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Abstract English

Amyloidogenic proteins are implicated in a multitude of degenerative diseases, which

play increasingly important roles in our aging society. The hallmark of these patholo-

gies is the formation of thermodynamically highly stable fibril structures from na-

tive monomeric proteins, which deposit as aggregates in or surrounding impacted

cells. Type II diabetes is part of the spectrum of amyloidogenic diseases. The 37

amino-acids long intrinsically disordered peptide hormone islet amyloid polypep-

tide (IAPP) is found as amyloid aggregates surrounding β-cells in the pancreas in

90 % of type II diabetes cases. Under normal conditions, the protein quality con-

trol machinery, composed of chaperone system, ubiquitin-proteasome system and

autophagy-lysosomal pathway is able to prevent the formation of aggregates, but in

cases of misfolding diseases these systems are weakened or incapacitated. Therefore,

a mechanistic understanding of these processes is a crucial first step towards tar-

geting these preventive mechanisms for medical intervention. Chaperone molecules

as modulators of protein conformational states are key factors acting on proteins

during their transition from native structure to the amyloid fold. Prefoldin is the co-

chaperonin of HSP60 (chaperonin), an essential chaperone found in the cytosol and

has previously been shown to inhibit fibrillation of a multitude of disease-relevant

amyloidogenic proteins.

In the here presented study I characterized the co-chaperonin prefoldin and stud-

ied its interaction with the amyloidogenic protein IAPP to discover the mechanism

of fibrillation inhibition. This project is one of few studies on the interaction of a

chaperone and an amyloidogenic client protein which allowed to get submolecular

insight into the inhibition process by combining mechanistic and structural studies.

The main technique utilized for structural investigation is NMR spectroscopy, as it

allows insight into dynamic complexes. The backbone and methyl groups of pre-

foldin from the hyperthermophilic archaeaum Pyrococcus horikoshii (PhPFD) were

successfully assigned and allowed for interaction studies between PhPFD and IAPP.

An innovative technique which allows to distinguish inter- and intra-chain NOE

restraints, based on an advanced isotopic labeling scheme and an optimized con-

stant time pulse sequence, was developed in this context. Other biophysical studies
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between PhPFD and also human prefoldin (hPFD) were conducted. De novo and

seeded ThT-fibrillation assays were performed to extract kinetic information regard-

ing the inhibition of the fibrillation process. Atomic force imaging of fibrils resulting

from incubation with prefoldin were taken and negative stain electron microscopy

imaging of IAPP fibrils interacting with prefoldin was performed. The combination

of this data allowed to propose a detailed explanation of the fibrillation inhibition

effect of prefoldin.

I found that the substoichiometric inhibition of IAPP fibrillation by PFD is ma-

joritively due to binding to fibril surface and ends, thereby inhibiting both elongation

and secondary nucleation. Although binding between PFD and monomeric IAPP

is observed, primary nucleation is inhibited rather weakly, having only a minor ef-

fect on the fibrillation inhibition. Monomeric IAPP bound to PFD most probably

remains intrinsically disordered, therefore PFD binding is not able to have a sub-

stantial effect on the primary nucleation kinetics. Binding to monomeric IAPP is

mediated by two binding regions, towards the N-terminus (10-19) and in the middle

segment of IAPP (26-28). Utilizing the NMR restraints collected on PhPFD and

IAPP, structural models for monomer and fibril interaction were calculated with

HADDOCK docking. Binding to the fibril is mediated by the N-terminal regions of

IAPP of which up to six can be enclosed in the PFD cavity, interacting with PFDs

coiled-coil helices. The presence of PFD leads to the formation of less aggregates,

clustered into formations of bigger size, which could be a potential detoxifying mech-

anism.

Key words: Amylin; IAPP; chaperone; prefoldin; Pyrococcus horikoshii; fibril

formation; amyloid; protein structure; large protein; protein complex; long range

NOE; Isotopic labeling; Methyl groups; Assignment
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Abstract Français

Les protéines amylöıdogèniques sont impliquées dans une multitude de maladies

dégénératives, qui jouent un rôle de plus en plus important dans notre société

vieillissante. La caractéristique de ces pathologies est la formation de structures

fibrillaires thermodynamiquement très stables à partir de protéines monomériques

dans leur état natif, qui se déposent sous forme d’agrégats dans ou autour des cel-

lules impactées. Le diabète de type II fait partie du spectre de ces maladies. Islet

amyloid polypeptide (IAPP), un peptide intrinsèquement désordonné de 37 acides

aminés se trouve sous forme d’agrégats amylöıdes entourant les cellules β dans le

pancréas dans 90 % des cas de diabète de type II. Normalement, la machinerie

de contrôle qualité des protéines est capable d’empêcher la formation d’agrégats,

mais en cas de maladies liées au mauvais repliement, ces systèmes sont affaiblis.

Donc, une compréhension du mécanisme de ces processus est cruciale pour cibler

ces mécanismes préventifs. Les chaperones en tant que modulateurs des états confor-

mationnels des protéines sont des facteurs clés agissant sur les protéines lors de leur

transition de la structure native vers l’amylöıde. La préfoldine est la co-chaperonine

de HSP60 (chaperonine), une chaperone essentielle, présente dans le cytosol et dont

il a déjà été démontré qu’elle inhibe la fibrillation d’une multitude de protéines

amylöıdogèniques.

Dans l’étude présentée ici, j’ai caractérisé la préfoldine et étudié son interaction

avec la protéine amylöıdogène IAPP pour découvrir le mécanisme d’inhibition de

la fibrillation. Ce projet a permis d’obtenir un aperçu submoléculaire du proces-

sus d’inhibition en combinant des études mécanistiques et structurales. La princi-

pale technique utilisée pour l’investigation structurale est la spectroscopie RMN. Le

squelette et les groupes méthyle de la préfoldine de Pyrococcus horikoshii hyper-

thermophile archea (noté PhPFD) ont été attribués avec succès et ont permis des

études d’interaction entre PhPFD et IAPP. Une technique innovante permettant

de distinguer les contraintes NOEs inter- et intra-châıne, basée sur un schéma de

marquage isotopique avancé et une séquence d’impulsions RMN optimisée, a été

développée dans ce contexte. D’autres études biophysiques entre le PhPFD et la

préfoldine humaine (hPFD) ont été menées. Des tests de fibrillation (de novo et
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ensemencés) ont été effectués pour extraire des informations cinétiques concernant

l’inhibition du processus de fibrillation. L’imagerie par microscopie à force atomique

des fibrilles résultant de l’incubation avec la préfoldine a été prise et une imagerie

par microscopie électronique à coloration négative des fibrilles d’IAPP interagissant

avec la préfoldine ont été réalisées.

J’ai trouvé que l’inhibition sous-stoechiométrique de la fibrillation de l’IAPP

par PFD est principalement due à la liaison à la surface et aux extrémités des fib-

rilles, inhibant ainsi à la fois l’élongation et la nucléation secondaire. Bien que la

liaison entre la PFD et l’IAPP monomère soit observée, la nucléation primaire est

inhibée plutôt faiblement, n’ayant qu’un effet mineur sur l’inhibition de la fibril-

lation. L’IAPP monomère lié à la PFD reste très probablement intrinsèquement

désordonné, par conséquent la liaison à la PFD n’est pas en mesure d’avoir un effet

substantiel sur la cinétique de nucléation primaire. L’IAPP monomérique se lie à

la PFD par deux régions, la première vers l’extrémité N-terminale (10-19) et la sec-

onde dans le segment médian de l’IAPP (26-28). La liaison à la fibrille se fait par

les régions N-terminales de l’IAPP. Jusqu’à six régions N-terminales peuvent simul-

tanément interagir avec la cavité de la PFD. La PFD interagit avec IAPP au niveau

des ces longues coiled-coil helices. La présence de la PFD conduit à la formation de

moins d’agrégats, regroupés en formations de plus grande taille, ce qui pourrait être

un mécanisme de détoxification potentiel.

Mots clés: Amyline; IAPP ; chaperone; prefoldine; Pyrococcus horikoshii;

formation de fibrilles; amylöıde; structure protéique; grosse protéine; complexe

protéique; NOE ; Marquage isotopique; groupes méthyle; attribution
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Chapter 1

Amyloidogenic proteins

1.1 Amyloid diseases and their relevance

To date, about 50 proteins and peptides have been identified to be implicated in

amyloid diseases. (Iadanza et al., 2018) The hallmark of these pathologies is the

aggregation of small monomeric proteins into large elongated fibril structures (amy-

loid), which results in death of the affected cells. Most studied and known are

neurodegenerative diseases, such as Alzheimer’s or Parkinson’s disease, but the cell-

toxic formation of fibrillar aggregates can also be of systemic nature or localized in

peripheral organs. (Cho et al., 2018) The associated pathologies vary, depending on

the locus of amyloid deposition and the involved proteins. Neurodegenerative dis-

orders encompass the aforementioned Alzheimer’s disease (τ, Aβ) and Parkinson’s

disease (α-synuclein), Huntington’s disease (huntingtin), amyotrophic lateral scle-

rosis (superoxide dismutase=SOD) and the severe Creutzfeldt-Jakob disease (Prion

protein). In type II diabetes, aggregates are deposited in the pancreas (islet amyloid

polypeptide=IAPP), in antibody light chain (AL) amyloidosis in kidney and heart

and in dialysis-related amyloidosis in osteoarticular tissues (β-microglobulin). An

exhaustive enumeration of pathologies and associated proteins can be found in Ta-

ble 1.1. What unites these diseases is that for the majority of them no treatments

are available, although they have received extensive attention from the scientific

community. (Chiti and Dobson, 2017)

The main risk factor for the development of these diseases is age, therefore they

increasingly become a threat in our long-lived societies. The impact on the health

care system is enormous, let alone the debilitating impact on the concerned patients

and caretakers. According to the Alzheimer’s association (https://www.alz.org/global

/overview.asp) to-date 50 Million people worldwide suffer from Alzheimer’s disease,

leading to a cost of 604 billion $ (about 500 billion €) per year for care of these
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patients, as to this day no disease-altering treatment has been developed.1 Even

more people suffer from diabetes. As of 2017, 451 Million adults were estimated to

have diabetes (type I and II) resulting in global health care costs of 850 billion $
(about 700 billion €). Although treatment is available for diabetes, 5 million deaths

were attributed to diabetes in 2017, (Cho et al., 2018) and diabetes is associated

with a substantially increased risk of death from a broad range of other diseases,

such as infectious diseases, cancer or cardiovascular diseases. (Lin et al., 2020)

Although the presence of amyloid aggregates is clearly related to disease, the link

is not straightforward. Quantity of aggregates does not correlate well with severity

of disease and disaggregation of fibrils does not alleviate symptoms. (Espay et al.,

2019) So, in order to address amyloid diseases therapeutically, a detailed molecular

understanding of the pathological process is necessary. Although major progress has

been made (Chiti and Dobson, 2017) in the years since the term amyloid was coined

in 1854, (Sipe and Cohen, 2000) much remains to be known about the mechanism

of pathology.

As a misfolding disease, understanding protein structure and the folding process

is of particularly great importance. In the following, the current knowledge regarding

the process of folding and misfolding will be expounded, before amyloidogenic pro-

teins and their properties are addressed. Commonalities of amyloidogenic proteins

and factors which increase aggregation propensity, the different species produced

during the aggregation process and their link with toxicity as well as the kinetic

description of the aggregation process will be addressed. After this introduction to

the field of amyloid diseases, the molecular basis which identifies type II diabetes as

an amyloid disease will be explored.

1In june 2021 the Aβ antibody aducanumab (Aduhelm) was approved for the treatment of
Alzheimer’s disease by the accelerated approval pathway, which provides patients with a serious
disease earlier access to drugs when there is an expectation of clinical benefit despite some uncer-
tainty about the clinical benefit. It was shown to reduce the number of plaques in the brain, and is
therefore expected to reduce the cognitive decline. (FDA, 2021) If it lives up to the expectations,
time will tell.
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1.2 Structure, folding, misfolding

1.2.1 Anfinsen’s dogma and Levinthal’s paradox

The Nobel laureate Christian B. Anfinsen formulated what is today known as An-

finsen’s dogma, or thermodynamic hypothesis, after studying the re-folding of ri-

bonuclease after denaturation. (Anfinsen, 1973)

“This hypothesis states that the three-dimensional structure of a native protein

in its normal physiological milieu (solvent, pH, ionic strength, presence of other

components such as metal ions or prosthetic groups, temperature, etc.) is the one

in which the Gibbs free energy of the whole system is lowest; that is, that the native

conformation is determined by the totality of interatomic interactions and hence by

the amino acid sequence, in a given environment.“

This hypothesis, combined with the structure-function paradigm, (Fischer, 1894)

constitutes the core of structural biology. Function of proteins is determined by their

specific three-dimensional architecture, which allows them to undergo specific inter-

actions between each other or with substrate. The hope that function of proteins can

be predicted from their structure, which itself can be predicted from their primary

sequence, the amino acid composition of the protein chain, has motivated a lot of

research. Unfortunately, the mechanism of protein folding is not as straightforward

as was hoped, and so structure prediction from the primary sequence remains chal-

lenging. 2 Strikingly, different primary sequences can assume similar folds, (Lesk

et al., 1989) and so prediction of structure by search of characteristic amino acids

related to different structural elements is not feasible. Although different amino

acids have tendencies towards different secondary structural elements, there is no

one-to-one link. So, if it remains true that all the information is encoded in the

protein sequence, what drives folding?

In silico protein folding relies heavily on sequence alignment (homology modeling) or

on fragment insertion from already known structures. (Kuhlman and Bradley, 2019)

In vivo or vitro these shortcuts are not available to the protein chain and yet, pro-

tein folding typically proceeds at a timescale of milliseconds. (Kubelka et al., 2004)

Cyrus Levinthal was the first to remark on the underlying paradox. (Levinthal,

1969) To illustrate; assuming only 3 possible conformations per peptide bond in

an 101 amino acid long protein, 3100 configurations are possible. Even if 1013 con-

formations were sampled per second, it would take 1027 years to probe the whole

2A new algorithm, AlphaFold, based on a neural network has been successful at predicting
novel structures with unparalleled accuracy, comparable to experiment. It uses both the primary
sequence and aligned homologous sequences. (Jumper et al., 2021)
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conformational space. How is it possible that proteins typically fold to one precisely

determined native structure in much less time, despite the astronomic number of

possible conformations?

1.2.2 Protein structure

primary structure

secondary structure

tertiary structure

alpha-helix

beta-sheet
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Figure 1.1: Primary, secondary and tertiary structure seen on ubiquitin - primary
structure refers to the arrangement of amino acids connected by peptide bonds -
secondary structure elements are created by hydrogen bonds (seen in yellow) be-
tween the backbone carbonyl- and amide groups - the tertiary structure refers to
the arrangement of structural elements as a whole

The first general principle of folding of globular proteins is the formation of a hy-

drophobic core, by packing of hydrophobic sidechains away from the surface, towards

the interior of the molecule. The enthalpically favorable hydrophobic interactions

between tightly packed sidechains outbalance the entropic cost of lost chain flexi-

bility due to folding. (Kauzmann, 1959; Dill, 1990) The NH and carbonyl groups

of the polar backbone, which also have to be fitted in this hydrophobic core, are

neutralized by forming hydrogen bonds with each other, thereby usually creating

one of two possible secondary structure elements: α-helices or β-sheets. (see

Fig. 1.1) These structure elements are built from stretches of residues with simi-

lar backbone angles, which suit the conformational preferences of the peptide bond.

There is a weak preference for certain amino acid types to be part of either secondary

structure, but no necessity. Loop regions connect the secondary structure elements

(e.g., β-turns) and tend to be on the outside of the protein, where the backbone can

form hydrogen bonds to water atoms. (Carl-Ivar Brändén, John Tooze, 1991) Beside

these fundamental interactions, salt bridges between oppositely charged side chains
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also play a role in protein stability and are commonly found on the outside of pro-

teins. (Pylaeva et al., 2018) Covalent interactions such as disulfide bonds between

the sulfide group of two cysteine residues can stabilize the tertiary structural ar-

rangement, that is the arrangement of the different secondary structure elements

between each other. Disulfide bonds are however only formed in excreted proteins

during their passage in the endoplasmic reticulum. (Braakman and Bulleid, 2011)

The last layer of protein architecture is the so-called quaternary structure, which

describes the arrangement of multiple protein subunits in a complex. Here typically

the same interactions as for tertiary structure stabilization are at play. (Ouellette

and Rawn, 2015)

1.2.3 Protein folding

Knowing the underlying principles which determine protein structures does not seem

to answer Levinthal’s paradox, as it does not explain the fast kinetics of the folding

process. Yet, the notion of the protein folding process as a random search is not

the right model to apply here. Folding is much better described as a biased search.

Energetic penalty from unfavorable interactions and gain from favorable ones ef-

fectively biases the search. As soon as the first favorable interactions are formed

between parts of the molecule, the following steps tend to be downhill in terms of

energy, thereby decreasing the search time to biological timescales. (Zwanzig et al.,

1992) There are less low-energy conformational ensembles than high-energy confor-

mations, giving the protein-folding energy landscape a funnel-shaped appearance.

This means that late folding states can only sample a smaller subset of structures,

which decreases the search time further. (Dill and MacCallum, 2012)

But what is the level of randomness during folding? Does this mean folding is

essentially undetermined? Or are there certain steps, so called folding pathways,

(determined by the individual amino acid sequence) a protein takes to reach its

native fold? To answer this question a quest of folding intermediates was started

about 30 years ago. (Kim and Baldwin, 1990) In order to observe these states

with a lifetime of a few milliseconds, a plethora of new techniques was developed

(Evans and Radford, 1994) complemented by molecular dynamics simulations. And

yet, still today it is debated if molecules of the same sequence essentially follow a

determined folding pathway or many different ones. Nevertheless, there are some

generalizations the field has converged on.

The first steps of the folding process can be described as undetermined search, which

leads to the assembly of the first units of secondary structure, so called foldons. As

soon as these units are formed, they serve as structural nucleus to the rest of the

protein and in an act of sequential stabilization the native state is reached. (Eng-
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lander and Mayne, 2014) So the folding process can be described as biased search,

towards partially stable conformations, which limit the search radius and impart

direction to the folding process, which then in turn leads to fast collapse towards

the native conformation.

1.2.4 Protein misfolding and aggregation

Considering the importance of “chance processes” in the folding process, it is not

surprising that sometimes folding goes off pathway, typically resulting in either amor-

phous aggregates or the generic β-cross structures characteristic for amyloid diseases.

The existence of a large chaperone network in all kingdoms of life is another strong

indicator for the prevalence of misfolding. Chaperones and their function as helper-

proteins, aiding the folding of other proteins, will be discussed in detail in the next

chapter. The question to answer before is: why does folding go wrong and when

does it go wrong?

The driving forces towards aggregation are the same as for folding, burial of

hydrophobic surface area and hydrogen bonding. The major difference is, that in

the case of aggregates, these forces will be satisfied by inter-molecular contacts, in-

stead of intra-molecular ones. (Jahn and Radford, 2005) Therefore, aggregation is

highly concentration dependent. In terms of thermodynamic stability, aggregates

are more stable (have lower energy) (Gazit, 2002) than globular proteins, so kinetics

play an important role during the folding process. (Interestingly, also intrinsically

disordered proteins, which will be discussed in the following chapter, have a lower

energy in their aggregate form. (Weickert et al., 2019)) (see Fig. 1.2) The ability to

rapidly follow the “folding tunnel” and to reach a metastable “inert” state before

another unstructured or partly structured molecule is encountered is important to

prevent aggregation. The process of correct folding is therefore kinetic trapping.

(Clark, 2004)

Mechanistically, folding intermediates are considered to be important precursors

in the aggregation process. Some amyloidogenic proteins are inert, folded, glob-

ular proteins in their native state, but destabilization of the native state triggers

aggregation. (Uversky et al., 2001) So one of the few successful drugs developed

against amyloid formation works via stabilization of the native globular state of

transthyretin in transthyretin amyloidosis. (Coelho et al., 2016) Folding intermedi-

ates still expose many hydrophobic groups as well as unsatisfied amide and carbonyl

groups (backbone), which allows them to interact readily with other proteins. Even

natively unstructured proteins, such as α-synuclein are thought to pass through a
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Figure 1.2: Energylandscape of protein folding and misfolding for a) a globular pro-
tein and b) an IDP, taken from (Weickert et al., 2019) a) During folding of globular
proteins the decrease of enthropy is compensated by formation of intramolecular
contacts. Local free energy minima (1,2) correspond to folding intermediates, while
the native globular fold is represented by a global free energy minimum. Interaction
of these folding intermediates can result in the formation of oligomers, amorphous
aggregates or amyloid fibrils. b) Intrinsically disordered proteins have a flatter en-
ergylandscape. Upon interaction with binding partners, they can become partially
or fully structured, if a reduction in the free energy is accompanying the formation
of such a complex (1, 2, 3). Intermolecular interactions, leading to the formation of
oligomers, amorphous aggregates or amyloid fibrils is facilitated for IDPs, since no
unfolding is necessary prior to the formation of the relevant contacts.
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partially folded state during fibrillation. (Uversky et al., 2001)

An important role during the fibril formation process is played by surfaces, in vitro

especially by the air-water interface (Schladitz et al., 1999) and in vivo by mem-

branes. (Knight and Miranker, 2004)

Surfaces can work as catalyst during the fibrillation process by:

• Increasing local concentration by adsorption

• Enforcing order to the peptide structure and inter-peptide interactions

• Regenerating the catalyst surface by desorption of the twisted fibril whose

geometry is incompatible with surface adsorption

(Hebda and Miranker, 2009) Thereby surfaces increase the successful encounters

of monomeric proteins leading to formation of the thermodynamically stable fibril

state.

1.2.5 Intrinsically disordered proteins

An important group of proteins which have received growing attention from the

scientific community are so called intrinsically disordered proteins (IDPs). Despite

having no stable tertiary structure, these proteins are functional and play impor-

tant roles in all kingdoms of life, especially in cell signaling in eukaryotes. Their

sheer existence raised questions regarding the structure-function paradigm which is

nowadays seen as a too limiting description of proteins and their interactions.

