arrows and bars indicate the TCTP secondary structures. The bottom black horizontal

bars represent the two highly conserved TCTP signatures [19]. The dashed box indicates

the TCTP intrinsically disordered region [2].
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Figure S2: Contact maps between the residues 48-58 of the TCTP first signature and the
residues 129-151 of TCTP2, for the clusters 2 and 10 of the noCa-noPhos simulations.
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Figure S6: Same as Fig. S2 but for the clusters 4 and 5 of the noCa-pS46 simulations.
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Figure S7: Same as Fig. S2 but for the clusters 6 and 8 of the noCa-diPhos simulations.
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Résumé en francais

TCTP est une petite protéine globulaire a des ligands en utilisant diverses méthodes
biophysiques (20 kDa) qui interagit avec de nombreux partenaires et qui est impliquée
dans diverses fonctions cellulaires et physiologiques. Elle a un réle bien documenté dans
la réversion tumorale qui est un phénoméne rare et spontané ou une cellule cancereuse
perd tout ou partie de son phénotype malin et retrouve des caractéristiques associées aux
cellules bénignes telles que la sensibilité a 'apoptose. Le réseau d’interaction de TCTP
dans l'apoptose est présenté Fig. 1. Dans les cellules cancéreuses, TCTP inhibe la
dégradation de MDM2, diminuant ainsi les niveaux de p53 et favorisant le maintien et la
progression du cancer. TCTP contient également un motif BH3-like connu pour réguler les
membres de la famille Bcl-2 et elle interagit directement avec Bcl-xL et Mcl-1 pour
renforcer leurs propriétés anti-apoptotiques. Dans la structure TCTP, le motif BH3-like
n’est pas facilement accessible pour une interaction avec un partenaire. Conformément a
son importance dans le maintien de la tumeur, TCTP est une cible pharmacologique
validée dans le traitement du cancer et fait I'objet d’essais cliniques en cours avec une
molécule d’abord connue comme anti-depresseur, la sertraline. Cependant, on en sait
peu sur la structure de TCTP en complexe avec ses partenaires, ce qui entrave le
développement de médicaments et ne permet pas de comprendre comment TCTP peut
s’adapter a une telle variété de partenaires. Ainsi, nous avons étudié le mécanisme
moléculaire par lequel TCTP s’associe a des protéines, drogues et acides nucléiques en
utilisant différentes méthodes (RMN, SAXS, CD, SEC, DSF...). Nous avons démontré que
la protéine TCTP se lie a Bcl-xL et a Mcl-1 dans le sillon de liaison des motifs BH3. Dans
les complexes, la région BH3-like est engagée dans linterface intermoléculaire et la
structure centrale de TCTP est déstabilisée dans un état de globule fondu
(molten-globule). Nous avons en outre montré que seule une forme mineure pré-existante
de TCTP, a savoir TCTP*, est compétente pour les interactions avec les partenaires
Bcl-xL et Mcl-1. Dans TCTP*, la région BH3-like est détachée du domaine structuré et elle

est accessible aux protéines Bcl-xL/Mcl-1 tandis qu’on retrouve un état globule fondu



dans la partie globulaire de TCTP*. Un modéle pour l'interaction TCTP:Mcl-1 est présenté
en Fig. 2. Nous avons également collecté des données d’interaction préliminaires entre
TCTP et la sertraline, des ARN, la protéine YB-1 se liant a 'ARN et le domaine N-terminal
de MDM2. Enfin, nous avons caractérisé TCTP phosphorylé (pTCTP) au résidu S46 en
utilisant la Plk-1 car cette modification a un impact sur les interactions et est un marqueur
de I'aggressivité tumorale. En résumé, ces travaux ont établi la versatilité de TCTP en
terme de structure (celles-ci sont récapitulées en Fig. 3) et ont montré que cette versatilité
est indispensable pour exercer ses fonctions cellulaires. En conséquence, ceci devrait
étre pris en compte dans les stratégies de développement de nouvelles molécules

thérapeutiques ciblant TCTP.
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Fig. 1: Interactome de TCTP dans I'apoptose et au-dela: objectifs de la thése. TCTP
(blanc) inhibe I'apoptose en stimulant I'activité antiapoptotique de Bcl-xL (vert foncé) et Mcl-1