The lack of a stable tertiary fold results from a different composition of amino acids

as compared to globular proteins. Charged amino acids are strongly over-represented

as compared to hydrophobic ones. Especially bulky hydrophobic residues and aro-

matic amino acids tend to be missing, which typically form the core of globular

proteins. (Campen et al., 2008). This leads to a more extended conformation as

compared to globular proteins due to charge repulsion. Fully extended IDPs and

“molten globules” are distinguished, depending on the extent of charge repulsion.

(Dunker et al., 2001)

IDPs can contain multiple functional elements with differing composition along their

chain, which allows them to interact with a multitude of binding partners or easily

produce differently acting proteins by alternative splicing. (Romero et al., 2006)

Folding upon binding has been observed when the binding partner provides a “miss-

ing” part of the folding code, e.g., complementary charged residues, but also com-

plexes where the IDP remains partly or fully unstructured are observed and are

functional. (Uversky, 2013) When complementarity is missing, the binding has a
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dynamic character, sampling multiple binding conformations to resolve resulting

“frustration”. Here the concept of frustration refers to the conflicting penalties

of different constraints of a system in its desire to reach a state of minimal energy.

E.g., amino acid topology/connectivity and favorable interactions. (Ferreiro et al.,

2014)

Different from globular proteins, the conformational energy landscape of IDPs is not

funnel shaped but flat, yet rugged, due many conflicting, meta-stable, frustrated con-

formations. (Fisher and Stultz, 2011) A change in environmental conditions however

can substantially alter the energy landscape, leading to the preferential occupation

of a certain state. This allows IDPs to react to changing environmental conditions

such as temperature or pH, which might explain their importance in cell signaling.

Interestingly IDPs, conversely to “normal” proteins, even have a tendency to be

more structured at higher temperature. (Uversky, 2009)

A big part of the proteome is composed of IDPs, about 15-30% in the mammalian

proteome, (Dunker et al., 2008) and for the majority their function still needs to be

elucidated. IDPs are normally stable in their unfolded state, however among them

are some which assemble to amyloid structures. What are the factors predicting this

gain of function, which leads to toxicity, will be discussed in the next chapter.

1.3 What makes a protein amyloidogenic?

It has been proposed that the formation of β-cross structure, as observed in amy-

loid aggregates, is a common property of peptide chains, (Chiti and Dobson, 2006)

and the toxicity of amyloid independent of protein sequence. (Pastor et al., 2008)

The first observation was concluded from the fact that many non-disease associated

proteins can be converted into the amyloid fold (Guijarro et al., 1998) and proteins

with polypeptide sequences composed of only one type of amino acid can fold into

the amyloid state, (Fändrich and Dobson, 2002) thereby suggesting structural inde-

pendence from the primary sequence. As was discussed in chapter 1.2.2, the β-fold

is stabilized by backbone interactions, confirming this. However, if the amyloid fold

is so generic, why does in vivo only a small subset of proteins form into amyloid

aggregates?

1.3.1 Global analysis

Some common properties of proteins involved in amyloidogenic diseases can be de-

duced from a comparative study of these proteins and typical disease-inducing mu-

tations. Table 1.1 There are no similarities with regard to function and no clear links

in sequence or structure between these proteins. About half of the disease-associated
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proteins are intrinsically disordered in their native state, some have unknown struc-

ture. However, the first important distinctive factor is size. Whereas the average

length of proteins encoded in the genome is 500 residues, the majority of amyloido-

genic proteins has less than 400 residues, half of them have even fewer than 100

residues.

Protein aggregates are found in the compartments where the native protein typically

resides. The majority of peptides and proteins found to form amyloid deposits are

secreted, therefore forming deposits in the extracellular space. Only four peptides

(α-synuclein, Huntingtin, τ, Galectin 7) are cytosolic, forming intracellular inclu-

sions. (Chiti and Dobson, 2017)

Indeed, analysis of the whole human proteome confirms the inverse relationship be-

tween aggregation propensity and protein length, as well as increased aggregation of

secreted proteins. As will be discussed in chapter 1.3.3, intrinsically disordered pro-

teins have a lower tendency to aggregate than globular proteins due to their specific

primary structure. Yet, intrinsically disordered proteins are found overproportion-

ally often amongst amyloidogenic proteins. This is because in globular proteins the

aggregation prone regions are normally buried inside the fibril core and covered.

(Monsellier et al., 2008)

Table 1.1: Amyloidogenic proteins, data taken from

(Chiti and Dobson, 2017) and (Iadanza et al., 2018)

Amyloidogenic protein Associated diseases
Size

(aa)
Structure

Amyloid beta (Aβ) Alzheimer’s disease 40 or 42 IDP

ABri peptide Familial British dementia 34 IDP

ADan peptide Familial Danish dementia 34 IDP

Alpha-synuclein

Parkinson’s disease

Dementia with Lewy bodies

Multiple system atrophy

140 IDP

Apolipoprotein A-I N-term

fragment
ApoAI amyloidosis 69-100 IDP

Apolipoprotein A-II C-term

fragment
ApoAII amyloidosis 98 unknown

Apolipoprotein A-IV

N-term

fragment

ApoAIV amyloidosis 70 unknown

Apolipoprotein C-II ApoCII amyloidosis 79 globular
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Amyloidogenic protein Associated diseases Size(aa) Structure

Apolipoprotein C-III ApoCIII amyloidosis 79 globular

Atrial natriuretic factor

(ANF)
Atrial amyloidosis 28 IDP

β2-microglobulin

Dialysis related amyloidosis

Heredetary visceral amyloi-

dosis

99 Ig-like

Calcitonin
Medullary carcinoma of the

thyroid
32 IDP

Corneodesmosin (CDSN)
Hypotrichosis simplex of

the scalp

167,

182, 206
IDP

Enfuvirtide
Injection-localized

amyloidosis
36 unknown

Fibrinogen α-chain

fragments
Fibrinogen amyloidosis 45-81 unknown

Galectin 7
Lichen amyloidosis

Macular amyloidosis
136 globular

Gelsolin fragments
Familial amyloidosis Finish

type
53 or 71 IDP

Huntingtin exon 1 Huntington’s disease 103-187 IDP

Immunoglobulin light chain Light-chain amyloidosis 100 Ig-like

Immunoglobulin heavy

chain
Heavy-chain amyloidosis 190 Ig-like

Insulin
Injection-localized amyloi-

dosis
30+21 globular

Islet amyloid peptide

(IAPP)
type II diabetes, Insulinoma 37 IDP

Kerato-epithelin C-term

fragments

Lattice coneal dystrophy

type 1, type 3a, Avellino

type

50-200 unknown

Lactotransferrin
Gelatinous drop-lik corneal

dystrophy
691 globular

Leukocyte cell-derived

chemotaxin-2 (LECT-2)
Renal amyloidosis 133 globular

Lysozyme Lysozyme amyloidosis 130 globular

Medin Aortic medial amyloidosis 50 IDP
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Amyloidogenic protein Associated diseases Size(aa) Structure

Odontogenic

ameloblast-associated

protein C (ODAM)

Calcifying epithelial odon-

togenic tumors
110-118 unknown

Prion protein (PrP)

Creutzfeldt-Jakob disease

Spongiform encephalopathy

Kuru

208
partial

IDP

Prolactin N-term fragments

(PRL)
Pituitary prolactinoma 34 unknown

Proteins S100A8/A9 Prostate cancer 92/113 globular

Pulmonary

surfactant-associated

protein C

Pulmonary alveolar

proteinosis
35 globular

Semenogelin-1 (SGI) Seminal vsicle amyloidosis 439 unknown

Serum amyloid A protein AA amyloidosis 45-104 globular

τ

Alzheimer’s disease,

Pick disease,

Frontotemporal dementia

with parkinsonism

352-441 IDP

Transthyretin

Senile systemic amyloidosis

Familial amyloidotic

polynueurophathy

127 globular

Truncated cystatin C

hereditary cerebral hemor-

rhage with amyloidosis, Ice-

landic type

110 globular

Both hereditary and sporadic conditions fall under the category of protein mis-

folding diseases, only a few are transmissible. The transmissible forms are all related

to prion protein, such as iatrogenic Creutzfeldt-Jacob disease, arising from contam-

inated organ transplants or treatment with hormones extracted from cadavers, new

variant Creutzfeldt Jakob disease from consumption of cattle, infected with bovine

spongiform encephalopathy or Kuru, transmitted by ritualistic cannibalism. (Gaj-

dusek et al., 1966) There is a proposed link between the specific, unstable fibril

structure assumed by prion protein and disease transmission, (Vázquez-Fernández

et al., 2016) as will be discussed in chapter 1.4.
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1.3.2 Genetic analysis

Hereditary cases generally have an early age of onset. They also tend to be au-

tosomal dominant, leading to disease onset already if only one copy of the gene is

impacted. (Chiti and Dobson, 2017) The associated mutations are typically located

in the chain of the according amyloidogenic protein and it is very insightful to study

in which way mutations alter the properties of impacted protein and thereby further

disease development. One general feature of mutations is to increase the aggregation

propensity, thereby confirming the important role of this mechanism during patho-

genesis. This can be achieved indirectly, by increase of concentration, e.g., due to

gene multiplication, as observed for hereditary forms of Alzheimer’s or Parkinson’s

disease (Chartier-Harlin et al., 2004; Rovelet-Lecrux et al., 2006) or via increased

cleavage as is the case for many mutations in the precursor protein of Aβ, βAPP. (De

Jonghe et al., 2001) Mutations can also directly alter the aggregation propensity,

as observed for the poly-Q diseases where a multiplication of CAG repeats in the

gene leads to prolonged regions with high aggregation propensity due to multiple

glutamines, e.g., in exon1 of the huntingtin gene. (von Mikecz, 2014) For globular

proteins, higher aggregation propensity is achieved by destabilizing the native form,

leading to aggregation protein folding intermediates. E.g., all the mutations so far

identified on lysozyme, associated with lysozyme amyloidosis, have been found to

decrease the stability and lead to increased population of a locally unfolded state.

(Ahn et al., 2016)

Interestingly, considering all mutations observed in the general population, the

majority of mutations which can be found, tend to reduce aggregation rates. This

has been interpreted as an ongoing evolutionary process, which to date is not fully

optimized but just sufficient to be resistant to aggregation during the reproductive

lifespan. (Dobson, 2002)

So, the typical suspect for an amyloidogenic protein is a small, natively dis-

ordered, secreted peptide that is either overexpressed (by gene multiplication or

increased splicing/cleavage) or carries a mutation which increase its aggregation

propensities. But what does increased aggregation propensity mean on a molecular

level?

1.3.3 Molecular analysis

Interestingly, whereas structure prediction directly from primary sequence is not

(yet) possible, prediction of aggregation propensity is successful. Physicochemical

properties and aggregation propensity can be correlated (Chiti et al., 2003; Tartaglia
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et al., 2004) and multiple algorithms predicting aggregation parameters have been

developed. (DuBay et al., 2004; Fernandez-Escamilla et al., 2004; Pawar et al., 2005;

Conchillo-Solé et al., 2007)

It has been found that hydrophobicity, charge, secondary structure propensity, polar

and nonpolar water-accessible surface areas, dipole moment, and stacking interac-

tion of aromatic residues are important factors. This means that more hydrophobic

surface exposed, lower charge, more aromatic residues and stronger β-sheet propen-

sity are correlated to higher aggregation rates. Analyzing these factors, it is found

that intrinsically disordered proteins have a lower aggregation propensity than glob-

ular proteins. (Linding et al., 2004) One has to consider that these factors drive

aggregation starting from an unfolded state, so mutations which destabilize the na-

tive state complicate the prediction process and have to be considered separately

for their effects. It is clear that different sites have varying relative importance for

the aggregation process, with the regions directly involved in the aggregation pro-

cess being decisive. (Chiti et al., 2002) This explains why IDPs, although having

many regions which are anti-aggregation prone, can still be amyloidogenic if they

contain a site promoting aggregation. However, it is a clear and crucial point that

within these regions, aggregation propensity is correlated with the aforementioned

physicochemical factors and not mediated via specific interactions.

On the other hand, specific alterations have been observed which actively discour-

age aggregation. These “positive design features” or “negative-folding de-

terminants” can be flanking of aggregation prone regions with residues with a low

aggregation propensity, (Rousseau et al., 2006) enrichment of α helical structures

with proline to prevent β-sheet conformation (Wigley et al., 2002) or protection of

exposed edge strands of native β-sheets. (Richardson and Richardson, 2002) They

showcase evolutionary safeguarding against the toxic effects of aggregation. But

then, why is aggregation actually toxic?

1.4 Amyloid structure and its link with toxicity

It has become increasingly clear that mature fibrils are not as toxic as initially

thought. So does the number of amyloidogenic aggregates correlate poorly with dis-

ease severity. (Espay et al., 2019) Therefore, attention has shifted to other species

emerging during the fibrillation process, notably oligomers. However, mature fibrils

are not off the hook, as they play important catalytic roles during the fibrillation

process and can be toxic via sequestration of proteins of the cell machinery. (Labba-

dia and Morimoto, 2015; Olzscha et al., 2011) Structure elucidation has been slow,

as fibrils cannot be crystallized due to their inherent twist, (Landreh et al., 2016)

and for a long time the only structural knowledge came from crystallization of small
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fragments and solid state-NMR studies. (SS-NMR) (Lührs et al., 2005; Streltsov

et al., 2011) With the advent of the resolution revolution in cryo-electron microscopy

(Callaway, 2015) the number of elucidated fibril structures has been growing, and

multiple structures of all major disease related proteins are available now. (Gremer

et al., 2017; Guerrero-Ferreira et al., 2018; Kollmer et al., 2019; Cao et al., 2020;

Röder et al., 2020; Gallardo et al., 2020) Structure elucidation of monomeric proteins

which are globular in their native state is well established, but IDPs are naturally a

problematic target. Liquid state NMR helps to shed a light on their interactions and

structural propensities. (Brutscher et al., 2015; Schneider et al., 2019) Elucidation

of oligomers remains challenging and a field of active research, due to the transient

nature and multitude of structures. Nevertheless, structural information can be col-

lected by fast, but low-resolution techniques, e.g., secondary structure content from

UV spectroscopy, (Masroor et al., 2020) or by kinetic trapping of oligomers.

1.4.1 Amyloid fibrils

Amyloid fibrils are not unstructured aggregates, but a highly regular arrangement

of monomers into a fibril structure which can be microns in length. The monomeric

building blocks form β-sheets, which are arranged perpendicular to the fibril axis.

(Sunde et al., 1997) This structure element is the defining characteristic of amyloid

fibrils and can be observed in X-ray diffraction experiments as “β-cross” structure

(Geddes et al., 1968) or tested by interaction with specific dyes, such as Thioflavin

T (ThT) or Congo Red, which arrange themselves in specific ways on the fibril

surface. (Gade Malmos et al., 2017) The name amyloid stems from this interaction

with dyes, which also color starch (amylon).

The natural twist of the β-sheet structure element translates to a twist in the

fibril. The fibril is composed of multiple protofilaments, twisting around each other.

The β-sheets form hydrogen bonds between each other, along the fibril axis, which

gives the fibril mechanical strength and stability. (Knowles et al., 2007) This generic

β-cross structure element allows polymorphism and it is frequently observed that the

same peptide is able to form different fibril structures, both in the molecular struc-

ture of the protofilaments as well as in number and arrangement of protofilaments.

(Cao et al., 2020; Röder et al., 2020; Gallardo et al., 2020) The presence of a given

polymoph is however able to seed the same structure, even under different growth

conditions. (Petkova et al., 2005) As the β-sheet interaction is mediated by the pep-

tide backbone, multiple arrangements of sidechain residues are possible and likely in

the absence of evolutionary selection converging towards a single structure. (Chiti

and Dobson, 2017) Even so, there is some prevalence regarding the arrangement of

β-sheets. Typically, β-strands are in register, meaning all strands packing on top of
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Figure 1.3: Beta-cross and fibril structure of amyloid fibrils - a) In the fibril,
monomers form beta-sheet structures along the long axis of the fibril axis. The char-
acteristic spacing of the sheets gives rise to typical diffraction peaks, hence β-cross
structure. Multiple protofilaments twist around each other forming the elongated
fibril structure (here seen for IAPP (Röder et al., 2020)) b) The twisted, elongated
fibril structure can be seen under the electron microscope, here for IAPP fibrils.

each other are oriented in the same direction. The interaction between the protofil-

aments is mediated via interdigitation of sidechain residues in a steric zipper motif,

which leads to exclusion of water molecules on the interface. (Landreh et al., 2016)

The possibility of these zipper motifs explains why physicochemical factors such as

hydrophobicity can predict amyloidogenic propensity. (see chapter 1.3.3)

The amyloid fibril structure can be a toxic agent due to sequestration of proteins

of the cell machinery. This leads to depletion of chaperones and the upregulation

of stress-induced pathways which can subsequently lead to apoptosis (see chapter

3). (Kirstein-Miles et al., 2013; Zhou et al., 2019) Another part of the pathogenicity

of fibrils lies in their ability to seed further aggregation. (Gallardo et al., 2020)

They can also serve as a reservoir of protein oligomers which can be released over

time. (Martins et al., 2008) This process leads to an increased concentration of other

species generated during the aggregation process which are thought to be of greater

inherent toxicity than the mature fibril structure.

1.4.2 Oligomers

Oligomers are transiently formed aggregates during the fibril formation process.

Their study is meaningful because their structure is not only important for the sub-

sequent formation of fibrils but because a lot of evidence points towards oligomers

as the main toxic species. (Heinitz et al., 2006) Naturally, their short lifetimes com-

plicate structural elucidation, but nevertheless some information is available.
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Oligomers change over time during the fibrillation process and due to different so-

lution conditions so searching for the one, single oligomer structure is futile. Early

oligomers tend to resemble the structure of the aggregation competent monomers,

therefore initial oligomers composed of intrinsically disordered peptides show few

secondary structure and resemble rather molten globules, whereas aggregates ini-

tiated from a folded state resemble the native protein in their structural composi-

tion. (Chiti and Dobson, 2017) Some specific oligomer structures were proposed,

such as a β-barrel with an antiparallel out-of-register β-sheet core. (Laganowsky

et al., 2012) Considering that productive fibril formation starting from this type of

oligomer would require an extensive rearrangement of the structure, it is more likely

that these types of structures represent off-pathway species. A lot of studies have

focused on the Aβ peptide. (Teplow, 1998; Caughey and Lansbury, 2003) Many dif-

ferent assemblies with various forms and stoichiometries have been reported, from

both in vitro and in vivo studies. Among them are protofibrils, annular structures

and globulomers. Protofibrils are narrower than mature fibrils and up to 150 nm in

length. They contain β-sheet structure and seem to be on-pathway as they can keep

on polymerizing in vitro. (Harper et al., 1997) Annular assemblies with a diameter

of up to 12 nm can be observed in vitro (Lashuel et al., 2002) and smaller annular

aggregates termed ADDLs have been isolated post-mortem from Alzheimer patients.

Their ring-shaped morphology suggest toxicity due to pore-formation. These aggre-

gates are resistant to degradation by insulin-degrading enzyme which can digest

monomeric Aβ. (Lambert et al., 1998) Globulomers are about 60 kDa big aggre-

gates, which are structurally distinct from both monomeric and fibrillar Aβ ,as seen

from antibody interactions, although their exact structure remains elusive. They

seem to be off-pathway species and form independently from the normal fibrillation

pathway. (Barghorn et al., 2005; Gellermann et al., 2008)

Unless specific functionality is suggested by the morphology (e.g., pore forma-

tion) (Ciudad et al., 2020) the exposure of hydrophobic residues on the oligomer

surface seems to be the major toxicity inducing factor. (Ladiwala et al., 2012) Hy-

drophobic residues mediate interaction, so by their exposure faulty interaction with

components of the cell can be initiated. Another important factor for toxicity is

size. Very small oligomers composed of two to three monomers and oligomers of

more than 100 kDa are found to be not as toxic as the ones in the sweet spot in

between. (Chiti and Dobson, 2017) Small oligomers can diffuse further through the

cell and are therefore able to produce more damage. It is proposed that trafficking

of oligomers between cells is an important mechanism by which amyloid diseases

spreads inside an organism. (Brettschneider et al., 2015)
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There are multiple mechanisms which are at play during the disease process. The

major process associated with oligomers is increase of permeability of cell mem-

branes. (Demuro et al., 2005) Model membrane studies have shown that many

amyloid intermediates render bilayers permeable, both to small species such as ions

but some even to large dyes. (Arispe et al., 1994; HAI et al., 2001; Quist et al.,

2005) Neither monomers nor mature fibrils are able to cause this effect. (Hebda and

Miranker, 2009) A formation of porous structures inside the membrane, although

not experimentally proven, has been hypothesized, (Lashuel and Lansbury, 2006)

and multiple possible structures were proposed. Both α-helical and β-barrel confor-

mations are discussed. (Zhao et al., 2014; Di Scala et al., 2016)

However, increase of permeability does not necessarily have to be mediated by pores.

Via their amphipathicity, amyloids can insert into membranes, but also layer on top

of membranes (see chapter 1.2.4) or remove lipid components via a detergent-like

mechanism. Carpeting is binding of prefibrillar states to one leaf of a bilayer.

Thereby, asymmetric pressure is created between the two leaves of the bilayer, which

leads to increased permeability when the pressure is relaxed. Detergent effects

are when protein is acting as a surfactant, removing lipid from the membrane and

thereby thinning the membrane or creating a hole. (Hebda and Miranker, 2009)

From the literature it seems clear that oligomers do not only come in a multitude of

shapes and sizes but also that their pathological mechanisms can be due to different

mechanisms. Fibrils, as more inert substrates, seem to act predominantly as a sink

for cellular components or reservoir of monomers. In both cases the result is cellular

stress, be it due to influx of ions through permeabilized membranes or perturbed

proteostasis, which leads to the turning on of stress pathways which subsequently

leads to apoptosis. Inhibition of the genesis of these species seems to be a good way

to prevention of toxicity.

1.5 Amyloid aggregation process

1.5.1 Species and processes during fibrillation

Similarly, to the related process of crystallization, the aggregation process is de-

scribed as a nucleation-dependent assembly. It starts with a stochastic oligomeriza-

tion event, where a nucleus is formed, which then rapidly elongates by templated

incorporation of monomers. A nucleus is defined as smallest species that is able to

initiate fibril elongation, that is, the rate of monomer addition is higher than the

one of monomer release. No specific structure is associated with this term. By ad-

dition of preformed fibrils or oligomers, the time required for the nucleation process

to happen can be bypassed, which is known as seeding. As soon as nucleation has

29



1.5. AMYLOID AGGREGATION PROCESS

occurred, typically the growth rate increases. This exponential behavior is an indi-

cator for secondary processes which keep on increasing the rate of the fibrillation,

even when the monomer concentration is increasingly depleted. Besides elongation,

fibril fragmentation and secondary nucleation have been found to be part of the fib-

rillation process. (Morris et al., 2009) Both fragmentation and secondary nucleation

lead to the formation of new nuclei and therefore new starting points for fibrillation.

These terms stem from kinetic studies which measure the concentration dependence

of different species in the aggregation process, so little is known of the structural

aspects of these mechanisms, although some studies have found structural clues.

(Scheidt et al., 2019; Gallardo et al., 2020) Fibril disassembly by dissociation has

also to be considered in the process, although its effects are more important when

fibrillation has finished, to restore chemical equilibrium, as typically association is

a much faster process. (Cohen et al., 2012)
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Figure 1.4: Microscopic fibrillation pathways and the macroscopically observed fib-
rillation kinetics. a) The interplay of multiple microscopic processes contribute to
the fibrillation process giving rise to b) the macroscopic fibrillation curve Although
no part of the fibrillation curve corresponds purely to just one process, by fitting
microscopic parameters can be extracted (* refers to amorphous aggregates)

1.5.2 Extraction of kinetic parameters from in vitro assays

The kinetic profile of in vitro fibrillation is described as a sigmoidal curve (growth

phase) connecting two plateaus, before fibrillation initiation when the first oligomers

assemble and elongate (lag-phase) and after its termination, when all monomeric ma-

terial is consumed (plateau-phase). The standard assay used to follow the kinetics

in situ is the Tht-assay. Binding of the dye Thioflavin T to the β-cross structure of

fibrils increases its fluorescence by rigidification of its aromatic ring system. Fluo-

rescence increase and thereby the increase of fibril mass can thereby be traced over

time. (Gade Malmos et al., 2017) Kinetic parameters can be extracted from these

curves via fitting to mechanistic models or empirical functions. (Morris et al., 2009)

One has to be careful with interpretation though, as the fibrillation process is very

sensitive to experimental parameters and the presence of impurities. Linearity be-

tween the observed signal and the fibril concentration is also not a given. Therefore,
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only data sets acquired under the same conditions should be compared and analysis

of a single curve is normally not pertinent. (Ferrone, 1999)

Nevertheless, with these precautions in mind, a lot of information can be obtained

from a fibrillation curve. Fitting to empirical functions such as the logistic function

(Fink, 2006) is useful to compare different data sets, by measuring parameters such

as lag time, half time, time to completion, maximal growth rate etc.

Logistic function:

Y = yi +mit+
yf +mf t

1 + e−
t−t0
τ

Y=fluorescence intensity, t=time yi/yf=height of initial and final baseline,

mi/mf=slopes of initial and final baseline, t0=halfway point, τ=elongation rate con-

stant

However, one has to be careful with interpretation of the obtained parameters.

Certain regions in time or parameter space cannot directly be related to one single

microscopic parameter. For example, during the lag phase does not, as commonly

thought, only primary nucleation happen, but both primary nucleation and growth

processes are taking place. Similarly, the maximal growth rate reports on both

elongation and nucleation. On the other hand, already the shape of a fibrillation

curve provides information on underlying processes. At the beginning of the reac-

tion, the concentration of monomers can be assumed to be constant, so the role of

aggregates in the nucleation process and the stoichiometry of nuclei can be exam-

ined. Secondary nucleation leads to an exponential increase during the early stages

of fibrillation whereas primary nucleation follows a polynomial increase. Polynomi-

als higher than two are observed during complicated primary nucleation processes

involving intermediate species and allow to extract the stoichiometry of monomer

formation. (Flyvbjerg et al., 1996) During later stages the dependence of monomers

on the aggregation rate can be examined. The more the monomers get depleted the

more processes which rely little on monomer concentration become dominant. This

is typically elongation, which is linearly dependent on monomer concentration. In

the absence of secondary nucleation processes, no sigmoidal shape, but a concave

shape is observed for the part of the aggregation after the half time point. If the

curve shows a sharper decay, a secondary process with little monomer dependence

is involved during fibrillation, typically fragmentation.
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1.5.3 Determination of rate constants

In order to get a better insight in the microscopic process, fitting to mechanistic

models is necessary. Multiple theories try to connect the macroscopically measured

rates with microscopic processes. As for chemical kinetics, rate laws were tried

to be established for aggregation processes since the 1960s, thanks to the work of

Oosowa and subsequently Eaton, Ferrone and Hofrichter. (Review: (Morris et al.,

2009)) Due to the multitude of processes and species involved and the resulting

non-linearity of the mechanisms, this task is challenging. Circumvention of certain

processes allows to single out mechanisms, for example by performance of seeded

assays which circumvent the primary nucleation process. Seeded assays can even

be made more specific towards elongation or secondary nucleation by application of

seeds with different end (favors elongation) to surface (favors secondary nucleation)

ratios. (Gade Malmos et al., 2017) Integrated rate laws have been derived, which

incorporate secondary pathways and depend only on a limited combination of the

rate constants. Global fitting and analysis of singled out fibrillation pathways allows

the extraction of these parameters. (Cohen et al., 2011)

1.6 Diabetes type II - an amyloid disease

1.6.1 Diabetes type II and amyloid

Figure 1.5: Amyloid in the islets of

the pancreas, taken from (Hayden,

2002)

It might come as a surprise that type II di-

abetes is characterized as an amyloid disease.

Diabetes mellitus is a metabolomic disorder,

characterized by high blood sugar levels which

result in a plethora of serious complications.

Type I diabetes results from an autoimmune

response, which destroys the β-cells of the pan-

creas early on in life, leading to insulin insuf-

ficiency and the onset of diabetes. Type II di-

abetes is acquired during the lifetime. Due to

diet and lifestyle, high demands are put on the

pancreas, which leads to exhaustion of the in-

sulin production capacities and death of β-cells. Type II diabetes starts with a

peripheral insulin resistance and proceeds to an insufficiency of insulin production.

It now seems that amyloid deposition is causal for the decrease of secretory β-

cells. The 37 aa long intrinsically disordered peptide hormone islet amyloid polypep-

tide (IAPP) (Westermark et al., 1986), also known as amylin, is found as amyloid
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aggregates surrounding β-cells in the pancreas (see Fig. 1.5) in 90% of type II di-

abetes cases. (Opie, 1901; Westermark, 1994) This small peptide hormone, whose

function is speculated to be gastric emptying, (Young et al., 1995) is co-stored and

co-secreted with insulin. (Inoue et al., 1992) A possible mechanism for disease devel-

opment is that increased demand of insulin leads to increased secretion of IAPP. The

increase in local concentration then leads to onset of fibrillation, with all its toxic im-

plications, as discussed above. (Fernández, 2014) Studies on cells link the observed

pathology to the expected suspects of the fibrillation process, oligomers. It has been

shown that addition of small oligomeric species, formed from IAPP monomers as

intermediates during the fibrillation process, are toxic for the secretory β-cells of the

pancreas. (Janson et al., 1999)

1.6.2 Islet amyloid polypeptide

Human IAPP is a 37-residue long peptide with the sequence:

KCNTA CAT NF SNN F AT QRLA LVHS G ILSSTNVG SNTY
S-S

1   2   3   4   5   6  7   8   9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

(from: https://www.uniprot.org/uniprot/P10997) It is amidated on its C-terminus

and possesses a disulfide bond between residue two and seven. This disulfide bond is

the only structural element in solution, the peptide is essentially unstructured and

samples a multitude of conformations. (Singh et al., 2013) Upon binding to micelles,

it assumes an α-helical structure involving residues 7-17 (and 21-28) (Nanga et al.,

2011; DC et al., 2017) Residues 20-29 have been predicted to be important for

the formation of the β-sheet fold in the fibril structure (Westermark et al., 1990)

and indeed multiple structural polymorphs have recently been found which engage

this C-terminal region. (Cao et al., 2020; Röder et al., 2020; Gallardo et al., 2020)

Interestingly, only IAPP from humans, other primates and cats is able to form fibrils,

which is related to the absence of proline residues in IAPP of these species. Rodent

IAPP for example contains three proline residues within the region 20-29, which

restricts the conformational freedom of this peptide and therefore hinders β-sheet

formation of this region. (Westermark et al., 2011) A mutation of glycine 20 to

serine increases the aggregation propensities in vitro and the according mutation

has been found to induce early-onset diabetes, which strengthens the connection

between amyloidogenicity and disease further. (see chapter 1.3.2) IAPP fibrillation

follows the expected typical sigmoidal shape and indeed, nucleation and secondary

processes have been found to play a major role during aggregation. (Padrick and

Miranker, 2002; Buchanan et al., 2013)
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1.6.3 How to target amyloid diseases?

As described in chapter 1.1, diabetes is an increasing global health threat, and al-

though the symptoms are treatable, it leads to a degenerative process and strong

co-morbidity. Knowledge of the underlying processes, which leads to β-cell death is a

first step towards its prevention and treatment. Of course, as stated above, amyloid

diseases are extremely resistant to curative treatment to date, but this challenge

has only increased the research efforts. Furthermore, due to the generality of the

fibrillation process (see chapter 1.3) one can be confident that studies on one specific

system can be of relevance for other amyloid diseases. So far a couple of studies

dedicated to inhibition of the IAPP fibrillation process have been conducted. (Sellin

et al., 2010; Cabaleiro-Lago et al., 2010; Pithadia et al., 2016; Maity et al., 2020)

One important aspect of amyloid diseases is their relation with age. Under normal

conditions, the protein quality control machinery composed of chaperone system,

ubiquitin-proteasome system and autophagy-lysosomal pathway, is able to prevent

the formation of aggregates. (Wentink et al., 2019) However, in cases of misfold-

ing diseases, these systems are incapacitated, either due to decrease of capacity

during aging (Labbadia and Morimoto, 2015) or overwhelm with aggregation prone-

species. (Chiti and Dobson, 2017) Therefore, a detailed mechanistic understanding

of this natural quality control machinery would allow for targeting of its processes

for medical intervention, either by targeted upregulation of its components or via

functional replacement with small-molecules. (Chaudhuri and Paul, 2006) Chaper-

one molecules as modulators of protein conformational states are key factors acting

on proteins during their transition from native structure to the amyloid fold and

will be discussed in the following.
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Chapter 2

Chaperones

Considering the precarious stability of proteins as has been discussed in 1.2 it comes

as no surprise that a set of molecules, molecular chaperones, are constitutively ex-

pressed to actively assist in protein folding. Although numerous proteins have been

observed to fold unassisted, notably small single subunit proteins, many others need

the help of chaperones to reach their correct fold. Chaperones are able to prevent

misfolding and aggregation, refold misfolded proteins, assemble complexes, disas-

semble or detoxify aggregates and target misfolded proteins for degradation. They

are our natural allies against misfolding diseases and therefore promising targets for

pharmacological intervention by targeted upregulation or functional replacement.

In order to achieve all these tasks, they cooperate with other members of the cel-

lular environment dedicated for proteins homeostasis, in the so-called proteostasis

network.

After introducing the major classes of chaperones, the first half of this chapter is

dedicated to elucidating the roles chaperones play in the cellular context. It will

be explored with which substrates which chaperones interact, and when chaperones

interact with each other or other components of the quality control network. Chap-

erones have a mechanism which is quite distinct from other molecular machines

which is still a topic of active research. In the second half of this chapter, it will

be explored what is known about this mechanism and which techniques are used to

elucidate structure and mechanism of chaperone action. Lastly the co-chaperonin

prefoldin will be examined, which is the protein of interest in this thesis.

2.1 Chaperone families

The existence of chaperones was long unknown. Historically they have not been

related to the normal functioning of the cell, but were first found in the context of

stress, induced by heat shock (Ritossa, 1962) Heat provides the energy for unfolding

processes, which makes the upregulation of chaperones necessary to avoid misfold-
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ing. Because of this historical association, the main chaperones are called heat shock

proteins (HSPs). (Schlesinger et al., 1982) HSPs are among the most highly con-

served proteins between different organisms and the major classes are found in all

kingdoms of life. (Lindquist and Craig, 1988) They are named by the size of their

constituent subunits and can be grouped into the different families:

HSP100, HSP70, HSP90, HSP60, HSP40 and small HSPs (sHSPs)

However, they are known by a multitude of names, depending on the host organ-

ism or cellular location. Many studies have used bacterial and some archaeal model

systems, so it is useful to know the names of homologous family members. They

are also found in all compartments of the eukaryotic cell and therefore carry differ-

ent names, even if from the same family. As guide for the following discussion of

chaperone studies, please refer to the (non-exhaustive) table 2.1 for HSPs discussed

here. (Yoshimune et al., 2002; Large et al., 2009; Yébenes et al., 2011; Labbadia

and Morimoto, 2015) Besides this historical definition, chaperones were also defined

as “any protein that interacts with, stabilizes or helps another protein to acquire its

functionally active conformation without being present in its final structure”. This

more inclusive definition encompasses 332 genes. (Balchin et al., 2016)

The substrates of chaperones are typically called “clients” and HSPs have a

multitude of them as well as so-called co-chaperones, that interact with chaperones

and with client proteins to increase specificity and functional properties. HSP90

has more than 20 co-chaperones determining its function, (Li et al., 2012) and

HSP70 is regulated by co-chaperones of the numerous HSP40 family as well as

nucleotide exchange factors (NEFs). On the other hand, HSP60 mainly cooperates

with one co-chaperone and HSP100 works also more solitary. (Kim et al., 2013)

Besides interaction with co-chaperones and clients, interaction with other cellular

components is common and important for the chaperoning mechanism.
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Table 2.1: Chaperone families, data taken from

(Yoshimune et al., 2002; Large et al., 2009; Yébenes et al.,

2011; Labbadia and Morimoto, 2015)

Family eukaryotes bacteria archea

HSP70

HSC70c,

HSPA1A/Bc,

BiPER,

Mortalinm

DnaK (E.coli),

HscA/Hsc66,

HscC/Hsc62,

Ssa (yeast),

Ssb (yeast)

HSP70(DnaK),

absent from

many ther-

mophilic and

hyperther-

mophilic species

HSP90

HSP90A/Bc,

GRP94ER,

TRAP1m

HtpG -

HSP60 or chaperonin

type I
Cpn60 GroEL -

HSP10 (co-chaperonin

type I)
Cpn10 GroES -

HSP60 or chaperonin

type II

CCTc,

TriCc
- Thermosome

Co-chaperonin type II prefoldinc - prefoldin

HSP40
J proteins,

ERDJ1-6ER
DnaJ HSP40/DnaJ

sHSPs sHSPs sHSPs sHSPs

HSP100/ AAA+ pro-

teins

P97,

RPT1-RPT6,

HsIUm

ClpA ( 85kDa),

ClpB( 95kDa),

ClpX ( 70kDa)

PAN

Localization: c=cytosol, m=mitochondrial, ER=endoplasmic reticulum
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2.2 Chaperones in the cellular context

Chaperones do not accomplish all their tasks alone, but work within the context of

a bigger cell-wide system, the proteostasis network. (see Fig. 2.1)

2.2.1 Proteostasis network

Figure 2.1: Proteostasis network in the cell, modified from (Labbadia and Mori-
moto, 2015) The interplay of ribosomal protein synthesis, chaperones and the pro-
tein degradation system ensures proteostasis. The cytosolic molecular chaperones
HSP70 (blue), HSP40 (red), HSP90 (green), HSP60 (orange barrel) together with
co-chaperones(grey) ensure the folding of missfolded proteins (serrated red sphere)
or guide their degradation by autophagy or proteasis in case of failure. Different
cellular compartments can contain specialized chaperones e.g., the endoplasmic retic-
ulum contains the calcium-dependent chaperones calnexin (CANX) and calreticulin
(CALR). Not drawn to scale

Proteostasis (protein homeostasis) describes the ability to control and balance

concentration and type of proteins, the proteome, within a cell. Protein synthesis,

folding, disaggregation and degradation have to work in concert to provide enough

active protein machineries for the working of the cell and avoid accumulation of

misfolded and inactive or even toxic proteins. (Labbadia and Morimoto, 2015) The

proteostasis network, composed of an estimated 2000 factors in multiple cellular

pathways ensures the stability of the proteome. (Klaips et al., 2018) Naturally,

many processes play into this equilibrium, but typically the proteostasis network

38



2.2. CHAPERONES IN THE CELLULAR CONTEXT

is defined by its immediate role in protein synthesis, folding, disaggregation and

degradation, so it encompasses the translation machinery, molecular chaperones,

the ubiquitin-proteasome system and the autophagy machinery. (Labbadia and

Morimoto, 2015) The translation machinery regulates the synthesis of proteins via

RNA-modifications and initiation factors as a function of many factors such as tissue

type or cell state. This part of the proteostasis network will not be discussed much

here (for review see (Zhou et al., 2019)). Disposal of terminally misfolded proteins

is achieved by two different lysis processes, which create small peptide fragments for

reuse in the cell. The responsible structures are the proteasome and the lysosome.

Beyond their roles in folding, chaperones play active roles in targeting proteins for

lysis, as will be discussed in chapter 2.2.4.

2.2.2 Proteostasis regulation and disease

The proteostasis networks vastness and interconnectedness makes it robust to dis-

turbances, and so it can buffer aberrant protein species for a long time, such as

decades for humans. However, when overloaded, accumulation of aggregates can

result in misfolding diseases. (Hipp et al., 2014) That means that in cases of mis-

folding diseases, these systems are incapacitated, either due to decrease of capacity

during aging (Labbadia and Morimoto, 2015) or overwhelm due to increased concen-

trations or more-aggregation prone mutants of amyloidogenic proteins in hereditary

conditions. (Chiti and Dobson, 2017)

Mutations in proteostasis components have been found to relate to early-onset of

amyloid diseases, thereby providing a link between proteostasis and aggregation.

E.g., early-onset Parkinson’s disease is caused by loss-of-function mutations in the

ubiquitin ligase PARKIN and its related kinase PINK1, which are involved in au-

tophagy of mitochondria. (Kitada et al., 1998; Leroy et al., 1998) Mutation of mito-

chondrial HSP60 leads to a neurodegenerative disorder with brain hypomyelination

and leukodystrophy. (Magen et al., 2008) Misfolding diseases are also related to old

age, so they coincide with a decline of the proteostasis capacity during aging. How-

ever, the causality between these two factors seems to go both ways. Age-dependent

proteostasis decline has been shown to be the causal factor for amyloid disease onset,

(Douglas and Dillin, 2010) but it was also observed that protein aggregation leads

to proteostasis impairment. (Gidalevitz et al., 2006)

Another layer of the proteostasis network is its regulation by stress response path-

ways, such as the heat shock response (HSR) (Jolly and Morimoto, 2000), unfolded

protein response (UPR) (Walter and Ron, 2011), and integrated stress response

(ISR) (Costa-Mattioli and Walter, 2020). The presence of unfolded protein or other
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stressors such as nutrient deficiency, oxidative stress or infection, is sensed in cy-

tosol or endoplasmic reticulum and components of the proteostasis machinery are

upregulated, whilst protein translation is downregulated to ease the load of unfolded

proteins. Whilst this provides a temporal ease on the protein quality control ma-

chinery which allows recovery of the cell, a prolonged on-state eventually leads to

apoptosis. Especially neurons are highly dependent on active translation for their

functioning, which makes them especially vulnerable to stress states and probably

leads to the observed neural degeneration in protein misfolding diseases. (Zhou et al.,

2019) Another organ sensitive to translational downregulation by ISR upregulation

is the pancreas. It has been shown that prolonged down-regulation of translation

leads to a disease phenotype of cognitive impairment and diabetes. (Kernohan et al.,

2015)

The connection between proteostasis capacity and misfolding diseases makes the

proteostasis network a promising target for pharmacological intervention. Both

chemical chaperones and upregulation of proteostasis components were shown to be

beneficial for cells expressing aggregation-prone proteins and prevent the formation

of toxic aggregates. (Sittler et al., 2001; Chaudhuri and Paul, 2006; Hageman et al.,

2010; Coelho et al., 2016) However, it was also shown that inhibition of integrated

stress response pathways (and therefore downregulation of proteostasis components)

improves cognitive impairment. (Chou et al., 2017; Costa-Mattioli and Walter, 2020)

So it seems that a constant upregulation of the whole proteostasis network by stress

pathways is not a sustainable strategy for medical intervention. However, more tar-

geted regulation and functional replacement by synthetic chaperones (Coelho et al.,

2016) or upregulation of degradation pathways, (Maiese, 2016) are promising ways

to improve disease development or prevent onset. This needs of course a detailed

understanding of the working mechanisms of the different components. Chaperones

are especially promising due to their central role in all quality control processes, their

specificity for misfolded proteins and their ability to actively disassemble aggregates.

2.2.3 Cytosolic chaperones

Proteins can already start to fold during the translation process, which takes about

1/4 sec per amino acid in eukaryotes. They are added from N- to C-terminus which

restricts the participation of the C-terminus in long range interactions if folding

happens cotranslationally. (Kim et al., 2013) The first chaperones acting on newly

formed proteins are bound to the ribosome and the newly nascent chain emerging

from it. Interestingly, bacteria and eukaryotes have evolved different chaperones for

this purpose. In bacteria, trigger factor (TF) serves this role, whereas in eukary-

otes it is RAC (ribosome associated complex) and NAC (nascent chain associated
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complex) which are bound to the ribosome next to the exit tunnel from which the

newly nascent chain emerges. The dimeric NAC complex chaperones the polypep-

tide and determines its sorting to different cellular components (e.g., endoplasmic

reticulum for secretion) via signal recognition particle (SRP) and translocon Sec61.