(vert clair). Indirectement, cela inhibe les protéines Bax et assimilées ce qui empéche le
relarguage de cytochrome c. TCTP inhibe aussi I'autoubiquitinylation de MDM2 et favorise



donc celle de p53, ce qui résulte aussi dans l'inhibition de I'apoptose. TCTP peut également
séquestrer le calcium et protéger contre I'apoptose induite par la thapsigargine. Des molécules
sont connues pour cibler TCTP et restaurent également les niveaux de p53. Ces molécules
peuvent permettre de restaurer I'apoptose et diminuent les niveaux de TCTP dans les cellules
cancéreuses. Au dela de I'apoptose, TCTP et YB-1 interagissent ensemble et il est possible
TCTP ait un réle dans le métabolisme des ARN qui dépend de YB-1. Le motif BH3-like, les
signatures conservées TCTP1/2 et les sites de phosphorylation S64/S46 sur TCTP sont mis
en évidence sur la structure de TCTP (pdb code: 2HR9).
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Fig. 2: Modéle et diagramme d’énergie pour le complexe TCTP:Mcl-1. La réaction
d’association de TCTP et Mcl-1 est lente. Dans le modéle le plus simple, cela indique qu’'une
énérgie d’activation importante est nécessaire pour former le complexe en passant par un état
de transition de haute énergie (gauche). Nous avons montré que TCTP natif convertit avec un
état minoritaire appelée TCTP* et de maniére lente. C’est cette étape qui est cinétiquement
limitante lors de la formation du complexe avec Mcl-1 puisque TCTP* est la forme active qui

permet de lier Mcl-1 (droite).
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Fig. 3: La diversité des structures de TCTP. La protéine existe dans un état natif (TCTP), en
tant que dimer (TCTPD) ou encore dans un état phosphorylé (pTCTP) biologiguement
pertinent. pTCTP a probablement une forme plus compacte car la boucle a tendance a se
replier plus fréquemment sur le domaine globulaire de la protéine aprés phosphorylation. Un
état minoritaire existe également et TCTP* se forme lentement a partir de TCTP natif. TCTP*
peut étre peuplé en utilisant temperature, pression ou irée. Dans TCTP*, le BH3-like motif est
décroché du domaine globulaire et exposé au solvant, s’associant facilement a Mcl-1. TCTP*
a une organisation de type globule fondu pour son domaine globulaire. TCTP can also unfold
totally (TCTPU) et la protéine peut également s’aggréger dans certaines conditions de stress.
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Résumé : TCTP est une petite protéine globulaire
(20 kDa) qui interagit avec de nombreux partenaires et qui
est impliquée dans diverses fonctions cellulaires et physio-
logiques, avec un role bien documenté dans la réversion tu-
morale qui est un phénoméne rare et spontané ou une cel-
lule cancereuse perd tout ou partie de son phénotype ma-
lin et retrouve des caractéristiques associées aux cellules
bénignes telles que la sensibilité a 'apoptose. Dans les cel-
lules cancéreuses, TCTP inhibe la dégradation de MDM2,
diminuant ainsi les niveaux de p53 et favorisant le maintien
et la progression du cancer. TCTP contient également un
motif BH3-like connu pour réguler les membres de la famille
Bcl-2 et elle interagit directement avec Bcl-xL et Mcl-1 pour
renforcer leurs propriétés anti-apoptotiques. Dans la struc-
ture TCTP, le motif BH3-like n’est pas facilement accessible
pour une interaction avec un partenaire. Conformément
a son importance dans le maintien de la tumeur, TCTP
est une cible pharmacologique validée dans le traitement
du cancer et fait 'objet d’essais cliniques en cours avec
une molécule d’abord connue comme anti-depresseur, la
sertraline. Cependant, on en sait peu sur la structure de
TCTP en complexe avec ses partenaires, ce qui entrave le
développement de médicaments et ne permet pas de com-
prendre comment TCTP peut s’adapter a une telle variété
de partenaires. Ainsi, nous avons étudié le mécanisme
moléculaire par lequel TCTP s’associe a des protéines et