(Gamerdinger et al., 2019) The RAC complex is formed from a HSP40 and HSP70

homologue (in mammals: MPP11 and HSP70LI) and recruits cytosolic HSP70, for

further folding or translocation. (Preissler and Deuerling, 2012)

Early cytosolic folding chaperones are HSP60 and HSP70 with their co-chaperones

prefoldin/HSP10 or HSP40 as well as NEFs. HSP60 has first been recognized for its

role in tubulin and actin biogenesis, (Yaffe et al., 1992) but has also been found to

interact with a diverse set of other newly synthesized proteins. (Thulasiraman et al.,

1999) The most prevalent chaperone is HSP70, at a cellular concentration of about

27 µM at 30 °C in E.coli (double upon heat shock), (Mogk et al., 1999) which is also

involved in all types of folding, disaggregation and translocation. It cooperates with

sHSPs of which 10 homologues exist in mammals. sHSPs trap misfolded clients,

until refolding by HSP70 is possible. The other major cytosolic chaperone, HSP90

is involved in late folding stages. It is functionally more specialized towards matu-

ration of signaling proteins such as steroid hormone receptors and kinases. (Saibil,

2013) A handover mechanism between HSP70 and HSP90 was reported, where the

chaperone HOP is connecting HSP70 and HSP90 and thereby early and late folding

pathways. (Chen and Smith, 1998)

2.2.4 Chaperone interaction with degradation and autophagy

pathways

Sometimes proteins are not able to reach their functional fold, e.g., when they carry

mutations which prevent correct structural elements to form. These terminally

misfolded proteins need to be degraded to avoid their accumulation. Two major

mechanisms for this process are the ubiquitin proteasome pathway or lysosomal

degradation. Lysosomal degradation tends to target long-lived proteins, whereas

proteasomal degradation is rather targeted towards short-lived ones, e.g., signal

proteins like p53. (Ciechanover, 2005)
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Figure 2.2: Structure of the 26S

proteasome composed of 20S pro-

teasome chamber and 19S regula-

tory complex, PDB:5L4G

The proteasome is a large multi-subunit

complex, situated in cytosol and nucleus. It

is composed of a 20S ( 750 kDa) core protea-

some chamber and two surrounding 19S (about

700kDa) regulatory complexes (called PA700).

The structure of the 20S proteasome is highly

conserved among eukaryotes and consists of a

barrel-like arrangement of seven types of α-

and seven types of β-subunits, stacked as rings

of αββα. (see Fig. 2.2) In prokaryotes all α-

and β-subunits are homologous (ClpP in E.

coli). (Tanaka, 2009) The chamber of the 20S

core proteasome is where the proteolytic reac-

tion is taking place, cutting the protein into

small peptide fragments of 10 aa, which will

be further recycled into amino acids by pepti-

dases. (Kisselev et al., 1999) The regulatory

subunits differ more strongly between eukary-

otes (19S/PA700), prokaryotes (ClpA, ClpB,

ClpX) (Baker and Sauer, 2012) and archebacteria (PAN) (Benaroudj and Goldberg,

2000). Conserved are in all cases the six-ATPase-subunits of the AAA+ superfamily.

In order to pass the pore of the proteasome, large aggregates have to be disassem-

bled and unfolded which is achieved by the hexameric AAA+ proteins. They unfold

the protein by a threading mechanism. (see chapter 2.3.2) (Iyer et al., 2004) In the

19S regulatory particle, which is composed of 20 subunits, this complex is embedded

inside the base part, which is capped by a lid whose main function is to deubiquiti-

nate the substrates. (Verma et al., 2002)

Targeting for this complex is regulated by attachment of ubiquitin to lysin residues

of the peptide to be degraded, by ubiquitin-ligases. (Finley, 2009) Chaperones play

an important role in directing this ubiquitinylation. The co-chaperone and ubiqui-

tin ligase CHIP binds to HSP70 and HSP90 to ubiquitylate the bound substrates.

If a protein has difficulties to fold, it will spend more time bound to the chaper-

one, thereby increasing the prevalence of ubiquitylation and subsequent degradation.

(Kettern et al., 2010)

The alternative is lysosomal degradation. Large aggregates can be taken up by cel-

lular compartments, autophagosomes, which subsequently fuse with another com-

partment, the lysosome, which is full of unspecific proteolytic enzymes and has a

low pH. Disposal can also be performed without vesicle formation via chaperone

intervention. This can be initiated by ubiquitinylation (chaperone-assisted selective

42



2.2. CHAPERONES IN THE CELLULAR CONTEXT

autophagy = CASA) or without (chaperone mediated autophagy = CMA). CASA

is initiated by CHIP and the autophagic ubiquitin adaptor p62. HSP70 co-factor

BAG-3 coordinates the activity of Hsc70 and the small heat shock protein HspB8.

(Arndt et al., 2010) During CMA, substrate proteins are targeted to the lysoso-

mal membrane by recognition of a targeting motif (a KFERQ-like motif), by a

HSC70 co-chaperone complex, which leads to direct lysosomal membrane crossing

and degradation. (Massey et al., 2006)

2.2.5 Chaperones of intra-cellular compartments

Transport of polypeptide chains into different cellular compartments of eukaryotic

cells also requires chaperones. Peptides which are expressed on the cell surface or

are secreted to the outside of the cell have to pass the endoplasmic reticulum (ER).

This compartment allows for glycosylation and disulfide bond formation. It is high

in Ca2+, which plays a role in the mechanism of ER chaperones. (Michalak et al.,

2002) Chaperones of the HSP90 family (Grp94) and HSP70 (Bip) with its HSP40

co-chaperones (ERDJ1-6) and Nucleotide exchange factors are present in the ER,

fulfilling similar roles as in the cytosol. HSP70 plays an important role in translo-

cation, delivering and receiving proteins on the two sides of the membrane. (see

chapter 2.3.2). (Braakman and Bulleid, 2011)

The majority of mitochondrial proteins are synthesized in the cytosol and have to

be unfolded and subsequently refolded to be transported through the mitochondrial

membrane. Therefore, mitochondria have a set of special intermembrane chaperones.

The Tim9-Tim10 and Tim8-Tim13 chaperone complexes are shuttling unfolded pro-

tein from the outer to the inner mitochondrial membrane. (Chacinska et al., 2009)

Inside the mitochondria the most important chaperones belong to the HSP60 and

HSP70 families, but also HSP90 (Trap1) and AAA+ unfoldases (HsIU/ClpX, ClpA,

ClpB) are found. (Voos, 2013)

2.2.6 Extracellular chaperones

Also, in the extra-cellular fluid chaperones are found. Partly they are the same as

cytosolic chaperones, but at lower concentration. This is however mostly related to

tissue injury. (Walsh et al., 2001) Due to the different physical conditions in intersti-

tial fluid or blood, folding activity of chaperones is difficult, as only very low levels

of ATP are available. (Gorman et al., 2007) Yet, there is a set of chaperones specific

to the extra-cellular environment. They do not require ATP for their functioning,

but rather keep the client proteins in an unfolded but unaggregated state. Clusterin,

α2M, haptoglobin, and caseins are extra-cellular chaperones which have been found
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to have marked anti-aggregatory effects and are present in sufficient concentrations

to be effective. (Wyatt et al., 2013)

2.3 Chaperoning mechanism

Chaperones vary substantially from other molecular machines, such as enzymes,

because of their promiscuity and resultant low substrate specificity. But how is it

possible that unspecific interaction with a multitude of substrates can catalyze a

process as specific as folding?

2.3.1 General concepts

Typically, two classes of chaperones are distinguished: foldases and holdases. HSP60,

HSP70 and HSP90 are “foldases” they bind and release unfolded protein substrates

fueled by ATP hydrolysis. This cycling mechanism leads to folding of the client pro-

tein. Chaperones without ATP hydrolysis capability are called “holdases”, they

bind (“hold”) unfolded client proteins and thereby prevent their aggregation. A

third class of chaperones are “disaggregases” or “unfoldases” such as HSP100,

which can actively unfold misfolded aggregates. (Burmann and Hiller, 2015)

Two interaction modes are distinguished for chaperone-client complexes, according

to their interaction energy landscape, determined by the conformational entropy

of the bound client. In the single conformational limit, the client is predomi-

nantly bound in one conformation. This mode resembles classical protein-protein

interactions and the interaction energy landscape has a narrow, steep valley for

the single backbone conformation. There are for example protein-specific chaper-

ones, e.g., Hsp7 for collagen, which are able to bind the substrate after it is no

longer recognizable by typical chaperones. (Hendershot and Bulleid, 2000) The

multi-conformational complex or fuzzy complex, is characterized by a multi-

conformational ensemble of the client protein whilst it remains bound to the chap-

erone. The interaction between the bacterial chaperones Spy and Skp are examples

of this. (Burmann et al., 2013; He et al., 2016) This gives rise to a broad basin

in the interaction landscape. Large conformational entropy adds favorably to the

free energy of the interaction which is reflected by dissociation constants up to low

µmolar ranges. (Hiller and Burmann, 2018)

Other than typical protein interactions which are stabilized by two co-evolved bind-

ing surfaces with complementary polar-polar, charge-charge, and/or hydrophobic

interactions, chaperone client interactions do not have this complementarity. Bind-

ing is mostly mediated via interaction with exposed hydrophobic stretches which are

typically exposed on unfolded proteins or folding intermediates. (He et al., 2016)
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Multiple binding sites increase the affinity of chaperones to their substrates, as mul-

tiple low affinity sites add up to a higher binding affinity, which is referred to as

avidity. (Karagöz et al., 2014) However, there can be too much of a good thing, and

too much affinity leads to an antifolding activity, as the residence time of the client

is increased. (Huang et al., 2016) Actually, many chaperones, for example sHSPs,

exert this antifolding activity. It is hypothesized that this folding arrest allows to

avoid aggregation until refolding by other chaperones is available or spontaneous

folding takes place upon release of the substrate. An extended binding surface com-

bined with dynamic binding ensembles allows for reorientation of the client protein

whilst being bound to the chaperone. This is an important part of the chaperone

mechanism, as it allows backbone conformations to be explored by the client whilst

being chaperoned. (Sekhar et al., 2015)

As discussed in chapter 1.2.2 it is ultimately hydrophobic collapse which drives

folding. When folding occurs, previously available hydrophobic binding sites are

buried and so the client is released and further protein-chaperone interactions are

discouraged. There are however more contributions that chaperones can bring in

this process besides shielding proteins from intermolecular interactions and waiting

for folding to happen. As discussed before, dynamics play an important role during

folding. The concept of frustration refers to the conflicting penalties of different

constraints of a system in its desire to reach a state of minimal energy. E.g., amino

acid topology/connectivity and favorable interactions. (Ferreiro et al., 2014) Folding

intermediates are in this state of conflict internally, but also the binding interaction

with chaperones is characterized by this. Therefore, chaperone binding can increase

backbone dynamics by sampling of multiple conformations in their search for an

unfrustrated ensemble, which allows for a faster search for the right structure. (He

et al., 2016) Compaction of the client protein also encourages folding, because it

destabilizes the unfolded extended state. This can be done by enclosing the protein

chain in small spaces (Libich et al., 2017) or by subunit movements. (He et al.,

2016)

Beyond folding, an important function of chaperones is unfolding and disassembly

of misfolded aggregates, processes which have been elucidated to astounding levels

of detail and necessitate a very active contribution of chaperones. Typically, an

ATP-fueled pulling mechanism is at their functional core. (Maillard et al., 2011;

Nachman et al., 2020)

Chaperones are so called “molecular machines”. This means that certain triggers

elicit movement, comparable to macroscopic machines. (Ballardini et al., 2001) It is

therefore important to consider structure and dynamics of chaperone structures in

order to understand their working mechanism. In the following the structural and
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dynamic features of HSPs are discussed which allow to implement folding mecha-

nisms.

2.3.2 Structure and function of HSPs

For all major groups of HSPs structures are available, allowing insights into the

different chaperoning mechanisms of holdases, foldases or disaggregases. (see Fig.

2.3) These mainly stem from X-ray crystallography studies or since recently cryo-

EM microscopy. (Berman et al., 2000) Chaperones come in very different shapes

and forms and their architecture already gives some hints about their chaperoning

mechanism.

Figure 2.3: Structure of heat shock protein families, from left to right: HSP60
(PDB:1pcq) HSP70 in complex with HSP40(PDB:5nro), HSP90(PDB:2ioq) and
HSP100(PDB:5og1)

However, structural insight into chaperones at work are difficult to obtain via

typical structure elucidation methods, because of their dynamic nature. Dynamics

upon ATP binding, hydrolysis and ADP release play an important role in chaper-

one action, but also the client binding is often highly dynamic. Therefore, only few

structures of chaperone client complexes have been elucidated so far, and all of them

should be seen as structural ensemble rather than a fixed complex. (He et al., 2016;

Mas et al., 2018; Weinhäupl et al., 2018; Jiang et al., 2019)

Methods such as targeted mutation or crosslinking MS have given important

insights on binding interfaces, but for chaperone studies, NMR spectroscopy has

established itself as the main method. (Hiller and Burmann, 2018) The spinning

frequency of magnetically active nuclei such as 1H 15N or 13C incorporated into

proteins contains information about their direct environment. Additionally, mag-

netization can be transferred to spatially close nuclei. These two phenomena can

be used to study structure and interactions. (Shen et al., 2009; Wüthrich, 1986;

Williamson, 2013) Disordered, dynamic molecules and complexes do not necessar-

ily lead to signal loss, as compared to X-ray crystallography and EM-microscopy.
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Beyond that, dynamic fluctuations can be quantified by measuring the kinetics of

signal decay, relaxation, which allows insight on the frequency of molecular mo-

tions in biologically relevant timescales from minutes to microseconds. (Sekhar and

Kay, 2019) Improvements in pulse sequence development (TROSY effect) (Tugari-

nov et al., 2003; Amero et al., 2009) and isotopic labeling strategies (methyl labeling,

perdeuteration) (Ruschak and Kay, 2010; Rosenzweig and Kay, 2014; Kerfah et al.,

2015b) have made even very large complexes amenable to NMR spectroscopy (more

about these concepts and techniques is presented in chapter 5). This allows the

application of NMR spectroscopy even to big chaperone complexes up to 1 MDa,

(Sprangers and Kay, 2007; Rosenzweig et al., 2013; Mas et al., 2018; Macek et al.,

2017) which supplements the static picture of the apo-structure of chaperones and

allowed insights into working mechanisms, as described in the following.

HSP70 – translocation and folding

HSP70 is the most prevalent chaperone and involved in all chaperoning processes

such as folding, disaggregation and translocation. Structurally it is divided into

nucleotide binding domain (NBD) (in DnaK 44kDa size) and substrate binding

domain (SBD) (in DnaK 25kDa size). Surprisingly, the nucleotide binding domain

resembles actin. (Bork et al., 1992) The SBD has a β-sandwich fold with a cleft

for substrate binding and an α-helical lid domain. The two domains are flexibly

linked and have been elucidated by X-ray crystallography independently from each

other. Solution NMR studies measuring RDCs and relaxation showed that, in an

ADP-bound state, the two domains move independently from each other and that

the linker is unstructured. However, the relative motion of the subunits is restricted

in a ±35° cone, that is, the motion of SBD with respect to NBD is restricted to

a cone of about 70° opening angle. (average structure: PDB: 2KHO). (Bertelsena

et al., 2009) However, ATP binding changes this. ATP binding leads to attachment

of lid and SBD on NBD, thereby exposing the binding site, which, in the ADP

bound or empty state, is covered by the lid domain (see Fig. 2.4). (Zhu et al., 1996)

Interestingly, there are no structural changes in the NBD upon binding of different

nucleotides and the switching is mediated by dynamics. ATP binding stabilizes one

state, whilst ADP bound NBD is in slow exchange between the “ATP-bound state”

and another state. (Revington et al., 2004) The flexible linker between NBD and

SBD is important for allosteric regulation and constitutes the binding site of co-

chaperone HSP40 (J protein). (Jiang et al., 2007) NEFs bind near the entrance to

the nucleotide cleft, thereby opening it for increased nucleotide exchange. (Harrison

et al., 1997)

Although HSP70 has an ATPase function, it keeps proteins in an unfolded, un-

aggregated state upon binding. This is especially important for the translocation
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Figure 2.4: ADP and ATP-bound form of HSP70, taken from (Saibil, 2013) HSP70 is
composed of the nucleotide binding domain NBD and the substrate binding domain
SBD, which are connected by a flexible linker. a) In the ADP-bound form, NBD
and SBD can move quasy independently form each other. b) Upon binding of ATP
a large structural rearrangement occurs and the SBD and NBD bind together.

function, where HSP70 plays a role on both sites of the membrane, both delivery

of the protein to the translocase as well as receival is done by a HSP70 molecule.

(Young, 2010) Studies of a client bound to HSP70 in all nucleotide states shows

no effect of nucleotide mediated conformational changes on the conformation of the

client protein. Upon titration to HSP70 the client remains in a globally unfolded

ensemble with remnant secondary structure elements. (Sekhar et al., 2015) Folding

is most likely accomplished spontaneously upon release from HSP70. If unsuccess-

ful, rebinding takes place until either the correct fold is reached, e.g., due to arrival

at the correct cellular location, or the client is targeted for degradation.

Beyond that, already two disaggregation mechanisms involving HSP70 have been

described. Efficient disaggregation of α-synuclein fibrils has been observed by human

HSPA8 (HSP70) upon mediation of class B J-domain protein DNAJB1 (HSP40) and

HSP110-type NEFs (Gao et al., 2015). The proposed mechanism is that DNAJB1

identifies fibrils, binds them and recruits HSPA8. ATP hydrolysis of HSPA8 then

occurs and subsequent NEF binding displaces ADP and allows ATP rebinding. The

pulling energies created by ATP hydrolysis allow for fibril disassembly. The other

mechanism has been observed in bacteria, plants and fungi and involves delivery of

unfolded protein to HSP104 or ClpB (HSP100) disaggregase by HSP70, as discussed

in the following.
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Disaggregase and unfoldase HSP100

The disaggregase HSP100 is a chaperone which does not help to fold proteins but

unfolds them. As discussed in chapter 2.2.4, this process is important for protea-

somal lysis. HSP100 is a member of the AAA+ protein family which accomplishes

this task and is, for example, found as part of the proteasomes, preparing proteins

for proper degradation. But the role of chaperones of this superfamily goes further,

such as disassembly of complexes or aggregates. (Neuwald et al., 1999) Whilst the

eukaryotic HSP100 is composed of subunits with a size of about 100kDa, its bac-

terial (ClpA, ClpB, ClpX) (Baker and Sauer, 2012) or archaeal (PAN) (Benaroudj

and Goldberg, 2000) counterparts have differing subunit sizes, about 85kDa, 95kDa,

70kDa and 45kDa, respectively.

Conserved is in all cases the hexameric ring structures with a narrow pore in the mid-

dle into which loops with hydrophobic and aromatic residues, especially tyrosines,

protrude. This interface unspecifically binds protein chains. The long, dynamic N-

terminus is targeted by cofactors and helps delivery to the central substrate binding

site. (Cranz-Mileva et al., 2008) ATP-hydrolysis fuels rotation of the AAA+ do-

mains which pulls at the attached chain. Mechanical unfolding ultimately involves

crossing of an energy barrier. By constant pulling HSP100 decreases the magnitude

of this barrier, while increasing the chance that eventually a thermal fluctuation

within the protein substrate will allow its crossing. (Maillard et al., 2011)

This power stroke mechanism allows HSP100, to disaggregate extremely stable mis-

folded proteins, such as amyloid fibrils. (Motohashi et al., 1999) HSP70 together

with co-chaperone J protein deliver the unfolded protein to HSP100. A detailed

study of DnaK (HSP70) and ClpB (HSP100) allowed to determine the molecular

mechanism. Interaction is mediated between a coiled-coil propeller, located near

the first ATPase domain on HSP100 and the nucleotide binding domain of HSP70.

HSP70 exposes ends of substrates on which HSP100 can subsequently pull, increases

the activity of HSP100 and binds the newly disaggregated proteins. (Rosenzweig

et al., 2013)

sHSPs

sHSPs are small, ATP-independent holdase chaperones, which assemble to “molec-

ular cages” of differing sizes. The oligomers bind unfolded proteins and thereby

prevent their aggregation, without promoting folding. For this purpose, they recruit

HSP70, although apparently without direct interaction between the two chaperones.

When unfolded proteins largely outnumber sHSPs, big aggregate structures, such

as inclusion bodies are formed. However, other than normal aggregates, the pro-

tein aggregates in presence of sHSPs can be more easily disassembled and protein
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retrieved. (Specht et al., 2011) Monomers of sHSPs (12-43 kDa) contain three do-

mains, a flexible N-terminal domain, an α-crystallin middle domain (ACD) with

β-sandwich fold and a short C-terminal domain, containing the IX(I/V) motif. The

90-100 aa long α-crystallin domain is formed by seven β-strands arranging in two

anti-parallel sheets and is the defining motif in this numerous family. No crystal

structures exist of the sometimes very long (up to 250 aa) (Haslbeck et al., 2004)

N-terminus, but structural propensities have been measured and suggest a dynamic

structural ensemble. (Jehle et al., 2011) In mammals, the N-terminus is target of

regulative phosphorylation. The IX(I/V) motif in the C-terminal domain consist of

three conserved amino acids and is important for oligomerization.

Figure 2.5: Structure of sHSPs, taken from (Riedl et al., 2020) a) different domains
of sHSPs b) αA (PDB: 6T1R) c) αB (PDB:2ygd) one monomer inside the oligomer is
colored in blue for emphasis. d) and e) dimers extracted from b and c, one molecule
colored according to domains. f) hexameric subunit extracted from αB with the
interacting IXI motifs highlighted as dots.
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Oligomer size varies between 12- to 32-mers with normally even numbers of

monomers as the structural unit is a homodimer formed by the ACDs. However,

oligomers as small as dimers are reported. ACD interaction is very weak, and re-

quires “crosslinking” with the IX(I/V) motif on the C-terminus binding to adjacent

ACDs and dynamic N-terminal interaction. Both the 3 residue IX(I/V) motif in the

C-terminus and the N-terminus are important for oligomerization. (Delbecq and

Klevit, 2013)

sHSPs bind a multitude of clients, it is however not yet clear how substrate recogni-

tion is possible. The N-terminus is enriched in hydrophobic residues and is therefore

thought to be predominantly involved in substrate binding. Cross-linking stud-

ies coupled with MS showed interaction of client proteins with all sHSP domains.

(Åhrman et al., 2007) Studies by NMR spectroscopy showed that the Aβ-peptide

is predominantly bound by the ACD, whereas unfolded lysozyme binds to the N-

terminal domain. (Mainz et al., 2015) The oligomeric state is important for the

chaperone activity with smaller oligomers being observed to be more active. This

change in oligomeric state can be triggered by a multitude of factors, such as pH

change, temperature, presence of unfolded proteins or post-translational modifica-

tions. Thereby, the presence of stressors or unfolded clients can induce the activation

of sHSPs. (Sudnitsyna et al., 2015)

HSP90

HSP90 is an abundant cellular chaperone which acts at late stages of folding and on

a more limited set of substrates as compared to HSP70. It is a dimer, with each sub-

unit created from three flexibly linked domains, N-terminal, middle and C-terminal

domain. The subunits are stably connected via the C-terminal domain, creating a

V-shaped molecule. It is however not fixed in its conformation, but dynamically

sampling open and closed conformations. (Krukenberg et al., 2011) ATP binding

to the N-terminal domain causes binding between the N-terminal domains via ex-

tensive inter-domain and inter-strand interactions, thereby stabilizing the closed

conformation and shifting the conformational equilibrium towards the closed state.

(Ali et al., 2006) (see Fig. 2.6)

HSP90s many binding partners, such as co-chaperones and client proteins, as well

as post-translational modifications such as phosphorylation and acetylation modu-

late its functional state. (Pratt and Toft, 1997) One of many co-chaperones is the

HSC70-HSP90-organizing protein (HOP). This protein binds with its TPR domain

a motif which is found both on HSP70 and HSP90 C-terminus, creating a complex

between them for substrate handover. (Chen and Smith, 1998)

Few is known about HSP90 client complexes and its chaperoning function. It seems

as if all three domains of HSP90 are involved in substrate binding (Saibil, 2013;
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2.3. CHAPERONING MECHANISM

Figure 2.6: Cycle of HSP90 opening and closure, modified from (Krukenberg et al.,
2011) Binding of ATP shifts shifts the conformation from an open structure (1) to
an closed structure by dimerization of the NTD (3) The Grp94 crystal structure (2)
most likely constitutes an intermediate state. Hydrolysis causes a compaction of the
proteins (4) and ADP release restarts the cycle.

Hiller and Burmann, 2018) and it has been reported that the fast dynamics of

HSP90 are slowed down upon client binding. (Lorenz et al., 2014) The study of

HSP90 interaction with τ-protein showed an extremely large binding interface of

840 Å2 covering N-terminal and middle domain of HSP90, enriched in hydropho-

bic residues. τ-protein remained flexible after binding HSP90, pointing towards a

multiple conformation binding mode. (Karagöz et al., 2014)

HSP60 or chaperonin

HSP60s, also known as chaperonins, act at early stages of folding. (Saibil, 2013)

They are universal ATP-dependent foldases, found in all kingdoms of life. Chaper-

onins are assemblies of 14-18 subunits, which makes them big molecular machines of

about 1 MDa in total. They are composed of two rings, depending on the organism

formed by 7, 8 or 9 subunits, each, placed back-to-back. (see Fig. 2.3) E.g., cytosolic

chaperonin containing TCP1 (CCT), the eukaryotic cytosolic chaperonin, is com-

posed of eight different subunits, whereas eubacterial chaperonin type I is composed
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of seven similar subunits and archaeal chaperonins (thermosomes) are composed of

octameric or nonameric rings from one, two or three different subunits. (Yébenes

et al., 2011) Each ring encloses a cavity in which protein folding takes place. Every

subunit is divided in equatorial, middle and apical domain. The equatorial domains

form the double-ring structure and contain the ATP binding side. The apical domain

is responsible for client attraction and ATP-dependent cavity closure, mediated by

an allosteric mechanism involving the middle domain. (Yébenes et al., 2011)

This family is divided in two types, depending on their localization in the cell and

structural characteristics. Type I is located in eukaryotic organelles as well as bacte-

ria and type II in the eukaryotic cytosol and archaea. Group II chaperonins, having

an additional helical protrusion to close their folding chamber, do not need a co-

chaperonin for their closure mechanism, in contrast to group I chaperonins, requiring

co-chaperonin HSP10 to close. Nevertheless, group II chaperonins are assisted in the

protein folding mechanism by the co-chaperonin prefoldin (PFD), which functions

as a holdase and transfers unfolded protein into the chaperonin cavity. (Yébenes

et al., 2011)

Chaperonins have a functional cycle of cavity opening and closing, mediated by

ATP binding, hydrolysis and ADP release. Some groups have proposed that ATP

binding is sufficient for cavity closure, (Nakagawa et al., 2014) and others that both

binding and ATP hydrolysis is necessary. (Reissmann et al., 2007) A study on ther-

mosome (archaeal HSP60) conducted in our laboratory found that ATP bound and

closed states coincide and that binding of nonhydrolyzable ATP closes the cavity,

concluding that ATP binding is sufficient for closure. (Mas et al., 2018) Intra ring

positive cooperativity and inter-ring negative cooperativity between the two rings

in this mechanism is the consensus. (Horovitz and Willison, 2005) However also a

non-concerted mechanism has been observed for type II chaperonins. (Bigotti et al.,

2006)

Cavity closure is of high importance for the chaperonin mechanism. Substrate is

bound by exposed hydrophobic residues in the apical domain and equatorial domains

near the sensor loop. (Muñoz et al., 2011) Upon closing, the surface changes and hy-

drophilic, negatively charged residues are exposed, releasing bound substrate inside

the cavity. It is proposed that restriction of conformational space and protection

from intermolecular interaction constitute the folding mechanism of chaperonins.

(Brinker et al., 2001; Tang et al., 2006) This mechanism seems to be the case for

both type I and type II, without any observable conservation in binding interface

and independent from ATP-driven cycling rates.
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2.3.3 Prefoldin – a cytosolic holdase chaperone

Prefoldin (PFD) has first been described in 1998 (Vainberg et al., 1998) and is act-

ing as co-chaperonin of type II chaperonins. Consistent with the presence of type

II chaperonins in archaea, PFD homologues in archaea were identified by sequence

alignment (Leroux et al., 1999). Involvement in cell skeleton maturation is seen as

prefoldins major role in the eukaryotic cytoplasm (Lundin et al., 2008; Lee et al.,

2011), but it is also involved in the assembly of other cytoplasmic complexes and

promotes proteolysis and degradation (Comyn et al., 2016). In archaea, with a more

limited chaperone system and no actin or tubulin present, the chaperonin-prefoldin

system plays an even more versatile role as it has been shown that archaeal PFD

stabilizes a large array of substrate proteins. (Leroux et al., 1999) It is acting as

holdase, handing over unfolded proteins to chaperonin for refolding.

In eukaryotes, the prefoldin complex is formed by 6 different subunits, two α- and

four β-type, whereas in archaea two similar α-subunits and four similar β-subunits are

present. This parallels the level of symmetry of the according chaperonin (HSP60)

from the same domain of life. The structure of PFD from Methanobacterium ther-

moautotrophicum was resolved by X-ray crystallography, revealing the characteristic

“jellyfish-like” architecture of PFD. (Siegert et al., 2000) The core is comprised of

two β-barrels to which β- and α-subunits contribute one or two β-hairpins, respec-

tively. Six coiled coils, formed by two α-helices each, protrude, which terminate

on both N- and C- terminus in 3 to 10 residues long random coils. (see Fig. 2.7)

Sequence alignment between archaeal and human prefoldin shows overall good sim-

ilarity. (Phuong Tran, 2018) Additionally, structure prediction algorithms strongly

suggest that the hPFD complex contains secondary structures of a central region of

β-strands and several extended hydrophobic coils of highly helical structure content.

(Leroux et al., 1999) Furthermore, low resolution EM-structures show the typical

jellyfish-like structure of eukaryotic PFD. (Mart́ın-Benito et al., 2002; Gestaut et al.,

2019) Therefore for human prefoldin a similar arrangement as for archaeal prefoldin

can be assumed. Although it is known that the subunits PFD3 and PFD5 are α-

type and PFD1, PFD2, PFD4, and PFD6 are β-type, (Abe et al., 2013) the exact

arrangement of the six subunits with respect to each other is still debated. It was

suggested that the subunits are arranged 1,2,3,4,6,5, although it could not be estab-

lished if the arrangement is clock-wise or anticlockwise. (Gestaut et al., 2019)

The interaction between prefoldin and its client substrates is described as a clamp-

like action of the coiled coil α-helices, engaging especially the β-subunits, mediated

by hydrophobic residues at the distal ends of the “tentacles”. (Lundin et al., 2004;

Ohtaki et al., 2008) Negative stain electron microscopy located bound actin inside

the cavity of human prefoldin, attached to the tips of the α-helices. (Mart́ın-Benito

54



2.3. CHAPERONING MECHANISM

et al., 2002) For archaeal prefoldin different binding modes were suggested, depend-

ing on the client protein size, resulting in the engagement of more subunits with

increasing substrate size. Whereas proteins at the size of insulin (5.7 kDa) are

encapsulated in the prefoldin cavity, (Ohtaki et al., 2008) proteins of 14 kDa and

upwards are found to protrude from the coiled coils of prefoldin. (Mart́ın-Benito

et al., 2007) Interaction with the chaperonin was found to be mediated via the same

interaction interface as substrate binding. (Mart́ın-Benito et al., 2002; Zako et al.,

2006, 2016) The transfer of substrate protein between PFD and chaperonin was

described as a handoff process, as the release of substrate proteins from PFD is

facilitated in the presence of chaperonin. (Zako et al., 2005)

α 
β 

β 
α 

β 

β 

+ATP

Figure 2.7: Structure of Prefoldin from Pyrococcus horikoshii (PDB:2ZDI), com-
posed of two α-subunits (blue) and four β-subunits (green). Prefoldin acts as co-
chaperonin of HSP60 by catching unfolded client proteins and transporting them to
HSP60, where refolding takes palce upon ATP-hydrolysis.

55



Chapter 3

Chaperones and amyloidogenic

proteins

Chaperone molecules as modulators of protein conformational states have been dis-

cussed in the previous chapter. In the following, the interaction of chaperones with

amyloidogenic proteins and their roles in avoidance of amyloid toxicity shall be

discussed. Chaperones have been shown to intervene in the fibrillation process

(see chapter 1.5) of amyloidogenic proteins, during multiple steps. (see Fig. 3.1).

(Wentink et al., 2019) Many studies, some of which will be presented here, show that

chaperones can inhibit aggregation, disaggregate or detoxify already formed amy-

loid fibrils. Additionally, in 35% of cases, (Chiti and Dobson, 2017) amyloidogenic

proteins are globular in their native state so classical refolding can be initiated by

chaperones.

Yet, there is also a different side to chaperone intervention with regard to amy-

loidogenic proteins. It has been reported that engagement of chaperones in these

processes is not necessarily beneficial for the cell. It was even shown that chaperones

might actively aid in spreading of amyloid diseases. (Arosio et al., 2016; Wentink

et al., 2019)

One aspect, which will be discussed here in depth, will be how chaperones rec-

ognize amyloid substrates. This is an especially interesting question as 65% of amy-

loidogenic proteins are intrinsically disordered in their native state and therefore

differ from typical chaperone substrates, folding intermediates, by key physicochem-

ical properties, such as lower values of hydrophobicity. (see chapter 1.2.5)

Leading towards the results of the here presented thesis, this chapter then closes

on an examination of previous studies of prefoldin interaction with amyloidogenic

proteins and the results discussed in the following thesis report.
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3.1. INTERACTION OF AMYLOIDOGENIC PROTEINS WITH
CHAPERONES AND INHIBITION OF AMYLOID TOXICITY

Figure 3.1: Inhibition of toxic amyloid by chaperones, taken from (Wentink et al.,
2019) The many equilibria of the fibrillation pathway provide multiple points for
chaperone interference. The main pathways by which chaperones inhibit amyloid
toxicity are prevention of aggregation (light blue), disaggregation (red) and neutral-
ization of toxic aggregate species (dark blue)

3.1 Interaction of amyloidogenic proteins with chap-

erones and inhibition of amyloid toxicity

3.1.1 Substrate recognition

One of the striking findings in chapter 1.3, a discussion of factors determining amy-

loidogenicity, is that globular proteins are expected to be more amyloidogenic in

theory, whilst in practice the majority of amyloidogenic proteins are intrinsically dis-

ordered. Therefore, understanding the interaction of chaperones with intrinsically

disordered proteins (see chapter 1.2.5) is of great importance. Interaction of chaper-

ones with unfolded or partial unfolded intermediate states was discussed in chapter

2.3.1 and was found to be a multivalent, non-complementary binding between the

chaperone and partially exposed hydrophobic residues on the client. How does

binding of intrinsically disordered proteins differ from that? Although IDPs tend to

be more hydrophilic overall, amyloidogenic IDPs do contain hydrophobic stretches

which subsequently can form the β-sheet core of the fibril. Without this feature

no amyloidogenicity is observed. (see chapter 1.3.3) Additionally, IDPs constantly

sample multiple conformations, thereby continuously exposing these stretches which

can mediate inter-molecular contacts. This allows to explain binding of amyloido-

genic IDPs via the same principles as for folding intermediates.

Besides this general principle which resembles binding to “normal” client proteins,

it has also been postulated that selective recognition motifs exist, which target

certain amyloidogenic proteins, such as huntingtin (Monsellier et al., 2015) or tau
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(Oroz et al., 2017), to HSP70 or HSP90. These motifs are rich in hydrophobic

residues, but also in positively charged residues. Interestingly, they have a ten-

dency towards α-helical structure which suggests that the interaction site might

not be determined by primary, but by secondary structure elements. (Hervás and

Oroz, 2020) Burman et al. find that six vastly different molecular chaperones com-

monly recognize a canonical motif in α-synuclein, consisting of the amino-terminus

and a segment around Tyr39, hindering its aggregation. (Burmann et al., 2020)

DNAJB6/8 (Hsp40) contains a region, rich in threonine and serine, which is hy-

pothesized to specifically interact with the β-hairpin hydrogen bonding network of

poly-Q proteins. (Kakkar et al., 2016) The discovery of these specific binding motifs

might suggest a co-evolution of amyloidogenic proteins with chaperones.

Chaperone action can also be directed towards fully formed aggregates for disas-

sembly or detoxification. The factors determining binding to fibrils are lesser known

and depend on the type of fibril. Although there needs to be further research put

towards the elucidation of molecular mechanisms that mediate chaperone binding

to amyloidogenic proteins, it is evident that these molecules interact in a multitude

of ways, and chaperones are able to modify the fate of amyloid.

3.1.2 Inhibition of fibrillation

As discussed in 1.5 multiple species are transiently produced during the fibrillation

process. Fibrillation inhibition can be mediated via different species and at different

stages of the process. The understanding of different pathways and their relative

importance during fibrillation allows also to study their inhibition. Inhibition of

different microscopic mechanisms can be investigated in vitro with fibrillation as-

says, as they lead to distinct changes in the shape of the observed fibrillation curve.

Thereby the effect of inhibitors on the fibrillation process can be determined. From

knowledge of the inhibited process, the target species which interacts with the in-

hibitor can be found. (Arosio et al., 2016) Structural biology techniques add to this

mechanistic picture as they allow a deeper insight into the molecular mechanism. in

vivo studies can allow insight into the toxicity of species, their cellular localization

and binding partners. A special type of in vivo study is in cell-NMR which allows

structural insight into processes in a physiological context. (Luchinat and Banci,

2017; Burmann et al., 2020)

Inhibition of primary nucleation can be mediated via interaction with

monomers or small oligomers. Many reports of chaperone interaction with monomers

in vitro are found in the literature and different mechanisms are proposed. Jinwal et

al. reported that the interaction between Hsc70 and tau fibril leads to the formation

of a protective conformation (MC1), which abrogates fibril formation. (Jinwal et al.,
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Figure 3.2: Inhibition of different molecular pathways seen by modification of fib-
rillation curves, taken from (Arosio et al., 2016) Simulation of perturbations of
different microscopic pathways results in characteristic changes in the macroscopic
kinetic profiles.

2010) Burman et al. show that simple transient binding of monomeric α-synuclein

to chaperones regulates its state in the cell and decrease in chaperone concentra-

tion leads to its delocalization to the cell membrane which catalyzes fibril formation

(1.2.4) (Burmann et al., 2020) Proteins with a destabilized folded state such as mu-

tant transthyretin can either be folded or targeted for degradation by chaperones,

which decreases the concentration of aggregation prone proteins and thereby inhibits

aggregation. (Chen et al., 2015)

Interaction with small oligomers is thought to be a particularly important pro-

cess as oligomers were found to be especially toxic species. (1.4.2) HSP60 was found

to encapsulate oligomers in its cavity and thereby inhibit further fibril growth. (Sot

et al., 2016) Yerbury et al. studied the interaction between the extracellular chap-

erone clusterin and a broad range of substrates among them Aβ and α-synuclein.

They observed a stoichiometry dependent effect on the nucleation process and in-

crease or decrease in oligomer toxicity. Low amounts of chaperone were found to

have detrimental effects, whereas the presence of chaperone in high, but still substo-

ichiometric ratios delayed nucleation and had a detoxifying effect. (Yerbury et al.,

2007) Mannini et al. found that tight binding between multiple types of chaperones

and pre-formed oligomers added extracellularly, decreases their toxicity without de-

tection of structural alterations inside the oligomers. Instead, the formation of

larger oligomers with consequently less exposed surface and decreased mobility was

observed, (Mannini et al., 2012) a typical detoxification mechanism, which also in-

hibits fibrillation. (3.1.4) Also Hsp40, (Österlund et al., 2020) and Hsp70 (Chilukoti

et al., 2021) have been reported to inhibit fibrillation by oligomer interaction.

Inhibition of elongation processes are mediated by interaction with fibril

ends or monomers, whereas Inhibition of secondary nucleation processes are
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achieved by decoration of the fibril surface or by interaction with monomers. Chap-

erone interaction with monomers can inhibit processes after nucleation has occurred,

as it removes monomers from the pool of available fibril building blocks. (Wacker

et al., 2004) These two mechanisms show a different relation to the stoichiometry

between monomers and chaperones and cause differently shaped fibrillation curves.

(Arosio et al., 2016) E.g., the BRICHIOS domain chaperone was found to inhibit

the secondary nucleation and thereby reduce the amount of newly created oligomers

by interaction only with the fibril surface of Aβ. (Cohen et al., 2015)

A combination of different mechanisms is of course also possible and likely, due

to the promiscuous nature of chaperones. Irwin et al. investigated the effects of

different Hsp40-type chaperones DNAJB1 and DNAJA2. Both chaperones recognize

aggregation-prone τ conformers and mature fibers, thereby preventing formation of

τ amyloids. (Irwin et al., 2021)(preprint)

3.1.3 Fibril disaggregation

Chaperones can also act after mature fibrils are formed. Disaggregation by chaper-

ones can be achieved via active or passive processes. Despite their stability, mature

fibrils are in an equilibrium between elongation and dissociation, which can be shifted

towards dissociation if monomers are removed from the equilibrium, e.g., by chap-

erone binding. But also, active disassembly processes are possible. (Wentink et al.,

2019) Active disassembly necessitates energy, which is provided by ATP hydrolysis.

There are multiple possible explanations regarding the creation of pulling forces at

a molecular level. Entropic pulling, power stroke and a ratchet mechanism

were proposed.

The power stroke mechanism is closest to how machines work at a macroscopic level.

ATP-hydrolysis leads to the movement of domains of the chaperone. Thereby pro-

teins which are bound with high affinity to this lever are mechanically pulled. (Gao

et al., 2015) In the Brownian ratchet mechanism, the contribution of the chaperone

is a passive holding. Eventually Brownian motion will lead to a displacement of the

bound chain. By hindering movement in a certain direction, whilst allowing other

directions, the chaperone holding directs the process towards the necessary direc-

tion. (Peskin et al., 1993) In entropic pulling, binding of the chaperone limits the

conformational freedom of the client and therefore its entropy. In order to increase

the number of conformations, release of more residues from the aggregate occurs,

which leads to disassembly of the aggregate. (De Los Rios et al., 2006)

The intricate mechanism of fibril disaggregation by Hsp70 has been elucidated

recently (Nachman et al., 2020; Wentink et al., 2020; Gao et al., 2015) as a con-

certed pulling mechanism involving Hsp70, DNAJB1 and Hsp110-type NEFs and is
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described in 2.3.2. Another mechanism, involving Hsp70 and disassembly by thread-

ing through Hsp100, is described in 2.3.2. A review of disaggregation machineries

can be found in (Mogk et al., 2018). Although fibril disassembly seems intuitively

like an effective mechanism against amyloid toxicity, it is not uncontroversial if fibril

disassembly is a protective or a toxic mechanism, (Tittelmeier et al., 2020) as will be

discussed further in 3.1.5. There exist however alternative ways to prevent amyloid

toxicity.

3.1.4 Degradation and detoxification of aggregates

The two main strategies for detoxification of aggregates are degradation or formation

of inert detoxified aggregates. The function of chaperones in degradation pathways

was discussed in chapter 2.2.4, and the importance of this pathway is reflected in the

amyloidogenic diseases which result from misfunction of components of this path-

way. (see chapter 2.2.2) Amyloidogenic proteins are subject to both lysosomal and

proteasomal degradation. Lysosomal degradation does not require disassembly of

aggregates and misfunction of lysosomal degradation is tightly linked to many neu-

rodegenerative diseases. (Finkbeiner, 2020) Degradation of aggregates can also be

achieved via disassembly and subsequent proteasomal disposal. So is for example

the HSP70-HSP110 disaggregase machinery connected to proteasome via the pro-

teasome shuttle UBQLN2. (Hjerpe et al., 2016)

Detoxification of protein aggregates is achieved by reducing the total exposed

hydrophobicity by increase of aggregate size and surface shielding. Higher molecular

weight leads to decreased diffusion properties and less toxic surface exposure as

surface is buried inside the aggregate. Additionally shielding is achieved by bound

chaperones. Many chaperones were observed to lead to the formation of these higher

weight aggregates without causing a change in the underlying β-cross structure.