a des ligands en utilisant diverses méthodes biophysiques
(RMN, SAXS, CD, SEC, DSF...). Nous avons démontré que
la protéine TCTP se lie a Bcl-xL et a Mcl-1 dans le sillon
de liaison des motifs BH3. Dans les complexes, la région
BH3-like est engagée dans linterface intermoléculaire et la
structure centrale de TCTP est déstabilisée dans un état de
globule fondu (molten-globule). Nous avons en outre montré
que seule une forme mineure pré-existante de TCTP, a sa-
voir TCTP*, est compétente pour les interactions avec les
partenaires Bcl-xL et Mcl-1. Dans TCTP*, la région BH3-
like est détachée du domaine structuré et elle est accessible
aux protéines Bcl-xL/Mcl-1 tandis qu’on retrouve un état glo-
bule fondu dans la partie globulaire de TCTP*. Nous avons
également collecté des données d’interaction préliminaires
entre TCTP et la sertraline, des ARN, la protéine YB-1
se liant a 'ARN et le domaine N-terminal de MDM2. En-
fin, nous avons caractérisé TCTP phosphorylé (pTCTP) au
résidu S46 en utilisant la Plk-1 car cette modification a un
impact sur les interactions et est un marqueur de I'aggres-
sivité tumorale. En résumé, ces travaux ont établi la ver-
satilité de TCTP en terme de structure et ont montré que
cette versatilité est indispensable pour exercer ses fonc-
tions cellulaires. En conséquence, ceci devrait étre pris en
compte dans les stratégies de développement de nouvelles
molécules thérapeutiques ciblant TCTP.
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Abstract : TCTP is a small (20 kDa) globular protein that
interacts with many partners with consequences in various
cellular and physiological functions, with well-documented
roles in tumoral reversion program. Cells that undergo such
program spontaneously loose their malignant phenotype
and recover characteristics associated with benign cells,
such as apoptosis. In cancer cells, TCTP inhibits MDM2
degradation, thus decreasing p53 levels and favoring tu-
mor maintenance and progression. TCTP also contains a
BH3-like motif known to regulate Bcl-2 family members and
TCTP directly interacts with Bcl-xL and Mcl-1 to reinforce
their pro-survival properties. In TCTP structure, the BH3-like
motif is not readily accessible for interaction. Consistently
with its importance in tumor maintenance, TCTP is a valida-
ted pharmacological target in cancer treatment with ongoing
clinical trials using the TCTP-targeting antidepressant drug
sertraline. However, little is known about TCTP structure in
complex with partners, thus impeding the development of
drugs and the understanding of how TCTP could adapt to
its myriad of partners. Thus, we investigated the molecular

mechanism by which TCTP associates with proteins and li-
gands using various biophysical methods (NMR, SAXS, CD,
SEC, DSF...). We have demonstrated that full length TCTP
binds to Bcl-xL and Mcl-1 in their BH3-binding groove. In
the complexes, the TCTP BH3-like region is engaged in the
intermolecular interface and the core TCTP structure is des-
tabilized into a molten-globule (MG) state. We further sho-
wed that only a minor pre-existing form of TCTP, namely
TCTP*, is competent for interactions with the Bcl-2 protein
partners. In TCTP*, the BH3-like region is unpinned and
accessible to Bcl-xL/Mcl-1 proteins and the core structure
is also in MG state. We also collected preliminary interac-
tion data between TCTP and sertraline, RNA, the RNA bin-
ding YB-1 protein and the MDM2 N-terminal domain. Finally,
we characterized the Plk-1-mediated S46 phosphorylated
TCTP (pTCTP), a marker of tumor aggressivity and its inter-
action properties. Overall, this work established the structu-
ral versatility of TCTP that is mandatory to exert its cellular
functions and this versatility should be taken into account in
drug-design strategies targeting TCTP.
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