(Ojha et al., 2011; Mannini et al., 2012) It was shown that the sequestration of

misfolded proteins in chaperone associated aggregates helps the survival of C.elegans.

(Walther et al., 2015)

3.1.5 Toxicity due to chaperone action

Despite the beneficial effects of chaperone action on amyloid substrates, as described

above, unfortunately chaperone interaction with amyloidogenic proteins also has a

flip side. Chaperone interaction with amyloidogenic proteins might itself lead to tox-

icity, via three mechanisms: sequestration of chaperones, creation of more reactive

species from inert ones and spreading of aggregation-prone species between cells.

All the inhibition mechanisms described above necessitate binding between chaper-
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ones and amyloidogenic proteins. This fraction of sequestered chaperones becomes

critical in conditions when the amyloid load gets overwhelming, such as hereditary

conditions with more aggregation prone mutants or during aging, as the sequestered

proteins a no longer available for other cellular functions. (Balchin et al., 2016) As

discussed in chapter 2.2.2, there are ways to upregulate the proteostasis network

and downregulate protein synthesis, but this might not be sufficient. Additionally,

staying in such a state of emergency for an extended time can in itself lead to cell

death, especially for neural cells.

The importance of fibril fragmentation for the mechanism of toxicity has been firmly

established for prion protein. The fibril structure of prions, a solenoid with only a

single sheet β- structure, makes them especially prone to fragmentation, (Vázquez-

Fernández et al., 2016) which leads to the formation of nuclei which are spread and

trigger further misfolding. As chaperones are able to actively disaggregate fibrils, as

discussed in 3.1.3 they can increase this process, which seems to be important not

only for prion proteins.

There are multiple ways in which proteins are trafficked between cells and in some

of them chaperones are involved. An unusual pathway is the misfolded-associated

protein secretion (MAPS), which circumvents the ER but releases misfolded pro-

teins directly into the extracellular space. Here, the membrane bound DNAJC5

(HSP40 family) mediates disposal of many disease-associated misfolded proteins by

chaperoning them to the exterior. These misfolded proteins are then taken up by

neighboring cell by endocytosis. (Xu et al., 2018) There are however, also reports of

the protective role of chaperones regarding transmission of aggregates between cells,

such as the chaperones α-crystallin and CHIP, which have been found to inhibit

uptake of α-synuclein fibrils by cultured cells. (Bendifallah et al., 2020) From these

studies it is clear that the role of chaperones in amyloid formation are manifold. In

order to efficiently harness the power of chaperones for pharmacological interven-

tion it is paramount to understand their mechanisms and interactions, both on a

molecular and cellular level. Although the last years have brought a lot of advances

in this field, there are still blind spots and contradictions to be resolved. Further

research is needed, and with the work presented in the following I hope to add to

this endeavor.

3.2 Prefoldin and amyloidogenic proteins

3.2.1 Previous studies

Beyond its earlier postulated role as an actin and tubulin maturation factor, (Vain-

berg et al., 1998) PFD was also shown to play a role in the prevention of a multitude
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of aggregation processes in human cells. (Abe et al., 2013) The importance of pre-

foldin for the normal functioning of neural cells was demonstrated by a missense

mutation of subunit 5 (PFD5) in a mouse model, changing residue 110 from leucine

to arginine, which resulted in photoreceptor degeneration, difficulties in reproduc-

tion and central nervous system abnormalities. (Lee et al., 2011) This effect was

attributed to troubles in microtubule assembly. However, impairment of other chap-

erone functions might add to this phenotype, as neural cells are especially sensitive

to proteostasis and in cellulo-studies showed interaction of PFD with neurodegen-

erative amyloidogenic substrates as described in the following.

Four studies investigated PFD interaction with amyloidogenic proteins. PFD was

shown to interact with Aβ, α-synuclein and huntingtin, involved in Alzheimer’s,

Parkinson‘s and Huntington’s disease. (Sakono et al., 2008; Sörgjerd et al., 2013;

Tashiro et al., 2013; Takano et al., 2014) Tashiro et al. investigated the PFD inter-

action with huntingtin in cellulo and in vitro. Knockdown of PFD subunits 2 and

5 (PFD2, PFD5) in huntingtin-expressing nerve cells lead to increased cell death,

with a higher importance of PFD2 knockdown, which is a β-type subunit. No inclu-

sions of huntingtin were found in the dead cells, but enhanced formation of soluble

oligomers larger by 2 to 4 times as compared to unmodified huntingtin-expressing

cells. However, the size was not determined. In vitro it was shown that PFD inhibits

aggregate formation at the dimer to tetramer stage. (Tashiro et al., 2013)

The same group also studied PFD interaction with α-synuclein. Aggregated α-

synuclein and the pathogenic mutants A30P, A53T and E46K, were found ubiq-

uitinated and colocalized with PFD in the lysosome of neuron-cells. Knockdown

of PFD2 and PFD5 lead to the formation of aggregates and increased cell death.

(Takano et al., 2014)

Both reports of prefoldin (PhPFD and hPFD) (Sakono et al., 2008; Sörgjerd et al.,

2013) interaction with Aβ show inhibition of fibrillation and the formation of higher

weight oligomeric species in the cytosol. These two studies, stemming from the same

group, but five years apart, come to a different conclusion about the toxicity of the

oligomers. Sakano et al. observed a higher toxicity of oligomers formed at 50°C in

the presence of PhPFD as compared to fibrils formed in its absence. Sörgjerd et al.

observed less toxicity for the oligomers formed in the presence of hPFD at 37°C as

compared to fibrils and oligomers from PhPFD interaction, measured with the same

cell assay. Differences in the oligomer structure were observed by antibody binding

and Tht interaction.

It is also of note that HSP60, whose co-chaperone prefoldin is, has been found to

interact and inhibit fibrillation of a multitude of amyloidogenic proteins. (Sot et al.,

2016; Mangione et al., 2016; Yamamoto et al., 2020)

The only NMR studies conducted previously on prefoldin concern the methionine
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methyl groups, which are located at the tips of the coiled coil helices . In this study

the six methionine methyl resonances of PhPFD were assigned and used as probes

for binding to Hsp60 (α-subunit of Thermococcus sp. strain KS-1 CPN). They

showed that binding is mediated mostly by the β-subunits surrounding M11(β) as

seen from selective broadening of this resonance, whose intensity is recovered after

addition of AMP-PN, which triggers closure of the HSP60 cavity. The remaining

methyl groups (M1 (α),M4 (α), M144 (α), M1(β), M4(α)) remained mobile, even in

complex with the chaperonin. (Kurimoto et al., 2008)

All these studies show the protective effect that prefoldin has on cells by inhibiting

aggregation processes and its effect towards inhibition of fibrillation of important

amyloidogenic proteins. So far, however, structural and mechanistic insights for

fibrillation inhibition by prefoldin were missing. NMR spectroscopy is a powerful

technique for structural studies of such dynamic processes, although hindered by

the bottleneck of residue assignment. The only available NMR assignment of any

PFD complex so far was limited to the carbon shift of six-methyl residues located at

the N- and C-termini of PhPFD. The work presented in this thesis changed this, by

making PhPFD amenable for NMR investigations and allowed important insights

into the fibrillation inhibition process of the amyloidogenic protein IAPP by PFD.

3.2.2 Aims and outcomes

The objectives of this PhD study were initially two-fold: make the chaperonin pre-

foldin amenable for NMR studies and then find the structure of its interaction with

amyloidogenic proteins and the mechanism of fibrillation inhibition.

However, the assignment of prefoldin was a challenging process, and therefore led

to the development of a method, which helps to distinguish inter- and intra-chain

methyl NOEs, which was useful for assignment of prefoldins methyl groups and can

be of interest for other spectroscopists. Additionally, for this project I established

the expression of human prefoldin in our laboratory and started to make it amenable

for NMR studies by testing the conditions for perdeuteration and isotopic labeling.

In chapter 4 the biophysical studies of the IAPP aggregation process and its

inhibition by prefoldin are presented. Tht assays, atomic force microscopy and EM

interaction studies with human and archaic prefoldin allow to trace the mechanistic

picture of aggregation inhibition.

Chapter 5 briefly touches on assignment and method development, before it

is described how structural information was gathered by NMR interaction studies.

NMR-titration and PRE-mapping allowed to trace the interaction surface on both
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proteins. HADDOCK docking directed by the NMR restraints allowed to create the

models of the complexes that were shown to be relevant in the fibrillation inhibition.

In Chapter 6 I integrate all the acquired data and draw a conclusive picture

regarding the interaction between PFD and IAPP and the effect on the fibrillation

process.

Chapter 7 is then dedicated to conclusion and perspectives for further studies.

Here some preliminary data is shown regarding further studies of interaction between

PFD and fibrils, PFD interaction with other amyloidogenic proteins and studies with

hPFD.
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Chapter 4

IAPP aggregation and its

inhibition by PFD

As has been discussed in chapter 1.5, formation of amyloid fibrils is a multi-pathway

process, which depends on the interplay of various species. Some studies have al-

ready been performed on IAPP fibrillation (Padrick and Miranker, 2002; Buchanan

et al., 2013) and its inhibition (Sellin et al., 2010; Cabaleiro-Lago et al., 2010; Pitha-

dia et al., 2016; Maity et al., 2020). A very recent study has studied the fibrillation

inhibition of IAPP by Hsp70, (Chilukoti et al., 2021) which was preceded by a study

of the effect of HSP70, HSP40 and BiP. (Chien et al., 2010)

Our study is novel in that it is the first study investigating the interaction be-

tween IAPP and PFD and the first time the fibrillation inhibition effect of co-

chaperonin prefoldin (PFD) is determined by integrating mechanistic and structural

data. The structural elucidation of this complex will be the topic of the following

chapter (Chapter 5). This chapter summarizes our attempt at elucidating the inhi-

bition mechanism of PFD towards IAPP.

The sample of human IAPP, used in this study, was obtained from our collabo-

rators at Düsseldorf university. For all experiments, both prefoldin from Pyrococcus

horikoshii (PhPFD) and human prefoldin (hPFD) were used. For this project, the

recombinant expression in E.coli and purification of these two proteins was estab-

lished in our laboratory. The quality of the so obtained sample was tested by SEC-

MALLS, mass spectrometry and electron microscopy. The main technique used for

elucidation of the mechanism are in vitro kinetic fibrillation measurements. In order

to cross-check and supplement these results, atomic force microscopy (AFM) was

performed.
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4.1 Introduction of biophysical techniques

Here, a brief introduction of the biophysical techniques used for this study is given,

for more detailed experimental information, please refer to chapter 4.4. For informa-

tion regarding the measurement of fibril mass by ThT-fluorescence and the analysis

of these fibrillation curves, please refer to chapter 1.5.

4.1.1 Atomic force microscopy

Briefly, for atomic force microscopy a sample is prepared by transfer of biological

material on mica, gold film or glass. Then the sample is scanned with a cantilever

with a nm-sized tip. The cantilever registers van der Waals forces arising from

the sample surface and thereby creates a height profile of the surface. There are

different scanning modes, where the sample is either touched directly or not. We

used the intermittent contact mode, also called tapping mode. Here, the scanning

cantilever oscillates close to its resonance frequency. When it encounters the surface

the amplitude of the oscillation is changed, which is automatically corrected by

moving the tip vertically. These corrective movements, plotted as a function of the

tip position, constitute the AFM image. (review: (Jalili and Laxminarayana, 2004))

4.1.2 Electron microscopy

During electron microscopy, the sample is irradiated with an electron beam to create

an image of the sample. If speed up to high velocities, electrons have a much smaller

wavelength (at 1000 km/s about 0.1 nm) than visible light (400-750 nm). This allows

to resolve smaller features of the sample as compared to classical light microscopy,

before interference phenomena appear, which makes this technique suitable for the

investigation of biological macromolecules. The downside of this microscopy tech-

nique is a low signal to noise level, as absorption of electrons by the light molecules,

that typically constitute biomolecules (H, C, N), is low. There are two main strate-

gies to circumvent this: Low resolution EM images can be obtained by staining

the sample with solutions containing heavy atom salts, e.g.; tungsten-compounds,

which absorb more strongly than the biomolecule. Thereby the sample is embedded

in a solution and the density of the biomolecule is determined from regions of low

absorption as compared to the background, hence negative-stain EM.

The other EM technique is based on quick-freezing the sample in aqueous solution,

enclosing it in amorphous ice. After a large data collection, the density of the sam-

ple is recreated by aligning many images from multiple views. The quick-freezing

procedure which creates amorphous ice instead of crystalline ice is of great impor-

tance and allows to determine structures of biomolecules at atomic resolution, which
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made cryo-EM develop into an important structure elucidation technique in the

last years. (Frank, 2016)

4.1.3 SEC-MALLS

In SEC-MALLS, size exclusion chromatography (SEC) is coupled with multiple

angle laser light scattering (MALLS). Molecules are separated on a size exclusion

column (SEC) and then passed through a MALLS detector. Here, the size of the

molecule is determined by combination of light scattering and UV absorbance and/or

refractometry for concentration determination.

4.1.4 Mass spectrometry

Mass spectrometry (MS) measures the weight of molecules. The sample is ionized

and the mass/charge ratio is determined by how the ion behaves in a electric field,

e.g. how long it needs to pass a certain distance (time-of-flight TOF) or how stable

its path is in oscillating fields (quadrupole filter).

4.2 Results

4.2.1 Preparation of pure PFD samples

For this project, the expression and purification of PFD from Pyrococcus horikoshii

(PhPFD) and human prefoldin (hPFD) was established in our laboratory. Plasmids

were acquired from other laboratories, as well as ordered from suppliers (Genecust).

The expression and purification protocols were adapted from the literature (Okochi

et al., 2002; Aikawa et al., 2015) and conditions optimized for deuteration and iso-

topic labeling of PhPFD. (see chapters 4.4.1 and 5.4.1)

During purification, the quality of the sample was monitored by Coomassie stained

SDS-PAGE. After purification, successful complex formation and purification was

tested by multiple biophysical approaches.

PhPFD sample production and quality control

The heterohexameric complex, composed of two α- and four β-subunits was formed

from individually expressed and purified subunits. During the first step of the pu-

rification process, a partial degradation of the α-subunit was observed from analysis

of the performed SDS-PAGE. Although extensive efforts were made to avoid this
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degradation e.g., by purification at 4°C, it was not possible to avoid it. Mass spec-

trometry analysis of the sample (data not shown) showed two peaks, one at 17.329

kDa and one at 16.811 kDa, corresponding to labeled, intact protein and proteolysis

product, respectively. From sequence analysis it was concluded that the C-terminal

residues 145-148 (KVKK) were partially cleaved. This cleavage did not hinder the

formation of the complex as only four residues are missing, (see Fig. 4.1b)which

lie in the unstructured C-terminal part as can be seen form the published X-ray

structure. (see Fig. 2.7)

From SEC-MALLS analysis of the complex, (see Fig. 4.1) the mass was deter-

mined to be 82.4 kDa. This value is 4 kDa lower than the expected value of 86.4

kDa, calculated from the primary sequence. Considering errors stemming from the

protein concentration determination, measurement uncertainty and the before re-

ported cleavage (accounting for 500 Da per impacted α-subunit) as well as possible

cleavage of N-terminal methionine groups (6x150 Da) we reasoned that this result

is satisfactory to confirm the successful formation of the complex. It lies within the

5% error expected for SEC MALLS analysis. Additionally, labeling and assignment

of the methyl-groups (see chapter 5.4.1) confirmed this conclusion.

Negative-stain-EM of the purified sample showed its integrity even after freeze-

drying. Before and after freeze drying the sample contained monodisperse molecules

at the expected size (data not shown). Cryo-EM analysis of the PFD sample was

started with the aim to determine the solution structure of PFD, which might be

different from the one obtained by X-ray crystallography. As the PhPFD complex

is very small, we expected the EM density to be at low resolution and planned to

supplement the EM density with restraints determined by NMR spectroscopy. 2D

classification (see Fig. 4.1c) shows a well-formed PhPFD complex at surprisingly

high resolution. However, due to preferential orientation of PhPFD at the air/water

interface, 3D refinement resulted in a distorted density. As the protein is very small

grid tilting or addition of binding partner did not lead to satisfactory results as

the resolution decreased strongly, therefore this project had to be set to the side.

Nevertheless, the 2D classes show the well formed PFD-complex as all the expected

tertiary structure elements such as the β-barrel or the coiled coil α-helices are well

visible. (see Fig. 4.1d)
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view of the published X-ray structure (2zdi)
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hPFD complex production and quality control
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Figure 4.2: SEC-MALLS and SDS-PAGE of hPFD

The hPFD complex is formed from six different subunits, of which four are ex-

pressed separately and two are expressed in the same host cell, according to the

previously protocol from Aikawa et al. (Aikawa et al., 2015). Upon incubation of

these six subunits the heterohexameric complex forms spontaneously and the com-

plex can be purified together, thanks to the his-tag on subunit 2 and 4.

Upon deposition of hPFD on the SDS-PAGE six bands appear (see Fig.4.2),

confirming the formation of a pure hPFD complex. SEC-MALLS analysis showed

two species, one at about 170kDa and one at about 90 kDa. The formation of two

species, one the hexameric complex and a complex at double the complex size was

already observed by Aikawa et al. As the expected mass is however 96.9 kDa, we

decided to perform mass spectrometry analysis in order to determine if the obtained

lower molecular weight is due to cleavage. SEC and electrospray ionization coupled

with time of flight mass selection was performed. Besides a slightly reduced mass on

three subunits which can be attributed to the loss of N-terminal methionines, the

observed mass of all six subunits corresponds to the expected one. (see Fig. 4.3)

Therefore we attribute the observed lower size observed in SEC-MALLS to mea-

surement uncertainty. A different, less sensitive MALLS detector (Wyatt DAWN vs

Wyatt MiniDAWN) and a different setup was used for this experiment as for the

one of PhPFD, which might explain the bigger experimental error.
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Figure 4.3: Mass spectrometry analysis of hPFD by ESI-TOF
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Additionally, a complex was

formed with five unlabeled sub-

units and subunit PFD5 U-

[13C]-labeled. Although the

sensitivity was strongly ham-

pered by relaxation (protein is

fully hydrogenated), the num-

ber of methionine groups ob-

served in this spectrum can be

counted. (see Fig. 4.4) Al-

though it seems like six me-

thionines on the spectrum, ac-

tually seven methionines (over-

lap of two) were counted out of

eight expected ones. The miss-

ing methionine might be due to

low sensitivity, loss of the N-terminal methionine or superposition. This makes us

confident that, although four different β-subunits are present, we obtain only one

single arrangement of subunits as heterogenic complexes would lead to peak multi-

plicities. In conclusion, our purification protocol allows us to obtain a well-defined

heterohexameric complex.

4.2.2 Inhibition of the IAPP fibril formation process

ThT-fibrillation assays show inhibition of elongation and secondary nu-

cleation processes by PFD

ThT-fibrillation assays were performed at Düsseldorf university. The protocols for

the IAPP fibrillation assays were established by Tatsiana Kupreichyk. During a

three-week stay, Tatsiana Kupreichyk and me performed the majority of fibrillation

assays with PhPFD, subsequently Tatsiana Kupreichyk performed the hPFD assays

and analyzed all the data. The establishment of reproducible ThT-assays is very

important as fibrillation depends on many factors and environmental conditions,

so only fibrillation curves obtained under the same conditions can be reliably com-

pared.

Firstly, a de novo fibrillation assay plate testing many ratios between IAPP and Ph-

PFD, going up to 1:10 ([IAPP]:[PFD]) was performed to determine the appropriate

concentration range. From this first assay we determined the suitable concentration

range to be between 5000:1 and 1:1. Eleven ratios spanning these conditions in a

logarithmic fashion were used for all the following experiments (see Table 4.3). De
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novo fibrillation assays, containing IAPP monomers, PFD and ThT dye, performed

under agitation, showed that PFD has a striking effect on the shape of the fibrillation

curve. Already by visual inspection one can see that besides inhibiting fibrillation at

substoichiometric ratios, its presence leads to a decrease of the plateau height. (see

Fig. 4.5) This effect was observed for both PhPFD and hPFD. The lag time is very

little impacted by the presence of PFD, from which can be concluded that PFD

does not strongly inhibit the nucleation process which starts fibril formation but

rather acts at later steps. By fitting of de novo assays different parameters can be

extracted. Typically, ThT-fibrillation assays are normalized prior to fitting, in our

case however we chose to not normalize our data as the reduced plateau height does

not seem to be an artefact but a genuine feature of the fibrillation curves. In figure

4.6 one can see that regardless of normalization the trend of the fitted parameters,

such as growth speed and acceleration, remains the same. The addition of PFD

results in a decreased growth speed and a longer growth/acceleration phase.

Seeded fibrillation assays allow to get insight into different fibrillation pathways.

Here, besides monomers, PFD and ThT, mature fibrils are added to ”quick start”

the fibrillation process, that is to circumvent the lag phase. By the choice of added

fibrils, one can select to prioritize certain fibrillation pathways. Secondary nucle-

ation and elongation fibrillation assays were performed by addition of elongated or

shortened fibrils (shortened by sonication), respectively. Here the main processes

leading to the creation of more fibril mass are either secondary nucleation or elon-

gation, which allows to study this processes in isolation (in a first approximation).

A very pronounced impact on the elongation was observed. Secondary nucleation

inhibition however seems to also play a role during the fibrillation inhibition process.

Similar to the de novo assay, a strong effect on the plateau height is observed. This

effect is reproduced in all the performed assays and necessitates some investigation

as it suggests that the final fibril mass is decreased due to the presence of PFD. (see

Fig. 4.5)

74



4.2. RESULTS

a + PhPFD + hPFD
De novo (+ agitation, - seeds)

Secondary nucleation (- agitation, + non-sonicated seeds)

Elongation (- agitation, + sonicated seeds)

+ PhPFD
+ hPFD

0 4 62 8 10 0 4 62 8

0 4 62 8 10 0 4 62 8

0 4 62 8 10 0 4 62 8

Time (h) Time (h)
PFD relative molar concentration

T
hT

 F
I (

10
3
a.

u.
)

50

40

60

30

20

10

0

50

40

60

30

20

10

0

25

20

30

15

10

5

0

15

10

17.5

7.5
5

2.5
0

12.5

120

80

140

60
40
20
0

100

15

20

10

5

0

6

8

4

2

0

15

20

10

5

0

80

100

60

40

20

0T
hT

 F
I (

10
3
a.

u.
)

T
hT

 F
I (

10
3
a.

u.
)

T
hT

 F
I (

10
3
a.

u.
)

T
hT

 F
I (

10
3
a.

u.
)

T
hT

 F
I (

10
3
a.

u.
)

G
ro

w
th

 s
pe

ed
 (1

03
h-1

)
T
im

e 
(h

)
G

ro
w

th
 s

pe
ed

 (1
03

h-1
)

Growth phase duration

Maximal growth speed

Initial growth speed

N
on

e

2.
0·

10
-4

5.
2·

10
-4

1.
3·

10
-3

3.
4·

10
-3

8.
8·

10
-3

2.
2·

10
-2

5.
8·

10
-2

1.
5·

10
-1

3.
9·

10
-1

1.
0·

10
0

N
on

e

2.
0·

10
-4

5.
2·

10
-4

1.
3·

10
-3

3.
4·

10
-3

8.
8·

10
-3

2.
2·

10
-2

5.
8·

10
-2

1.
5·

10
-1

3.
9·

10
-1

1.
0·

10
0

N
on

e

2.
0·

10
-4

5.
2·

10
-4

1.
3·

10
-3

3.
4·

10
-3

8.
8·

10
-3

2.
2·

10
-2

5.
8·

10
-2

1.
5·

10
-1

3.
9·

10
-1

1.
0·

10
0

[IAPP]:[PFD]

IAPP alone 5000:1 1941:1 753:1 292:1 113:1 44:1 17:1 6.6:1 2.6:1 1:1

Figure 4.5: IAPP aggregation kinetics in absence and presence of various concentra-
tions of PhPFD (left column) and hPFD (middle column) with [IAPP]:[PFD] molar
ratios ranging from 5000:1 to 1:1, followed by ThT fluorescence intensity (FI). Top
row: de novo aggregation assay, where the aggregation starts from the mixture of
monomeric IAPP only in presence of agitation. Middle row: secondary nucleation
assay, where the aggregation starts from the mixture of monomeric IAPP and non-
sonicated preformed IAPP fibrils (seeds), with no agitation. Bottom row: elongation
assay, showing non-agitated aggregation of monomeric IAPP in presence of shorter
sonicated seeds, where the initial linear parts of the curves are reflecting the elon-
gation process. The right column shows examples of extracted kinetic parameters
of changes in IAPP aggregation assays, such as growth length duration, maximal
growth speed, and initial growth speed for the according aggregation assays
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Figure 4.6: Kinetic analysis of de novo ThT-assays performed with PhPFD, com-
parison between normalized and non-normalized. The trend of the fitted pa-
rameters remains the same, showing a decreased in growth speed and a longer
growth/acceleration phase upon addition of PhPFD.
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Atomic force microscopy shows changes in aggregate morphology
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Figure 4.7: Atomic force height images of samples taken out of the de novo fibrilla-
tion plate in presence and absence of different concentrations of PFD - a) IAPP in
presence of PhPFD, b) IAPP in presence of hPFD. The images show the close-ups of
2x2 µm2 in the top row and overviews of 5x5 µm2 in the bottom row. Two different
color scales are used: 0 - 60 nm or 0-1 nm in the grey rectangle.

In order to investigate the effect on the plateau height in the fibrillation as-

says, samples were taken out of the fibrillation plate and imaged by atomic force

microscopy. Strikingly, with increased PFD concentration indeed less fibril mass is

found in the AFM images, both for addition of PhPFD and hPFD (see Fig. 4.7).

Moreover, the fibril structure is impacted by the presence of PFD. Whilst in its

absence the typical elongated fibril structure is observed and fibrils are spread out

in the AFM image, the presence of PFD leads to formation of shorter, clustered

fibrils.

These observations combined, explain the effect observed in the ThT-fibrillation

assays very well. The clustering of fibrils results in a decreased surface to which

ThT can bind, leading to decreased fluorescence intensity. Moreover the formation

of aggregates of bigger size is an often reported detoxification mechanism, suggesting

that this effect might be significant for inhibiting the pathology of IAPP amyloid.
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4.3 Discussion

The data presented in this chapter allows us to derive a quite detailed description of

the mechanism of fibrillation inhibition by PFD. As all the experiments presented

here were performed both with human prefoldin as well as with archaeal prefoldin

and the results obtained with these two homologous species are similar, general-

izations can be made about the fibrillation inhibition mechanism of co-chaperonin

prefoldin. The ThT fibrillation assays show that fibrillation inhibition by both Ph-

PFD and hPFD is reached at substoichiometric ratios and both elongation as well

as secondary fibrillation pathways are inhibited. The height images obtained by

atomic force microscopy complement the ThT-assays as the observed structures can

be correlated to what can be observed in the ThT-fibrillation assays. All ThT-

assays consistently show a decrease in the plateau height of the fibrillation curves.

This finding is unusual and typically ThT-fibrillation assays are normalized prior

to their analysis by fitting. We chose to refrain from normalization, as the effect

of decreased plateau height was consistently found in all ThT-assays. The AFM

images of the samples taken directly out of the fibrillation plate give low-resolution

information regarding the obtained fibril structures and thereby allow to get in-

sight into the products of the fibrillation process. One factor which can explain the

decreased plateau height is a decrease in fibril mass due to the presence of PFD.

This is indeed what we observe when analyzing multiple regions in the Atomic force

images. With higher amounts of added PFD less fibrils are observed. As this can

however also be due to insufficient transfer between ThT assay and the AFM grid

we tried to quantify the remaining IAPP monomers by HPLC. Unfortunately, due

to the low concentration of IAPP used for the ThT fibrillation assays a meaningful

quantification was not possible. Although it seems likely that indeed less fibril mass

is obtained by incubation with PFD we cannot make a final judgement regarding

that. There is however another observation which can explain the decrease in final

observed fibril mass, that is the formation of clustering of fibrils together, forming

aggregates of larger size. This decreases the potential surface to which the ThT

dye can bind, lowering the observed ThT fluorescence. It is also probable that both

factors play a role in causing the lowered plateau height.

Multiple chaperones have been observed to cause a similar change in morphology

of amyloid aggregates, clustering them together and thereby reducing the surface

area of aggregates. This typically results in decreased toxicity. Of course it is diffi-

cult to reason from in vitro measurements what would happen in a cellular context,

but it might be that the change in morphology, as observed in the AFM images,

results into less toxicity. It would be very insightful to test the toxicity of aggregates
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formed in the presence and absence of PFD with a cellular assay.

Important amongst these findings is that all the here described experiments

conducted both with PhPFD and hPFD lead to the same overall conclusion. This

has not only theoretical implications, suggesting unspecificity of the anti-amyloid

effect of this co-chaperone, but it also has practical implications. As has been seen

at the beginning of this chapter and will be discussed in more depth in the next, NMR

studies of PFD are challenging. As NMR is however one of the few techniques which

allows structural insight into dynamic chaperone client complexes, NMR studies of

the simpler PhPFD complex can produce significant structural insights, which seem

generalizable for all homologues of prefoldin.

4.4 Material and Methods

4.4.1 Protein expression and purification

Production and purification of PhPFD

E. coli BL21 (DE3) cells transformed with pET23c plasmids encoding either for the

α or β subunit of PFD from Pyrococcus horikoshii (noted PhPFD), were used for

protein expression (see Table 4.1). To obtain unlabeled subunits, cells were grown

at 37 °C in LB-medium, at OD600nm=0.8 protein production was induced by IPTG

(1 mM) and the expression was performed at 37 °C for 3 h.

Table 4.1: PhPFD subunit sequences

Vector

(antibiotic

resistance)

Sequence

β-subunit

13.32 kDa

pET-23c

(Ampicillin)

MQNIPPQVQA MLGQLDTYQQ QLQLVIQQKQ KVQADLNEAK KALEEI-

ETLP DDAQIYKTVG TLIVKTTKEK AVQELKEKIE TLEVRLNALN RQE-

QKINEKV KELTQKIQAA LRPPTAG

α-subunit

16.60 kDa

pET-23c

(Ampicillin)

MAQNNKELEK LAYEYQVLQA QAQILAQNLE LLNLAKAEVQ

TVRETLENLK KIEEEKPEIL VPIGAGSFLK GVIVDKNNAI VSVGS-

GYAVE RSIDEAIGFL EKRLKEYDEA IKKTQGALAE LEKRIGEVAR

KAQEVQQKQS MTSFKVKK

The purification protocol of archaic prefoldin subunits was adapted from (Okochi

et al., 2002). The cells, corresponding to 1 L of culture, were resuspended in 50 ml

of buffer A, containing 50 mM Tris (pH=8.0), 0.1 mM EDTA, and complemented
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with 0.025 mg/mL RNAse (Euromedex), 0.025 mg/mL DNAse (Sigma Aldrich) and

1 anti-protease tablet (cOmpleteTM Roche). Cells were disrupted by sonication on

ice for 4 min at an amplitude of 60%, 2 s sonication, 15 s pause. After removal of

cell debris by centrifugation (40 000 g, 30 min, 4 °C), the supernatant was heated

to 80°C for 30 min in a water bath and precipitated proteins were removed by cen-

trifugation. Then, the supernatant was filtered through a 20 µm filter and loaded

on a Q Sepharose – XK 26/20 column (Sigma-Aldrich), pre-equilibrated with buffer

A. With a linear gradient the protein was eluted at 20% of buffer B (50 mM Tris

pH=8.0, 0.1 mM EDTA, 500 mM NaCl). The fractions were combined and concen-

trated using Amicon® Centrifugal Filter Units (Merck) with a cut-off of 10 kDa,

and then loaded on a Superdex 200 gel filtration column (Sigma Aldrich) equili-

brated with a 50 mM Tris buffer (50 mM Tris, 100 mM NaCl, pH=8.5). The PFD

complex was formed by combination of purified α and β-subunits in a ratio of 1:1 (In

the absence of the complementing subunit, α-subunits form a dimer and β-subunits

form a tetramer. For the formation of the complex these multimers are added 2:1.)

and incubation at 80°C for 30 min. Excess α-subunits were removed by gel-filtration

on a Superdex200 column, the fractions containing PFD (α2β4) were combined (the

fractions containing α2 can also be collected and reused) and concentrated using

Amicon® Centrifugal Filter Units (Merck), using a cut-off of 30 kDa. (see Fig. 4.8

For transport, the samples were flash-frozen in liquid nitrogen and lyophilized.

SEC-MALLS, cryoEM and SDS-PAGE followed by Coomassie staining were used

to control purity and homogeneity of produced samples.

For interaction studies, the PhPFD samples were exchanged into interaction buffer

containing 25 mM MES buffer (pH=6.5) and 25 mM of MgCl2, using Amicon®
Centrifugal Filter Units (Merck).
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Production and purification of hPFD

Table 4.2: hPFD subunit sequences

Vector

(antibiotic

resistance)

Sequence

PFD1 (beta)

14.21 kDa

pET-21a

(Ampicillin)

MAAPVDLELK KAFTELQAKV IDTQQKVKLA DIQIEQLNRT KKHAHLT-

DTE IMTLVDETNM YEGVGRMFIL QSKEAIHSQL LEKQKIAEEK IKELE-

QKKSY LERSVKEAED NIREMLMARR AQ

PFD2 (beta)

16.21 kDa

(18.81 kDa)

pET-41

(Kanamycin)

MGSSHHHHHH SSGLVPRGSH MAENSGRAGK SSGSGAGKGA VSAEQVI-

AGF NRLRQEQRGL ASKAAELEME LNEHSLVIDT LKEVDETRKC YR-

MVGGVLVE RTVKEVLPAL ENNKEQIQKI IETLTQQLQA KGKELNEFRE

KHNIRLMGED EKPAAKENSE GAGAKASSAG VLVS

PFD3

(alpha)

16.93 kDa

pET-21a

(Ampicillin)

MKQPGNETAD TVLKKLDEQY QKYKFMELNLAQKKR RLKGQIPEIK

QTLEILKYMQ KKKESTNSME TRFLLADNLY CKASVPPTDK VCLWL-

GANVM LEYDIDEAQA LLEKNLSTAT KNLDSLEEDL DFLRDQFTTT

EVNMARVYNW DVKRRNKDDS TKNKA

PFD4 (beta)

15.22 kDa

(17.10 kDa)

pET-41

(Kanamycin)

MGSSHHHHHH SSGLVPRGSH MKKAAAEDVN VTFEDQQKIN

KFARNTSRIT ELKEEIEVKK KQLQNLEDAC DDIMLADDDC LMIPYQIGDV

FISHSQEETQ EMLEEAKKNL QEEIDALESR VESIQRVLAD LKVQLYAKFG

SNINLEADES

PFD5

(alpha)

17.32 kDa

pET-21a

(Ampicillin)

MAQSINITEL NLPQLEMLKN QLDQEVEFLS TSIAQLKVVQ

TKYVEAKDCL NVLNKSNEGK ELLVPLTSSM YVPGKLHDVEH VLID-

VGTGYY VEKTAEDAKD FFKRKIDFLT KQMEKIQPAL QEKHAMKQAVM

EMMSQKIQQL TALGAAQATAKA

PFD6 (beta)

14.58 kDa

pET-21a

(Ampicillin)

MAELIQKKLQ GEVEKYQQLQ KDLSKSMSGR QKLEAQLTEN NIVKEE-

LALL DGSNVVFKLL GPVLVKQELG EARATVGKRL DYITAEIKRY ESQL-

RDLERQ SEQQRETLAQ LQQEFQRAQA AKAGAPGKA

E. coli Rosetta 2 (DE3) pLysS cells (Novagen) were transformed with pET-21a plas-

mids encoding for PFD1, PFD3, PFD5 and PFD6 (Aikawa et al., 2015) or pET-41

(Genecust) encoding for PFD2 and PFD4 subunits of human prefoldin (denoted

here hPFD). The N-terminal 37 residues of PFD3 and four residues of PFD4 were

deleted, (Aikawa et al., 2015) PFD2 and PFD4 contained N-terminal hexahistidine

tags followed by a thrombin cleavage site. (see table 4.2) The plasmids for PFD1,

PFD4, PFD5 and PFD6 were individually transformed, the plasmids for PFD2 and

PFD3 were co-transformed.

For unlabeled hPFD, the cells were grown at 30°C (can also be 37 °C) in LB-

82



4.4. MATERIAL AND METHODS

medium with the required antibiotics (Chloramphenicol, Ampicillin or Kanamycin).

At OD600nm=0.6 protein production was induced by IPTG (1 mM) and the expres-

sion was performed at 20 °C for 8 h (PFD1, PFD5), 30 °C for 4 h (PFD2, PFD3,

PFD4) or 3 0°C for 2 h (PFD6). (30°C can also be substituted by 37 °C)

For expression of 15N-labeled subunit of hPFD, cells were grown in M9, supple-

mented with 2 g/L glucose and 1 g/L 15NH4Cl. At OD600nm=0.8 protein production

was induced by IPTG (1 mM) and the expression was performed at 20 °C over night.

Figure 4.9: Expression of hPFD subunits

All purification steps were carried out at 4 °C. Cells expressing the different

subunits were mixed (100 mL for PFD1, PFD5 or PFD2/PFD3, 150 ml for PFD6

and 200 mL for PFD4). The appropriate ratio was determined from the protein

quantity seen on an SDS gel of the expression. (see Fig. 4.9) Cells were sonicated

for 5 min (50%, 5 s on 10 s off) in 50 mL of 50 mM sodium phosphate buffer

(pH=7), containing 300 mM NaCl and 5 mM beta-mercaptoethanol, complemented

with 0.025 mg/mL RNAse (Euromedex), 0.025 mg/mL DNAse (Sigma Aldrich) and

1 anti-protease tablet (cOmpleteTM). Purification by affinity purification, his-tag

removal, cation exchange and size exclusion chromatography were performed as de-

scribed in (Aikawa et al., 2015). After removal of cell debris by centrifugation (30

min, 10.000 g, 4 °C) affinity purification was performed on a HisTALONTM column,

equilibrated with 50 mM sodium phosphate buffer (pH=7), containing 300 mM NaCl

and 5 mM beta-mercaptoethanol. The protein was eluted with 150 mM imidazole.

Fractions containing hPFD were combined (3̃0 mg) and his-tag removal was per-

formed over night (16 h), using 8 units of thrombin (GE Healthcare, 27-0846-01)
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per mg of protein under shaking at 4 C. The sample was filtered and diluted 1:5

to remove excess salt and then loaded on a MonoSTM 5/50 GL column equilibrated

with 20 mM MES (pH=6), 1 mM DTT. The protein was eluted at 20% of 20mM

MES (pH=6), 1 mM DTT, 1M NaCl. The fractions containing protein were com-

bined and concentrated ( 10 mg), using Amicon Centrifugal Filter units (Merck)

with a cut-off of 30 kDa. Size exclusion chromatography was performed on a S00

30/100 column equilibrated with 20 mM Tris (pH=7.5), 150 mM NaCl, 1mM DTT.

(Final yield: approx. 5 mg) For concentration determination the extinction coef-

ficient at 280 nm was calculated from the sequence with the online tool of expasy

(https://web.expasy.org/protparam/) to be 38195 M-1 cm-1, based on the primary

sequence. For transport and storage the samples were flash-frozen in liquid nitrogen

and kept at -80 °C.

SDS-PAGE followed by Coomassie staining was used to monitor the purification

process. (see Fig. 4.10) SEC-MALLS and mass spectrometry were performed to

evaluate the protein complex.

Purification of IAPP

IAPP samples were prepared by our collaboration partner. The purification process

is described in: (Röder et al., 2020)

IAPP with amidated C-terminus and the disulfide bond between Cys2 and Cys7 was

custom synthesized by Pepscan (Lelystad, Netherlands). The identity and purity

(93.2%) were confirmed by RP-HPLC and mass spectrometry. To ensure monomeric

starting material, the peptide was dissolved at 2 mg/ml in 1,1,1,3,3,3-hexafluoro-

2-propanol at RT for 1 h and lyophilized. Afterwards, 1 mg peptide powder was

dissolved in 0.5 ml aqueous 6 M guanidine hydrochloride solution and size exclusion

chromatography was performed on a S75 Increase 10/300 column (GE Healthcare)

equilibrated with 10 mM MES acid/NaOH buffer (pH=6.0) using an ÄKTA Purifier

system (GE Healthcare). The monomeric peak fraction was collected, aliquoted,

flash-frozen in liquid nitrogen and stored at -80°C for further use. For shipping to

the IBS institute, the sample was aliquoted in 1,1,1,3,3,3-hexafluoro-2-propanol and

lyophylized.

4.4.2 Biophysical techniques

SEC-MALLS

SEC-MALLS on PhPFD was performed on the platform located at CIBB Grenoble,

which is part of the ISBG service unit. A Superdex 200 30/100 column was used

with the purification buffer 50 mM Tris (pH=8.5), 100 mM NaCl, and a flow rate
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0f 0.5 ml/min. The setup consisted of a Wyatt Dawn Heleos II multi-angle static

light scattering detector a Wyatt Optilab T-rex – refractometer, a Hitachi Elite

LaChrom UV detector L-2400 and a Hitachi Elite LaChrom Pump L-2130.he data

was analyzed with the software ASTRA (Wyatt)

SEC-MALLS on hPFD was performed on the protein analysis on line (PAOL)

platform at IBS ISBG Grenoble service unit. A Superdex 200 30/100 gel filtration

column was used with the purification buffer 20 mM Tris, (pH=7.5), 150 mM NaCl,

1 mM DTT at a flow rate of 0.5 ml/min. The setup was composed of a HPLC

(Schimadzu, Kyoto, Japan) consisting of a degaser DGU-20AD, a LC-20AD pump, a

autosampler SIL20-ACHT, a communication interface CBM-20A, a UV-Vis detector

SPD-M20A, a column oven XL-Therm (WynSep, Sainte Foy d’Aigrefeuille, France)

and a static light scattering detector miniDawn Treos, a dynamic light scattering

detector DynaPro NANOSTAR, a refractive index detector Optilab rEX (Wyatt,

Santa-Barbara, USA). The data was analyzed with the software ASTRA (Wyatt).

Mass spectrometry

Mass spectrometry was performed on the MS platform at IBS Grenoble. For a LC-

TOF analysis of the α-subunit, it was diluted to 5 µM with 0.03% TFA and 8 µl

were injected.

For the LC-ESI-TOF analysis of hPFD a sample at 50 µM was diluted 1:5 and 8 µl

were injected.

ThT-fibrillation assays

ThT fibrillation assays were performed at a concentration of 5 µM IAPP and a

ThT concentration of 10 µM in a 96 well non-binding plate. IAPP obtained from

PepScan2 after SEC and flash freezing of the collected monomer peak was dissolved

in 50 mM MES (pH=6.5) 25 mM MgCl and used for the experiment. Lyophilized

PhPFD was resuspended in water and exchanged into 50mM MES (pH=6.5), 25 mM

MgCl. Frozen hPFD was thawed on ice and exchanged into 50 mM MES, pH=6.5)

25 mM MgCl. Buffer was prepared bi-weekly due to the instability of MES. 11 IAPP

PFD ratios were tested (see table 4.3). Fluorescence was read out after 20 s shaking

at 300 rpm with a cycle time of 180 s.

For de novo assays, 3.63 µl of a solution containing ThT and 3% NaN3, PFD

stock solution at 120 µM and buffer was added to reach a final volume of 180 µl. de

novo assays 5 µM IAPP

For seeded fibrillation assays 5 µM IAPP, 0.5 µM seeds 3.63 µl of a solution

containing ThT and 3% NaN3, PFD stock solution at 120 µM and buffer was added
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Table 4.3: IAPP PFD ratios for ThT fibrillation assays
1 2 3 4 5 6 7 8 9 10 11

IAPP
PFD

1:0 5000:1 1941:1 753:1 292:1 113.5:1 44:1 17:1 6.6:1 2.6:1 1:1

to reach a final volume of 180 µl. The seeds for secondary nucleation assays were

obtained out of a ThT fibrillation assay during the exponential phase. The seeds for

the nucleation assay were obtained by sonication of fibrils grown under stationary

conditions.

Atomic force microscopy

Samples were obtained directly out to of a de novo fibrillation assay plate. 5 µl of

the sample solution were applied onto freshly cleaved muscovite mica and incubated

under a humid atmosphere for 10 minutes. After three washing steps with 100 µl

double distilled H2O the samples were dried with a stream of N2 gas. Imaging was

performed in intermittent contact mode (AC mode) in a JPK Nano Wizard 3 atomic

force microscope (JPK, Berlin) using a silicon cantilever with silicon tip (OMCL-

AC160TS-R3, Olympus) with a typical tip radius of 9 ± 2 nm, a force constant of

26 N/m and resonance frequency around 300 kHz. The images were processed using

JPK DP Data Processing Software (version spm-5.0.84). For the presented height

profiles a polynomial fit was subtracted from each scan line first independently and

then using limited data range.

Cryo-electron microscopy of PhPFD

3.5 µl of PFD solution in 50 mM Tris (pH=8.5), 100 mM NaCl buffer at 100 µM

was blotted on a Quantifoil R2/2300 mesh gold grid coated with carbon and ionized

by glow discharge. A FEI Vitrobot (automated vitrification machine) MARK IV

was used at 6.5 sec blotting time, 100% humidity at 20°C. About 1000 movies were

recorded with a Thermo Scientific GLACIOS 200kV FEG with a Falcon II electron

counting direct detection camera with EPU (automatic data collection) with a pixel

size of 1.206 Å. About 700 000 particle were extracted using guided particle picking,

using the PhPFD crystal structure (PDB:2zdi). 2D classification was performed

using relion standard procedures. (Scheres, 2012)
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Chapter 5

Structural study of prefoldin and

its interaction with IAPP

As already discussed, (see chapter 2.3.1) chaperone/client complexes are character-

ized by their dynamic nature, and therefore evade structural characterization by

many structure elucidation techniques. The intrinsically disordered IAPP is a typi-

cal example for an intrinsically disordered chaperone client protein, and constitutes

a good example for a type of protein that escapes most structural techniques. It

was mentioned in the introduction that NMR is a prime technique for the study of

chaperones and amyloidogenic proteins and it also plays a major role in this struc-

tural study. A very brief introduction of this technique and the concepts used in this

study precede this chapter, before the characterization of PFD and the PFD:IAPP

complex, utilizing NMR spectroscopy is discussed in detail. To complement the

NMR study of the complex between monomeric IAPP and PFD, negative stain

electron microscopy was used to investigate the interaction between the IAPP fibril

and PFD. Collectively, the here reported findings do not only supplement the mech-

anistic information presented in the previous chapter with structural information,

but also helps to understand how the inhibition effect arises by elucidating which

species are involved in the inhibition process.

5.1 Introduction of NMR concepts and techniques

used in this study

Nuclear magnetic resonance differs from other structural techniques used in biology,

in that it doesn’t measure the arrangement of atoms in space directly. Crystallog-

raphy, still today the main technique for structure elucidation, recreates the spatial

organisation of atoms from their X-ray diffraction pattern when enclosed in the
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regular lattice of a crystal. The upcoming cryo-EM technique recreates the 3D or-

ganisation of atoms from averaging of many ”images” taken by electron irradiation

from the protein enclosed in amorphous ice.

Nuclear magnetic resonance on the other hand, measures the spinning frequency of

magnetically active nuclei (1H, 2H, 13C, 15N). Stimulation with the right frequency

(MHz range) at the rate of spinning, triggers transitions between states and cre-

ates magnetization, which can be recorded as an electric signal. The excitation

frequency is not only dependent on atom type, but also on the electronic environ-

ment and therefore gives important insights into structure and interactions. The

long-lived magnetization can be transferred through bonds (via electrons, termed

J coupling) and through space (nuclear overhauser effect, NOE), which allows to

recreate the connectivity pattern and spatial arrangement of atoms in molecules.

This is achieved by pulse sequences, which excite the relevant nuclei in a deter-

mined sequence of pulses and waiting times, allowing for transfer of magnetization

along specific pathways. Via Fourier transform of the resulting electronic signal, a

(multidimensional) spectrum is obtained, where the frequencies of involved nuclei

(normalized to chemical shift) show up as peaks.

Besides structure determination, another very important aspect of NMR is the

decay of the measured signal, termed relaxation. This process is dependent on fluc-

tuation of magnetic fields and therefore, by testing the relaxation properties of a

certain nucleus, important information can be obtained about the dynamic fluctu-

ations it is subject to.

This breadth of possibilities, which go far beyond just structure determination, make

NMR spectroscopy an outstanding technique for ”difficult cases” that involve dy-

namics, either due to intrinsic disorder or as part of the biological mechanism.

Yet, as any other technique, NMR spectroscopy has its challenges and limitations.

In order to extract information from the frequencies observed in an NMR spectrum,

they have to be matched to the according atoms (assignment). Many strategies for

this process have been proposed so far (Wagner and Wüthrich, 1982) and are still

actively developed further. (Frueh et al., 2009) However, especially in molecules

containing many atoms, this process suffers from chance degeneracy in frequencies

and resulting peak overlap in the spectrum. But this is not the only drawback of

working with big molecules in NMR. Due to the slower tumbling rate (i.e. τc) of big

molecules (bigger than 20 kDa), the observed signal is increasingly short-lived due

to increased relaxation. This does not allow for acquisition of spectra with elabo-

rate pulse sequences, because of decreased sensitivity and additionally decreases the

obtainable resolution. To be precise, a relaxation process (transverse relaxation)
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which leads to phasing out of the signal is increased, whilst the relaxation process

which allows the spins to return back to equilibrium is even slightly decreased (lon-

gitudinal relaxation). Therefore the resultant signal loss cannot be compensated by

faster repetition of the experiment. (Keeler, 2002)

However, by tapping into the details of relaxation processes, one is able to recover

some of the lost signal. These so-called transverse relaxation optimized spectroscopy-

techniques (TROSY) (Pervushin, 2000; Tugarinov et al., 2003) are able to utilize the

interference between different relaxation mechanisms (dipole-dipole relaxation and

chemical shift anisotropy) to get longer lived signals. On top of that, a suite of ex-

periments with selective excitation (BEST) as well as addition of shorter excitation,

for faster repetition rates (SOFAST) (Schanda and Brutscher, 2005; Lescop et al.,

2007; Amero et al., 2009) have improved the application of NMR to biomolecules.

But there is also another, non-spectroscopic way to improve the spectral quality.

Some magnetically active nuclei are not present at high ratios in nature, e.g.; only 1%

of carbon isotopes are the magnetically active 13C, versus 99% of spectroscopically

silent 12C, which necessitates enrichment in these stable isotopes. This enrichment

(isotopic labelling), which is achieved by growth of expression host cells in media

enriched with according isotopes, (Mondal et al., 2013) increases the signal intensity

and is absolutely necessary for some multidimensional experiments. Most frequently

used is E.coli, but the development of strategies for advanced labeling in more ad-

vanced host-organisms such as eukaryotic cells and even organisms is under active

development. (Wu et al., 2004; Takahashi and Shimada, 2010) Beyond that, en-

richment in certain nuclei can also alter the relaxation properties of a biomolecule,

which, as discussed above, is of crucial importance for NMR spectroscopy of big

molecules (bigger than 20kDa). So does the replacement of hydrogen molecules by

deuterium, change the relaxation properties drastically, (relaxation scaling factor

0.02) as the magnitude of the dipol-dipol relaxation mechanism is decreased. (Sat-

tler and Fesik, 1996) Typically proteins are expressed in deuterated medium and

the hydrogens of NH-groups are back-exchanged by incubation in H2O during the

purification process.

The different chemical groups of an amino acid also have different spectroscopic

qualities, which can be harnessed upon selective isotopic labeling. Methyl groups

are 5 to 10 times more sensitive as NH-groups, which are typically used as reporters

for protein state and interaction. The presence of 3 equivalent protons, a high ro-

tation frequency that can counteract the slow overall tumbling of the molecule and

the interference of the relaxation pathways created by this system, which can be

exploited for TROSY experiments, make them especially sensitive probes. (Olleren-

shaw et al., 2003) The methyl-bearing residues alanine, threonine, valine, leucine,
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threonine and methionine are present to about 40% of amino acids in typical pro-

teins and especially enriched in the protein core.
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Figure 5.1: Amino acid metabolic pathways of E.coli and the precursors used in
methyl labeling. For labeling of alanine, threonine and methionine the appropri-
ately labeled amino acid is added directly to the culture, whilst leucine, valine and
isoleucine necessitate addition of the labeled precursors acetolactate or butanoic
acid, respectively. (image courtesy of Rime Kerfah)

The process of methyl labeling is more complex than normal isotopic labeling,

but today many different labeling schemes have been developed to fulfill different

needs. Methyl labeling necessitates knowledge of the amino acid metabolism of the

host system in which the protein is expressed. In E.coli, the most established host

system, methyl groups are either labeled by addition of labeled amino acids (ala-

nine, threonine methionine) or addition of precursors (leucine, valine, isoleucine) to

the growth medium at specific time points during the bacterial growth phase. (see

Fig. 5.1) Care has to be taken to avoid undesired cross-labeling by inhibition of

metabolic pathways. More information can be found in this review: (Kerfah et al.,

2015b)

The combination of deuteration, labeling of methyl groups and TROSY-type

pulse sequences has allowed the study of very large biomolecules by NMR, up to 1

MDa. (Sprangers and Kay, 2007; Rosenzweig et al., 2013; Mas et al., 2018; Macek

et al., 2017) This allows to harness the power of NMR spectroscopy, notably to

provide atomic resolution information of dynamic systems, for the study of large
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biomolecules. Also the study of the PFD complex and its interaction with the IDP

IAPP utilized these state of the art techniques.

5.2 Results

5.2.1 NMR characterization of the 86 kDa PhPFD complex

To study the interaction of PFD with IAPP, PFD from the thermophilic archaeon

Pyrococcus horikoshii was used. (PhPFD) This system provides some crucial spec-

troscopic advantages, whilst being structurally very close to human cytosolic PFD,

as discussed in chapter 2.3.3. The similar behavior in the biochemical experiments

described in chapter 4 corroborates the choice of this model system. Different from

human PFD, which is composed of six subunits with different primary structure,

the archaic heterohexameric complex is composed of four β-subunits and two α-

subunits with the same primary structure each, which dramatically reduces the

spectral overlap. Stemming from a hyperthermophilic species, which normally lives

close to hydrothermal vents in the ocean,(González et al., 1998) PhPFD is stable

at high temperatures. This allowed us to record spectra at 70 °C, which increases

the tumbling rate of PFD, leading to decreased transverse relaxation and therefore

better spectral quality (at RT the tumbling rate can be estimated by 0.6 times the

molecular weight of the protein in kDa). Analysis of a TRACT experiment (Lee

et al., 2006) showed that, whilst at 37 °C (310 K) the tumbling rate is about 50 ns,

at 70 °C (343 K) it is about 33 ns. (see Fig. 5.2

37°C 70°C

Irel

Δi(s) Δi(s) 

Irel

Figure 5.2: Correlation time τc of PhPFD at 37°C (left) and 70°C (right), obtained
from TRACT measurement
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Challenges in PhPFD assignment

To determine the feasibility of assignment and subsequent interaction studies, a

highly deuterated complex of PFD, labeled 15N on the α-subunit was prepared and

TROSY-NH-correlation spectra at different temperatures were recorded. The sam-

ple was put in Tris-NaCl buffers of different pH values, and the dispersion and signal

intensity was determined by visual analysis of the NH-spectra. (see Fig. 5.3) As

expected, the highest signal intensity is observed at 70 °C. The best spectral quality

was found at 100 mM TRIS (pH=8.5), 50 mM NaCl. The signals are well dispersed

in the spectrum, which means that a well-folded sample was obtained.

At pH 8, from 30 to 70°C At 70°C, from pH 4.5 to 9

Figure 5.3: Tests for ideal pH and temperature conditions for assignment. Spectral
summations of the tested conditions are shown. The optimal conditions with max-
imum signal intensity were found to be pH=8.5 and 70 °C. (image courtesy Pierre
Gans)

However, already in these first spectra, difficulties for the assignment could be

foreseen. Out of the 148 peaks, expected from the primary sequence of the α-subunit,

only 104 were observed. Subsequent labeling of the NH-groups of the β-subunits

inside the PFD complex and acquisition of TROSY-NH spectra at 70 °C, showed

that here, more correlation peaks were observed than expected from the primary

sequence; 131 instead of 117.
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Figure 5.4: Challenging aspects of PhPFD assignment, a) Peak doubling on β-
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interaction network b) Missing peaks on the α-subunit (black) result from peak
broadening due to µ to ms dynamics, as seen from CPMG curves of methyl groups
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To combat low sensitivity, labeling of methyl-groups was decided. Alanine, thre-

onine, leucine, valine, isoleucine (Aβ, Iδδ1, Lδ2, Vγ2, Tγ2) were labeled in one sub-

unit and the complex formed with the complementary subunit (non-labeled but

perdeuterated). In the α- methyl spectrum almost all methyl groups were observed,

(57/58) with the missing alanine being probably due to peak overlap. In the methyl-

spectrum of β, the peak doubling already seen in the backbone spectrum was found

again with 70 peaks observed instead of 48 expected ones.

These inconsistencies can be explained by two phenomena. Although all β-subunits

have the same primary structure, they differ in their quarternary structure, that is,

they interact differently with the remaining complex, depending on their position.

This can be clearly seen from the crystal structure, which has C2 symmetry, and

the through-space interaction network, which can be measured by NOESY spectra.

Non-equivalent environment leads to the observation of non-equivalent frequencies.

Therefore two types of β subunit are distinguished β and β’.(see Fig.5.4)

The missing peaks on the α-subunit can be explained by micro- to millisecond

dynamics which lead to broadening of the impacted residues. This phenomenon,

called exchange broadening, arises when a change in environment happens at about

the same frequency as the frequency difference between the peaks which were to be

observed in the two environments, leading to dephasing. This means that the parts

of the α-subunit which are not visible, are impacted by motion in the micro- to mil-

lisecond timescale, which are biologically relevant frequencies. CPMG experiments,

which are able to reverse this particular dephasing process, were performed on the

methyl-groups and confirm the presence conformational exchange in this time frame.

(see Fig. 5.4)

Nevertheless, I proceeded with the assignment of this challenging complex. By

combination of triple-resonance spectra, assignment of methyl groups by NOESY

spectra, production of 5 mutants and HCC-transfer experiments, I succeeded to

assign 100% of all observed methyl groups of both α- and β-subunit. Also 80% of

the β-backbone resonances (see Fig. 5.6) as well as 57% of α-backbone residues,

which corresponds to 84% of visible NMR signals were assigned. (see Fig. 5.5) For

the β-subunit a distinction between β and β’ was achieved by analysis of the NOE-

network, and this information was transferred via HCC-experiments. More detailed

information can be found in the published article, (Törner et al., 2021) which can

be found in the appendix A.2.
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Figure 5.5: Assignment of methyl groups and backbone of PhPFD α-subunit
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This achievement was also made possible by a novel precursor developed in our

laboratory, (Henot et al., 2021) which connects the proS methyl groups of valine and

leucine with the backbone via a linear chain of 13C atoms. The according publication

with more information regarding the precursor synthesis and application can be

found in the appendix A.3. Especially important for the methyl-assignment in this

multimeric complex was the development of a technique for distinction of inter-

and intra-chain methyl NOEs. (Törner et al., 2020) This technique will be shortly

presented in the following, for technical details, please refer to the publication, which

can also be found in appendix A.1.

Spectral editing of intra- and inter-chain methyl-methyl NOEs in protein

complexes

The development of this technique arose from the assignment of methyl groups via

NOESY spectra. As stated above, the NOE-effect allows for a transfer of magneti-

zation through-space. Therefore, from NOESY (nuclear overhauser spectroscopy)-

spectra, spatial connectivity-networks can be extracted, which allow to calculate

the 3D structure of a biomolecule, if the assignment is available. If the structure

of the biomolecule is known, however, as is the case for PhPFD (PDB:2ZDI) it can

also reversely be used to determine the assignment. Multiple softwares have been

proposed to assign methyl groups via NOE-interaction networks. (Xu et al., 2013;

Chao et al., 2014; Monneau et al., 2017; Pritǐsanac et al., 2017; Nerli et al., 2021)

They utilize different algorithms to solve this problem, but fundamentally they all

aim to maximize the match between an expected connectivity network and the one

obtained in the NOESY spectrum.

The large number of residues and NOE connectivities in the PFD complex forbid

manual assignment, so I decided to use one of these programs, MAGIC. (Monneau

et al., 2017) However, multiple problems arose. Whilst the softwares work reason-

ably well to very good on monomeric systems, the complexity of a system like the

PhPFD complex is not taken into account in the algorithm. The peak-doubling of

the β-subunits forbid utilization of these softwares completely, as they expected the

number of cross-peaks to correspond to the number of expected residues. But even

in easier cases, the complexity of a multimeric complex is not explicitly taken into

account. E.g., in order to assign the β-subunits, I decided to first assign the complex

of β-subunits alone, β4, which has four equivalent β-subunits (C4 symmetry), and

therefore does not show peak doubling. The NOESY spectrum however contains

both information on intra-chain connectivites as well as inter-chain connectivities.

The misinterpretation of these different types of spatial restraints would of course

strongly hamper the assignment process. In a conventional NOESY spectrum there

is no way to distinguish these two types of restraints, and consequently also the

98



5.2. RESULTS

softwares make no distinction. But if there were a method which would reliably dis-

tinguish between them, that would be a great advantage for the assignment process,

as it would help to identify the residues located at the interface and differentiate

them from the ones further from it.
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With these possible advantages in mind we devised a technique which achieves

this task and demonstrated its feasibility by assigning the β4 complex and showed

its application to the hetero-multimeric PFD complex. The mechanism is briefly ex-

plained here, for more technical information, especially regarding its efficiency and

limitations, please refer to the publication, (Törner et al., 2020) which can also be
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found as attachment here. (see appendix A.1)

This method relies on the combination of specific isotopic labeling and a constant-

time-pulse sequence (CT-HMQC-NOESY-HMQC). The product operator formalism

for description of NMR experiments is useful to comprehend the observed effects.

Briefly, excitation of spins with radiofrequency pulses creates order amongst them

(coherence). Upon continuous irradiation, the coherence changes in a way that

can be described by a rotation. Similarly can the effect of J coupling (interaction

with bound magnetically active nuclei, active during free-rotation period) on the

coherence be described as a rotation. During this rotation, the coherence takes on

different phases (like rotation in a unit circle). In the resultant spectrum, the final

phase of the coherence will be seen as a positive or negative peak. In the proposed

CT-experiment, there are two time-periods (before and after the transfer via space,

a period named NOE mixing time) where the time which is given for the coherence

to rotate is fixed (constant time) to a time which inverses the coherence in the pres-

ence of an adjacent magnetically active nucleus (see Fig. 5.7a). These are the parts

of the pulse sequence which transfer the magnetization from hydrogen to carbon, or

reverse.

The power of this pulse sequence now becomes apparent when it is coupled with

advanced isotopic labeling of methyl groups. For all the methyl groups, a labeling

scheme is possible where either only the methyl group is labeled with 13C and 1H,

or both the methyl group and the adjacent carbon are labeled with 13C.

In the case of an hetero-oligomer, one could label different subunits with a different

isotopomer, which leads to a negative sign for inter-chain NOEs. E.g.; labeling of

α-subunits on the methyl group and β-subunits on methyl group and adjacent car-

bon in PFD. (see Fig. 5.7 b)

A homo-oligomeric complex, such as β4, could be composed from of both types, 50%

each , distributed in the complex randomly by recombinant assembly. In that case

intra-chain NOEs are always positive, whilst inter-chain NOEs can turn out both

positive or negative, leading to cancellation of the signal. (see Fig. 5.7 c)

The only available method described before in the literature that achieves an ef-

fect which is close to this result, relied on labeling part of the subunits on certain

methyl residues and the the other with another type of methyl residues, thereby

greatly limiting the amount of observable NOEs. (Traaseth et al., 2008) With our

method, surfaces in complexes can be easily distinguished both in hetero- and homo-

oligomeric complexes utilizing valine, leucine, alanine and isoleucine NOEs simulta-

neously. More detailed information can be found in the published paper, (Törner

et al., 2020) found in the appendix A.1.
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5.2.2 Interaction study of IAPP and PFD

Even with the assignment of PhPFD in hand, the interaction studies between PFD

and IAPP remain challenging. The titration of IAPP with PhPFD seems fairly

straight forward, but due to the big size of PhPFD, extensive broadening is ob-

served on IAPP upon interaction. The effective τc of IAPP, which is about 2 ns in

the unbound form, approaches the one of PFD, which is about 50 ns at the temper-

ature of the experiment, therefore acquisition necessitated a high number of scans

in order to produce sufficient signal. PhPFD, on the other hand, is not so strongly

impacted by the presence of IAPP, so an innovative paramagnetic enhancement la-

beling strategy was devised to obtain the binding site on PFD. Thanks to these

measures, important information about the interaction could be obtained, which

was used to calculate a model of the interaction between IAPP and PFD.

IAPP binds PFD with two binding segments

To determine the binding surface of IAPP binding to PhPFD at atomic level, I

recorded 2D NMR 15NH-SOFAST spectra of 15N-labeled IAPP at 30 °C, after ad-

dition of increasing ratios of PFD. Ratios up to 1:8 were tested. Signal broadening

and chemical shift perturbations (CSPs) on IAPP residues in the NMR titration

experiment, are markers of interaction. By following them, the binding site was

mapped. (See Fig. 5.8) The assignment of IAPP was obtained from the BMRB and

transferred to the here used pH and temperature conditions.

Strong CSPs were observed for residues 10-19 and at 26-28. Peak broadening,

resulting from decreased tumbling rates upon binding of the 86 kDa prefoldin com-

plex, and exchange broadening was located towards the N-terminus. C-terminal

residues 34-37 are very little impacted by the presence of PFD and are therefore

not involved in direct binding, but experience just a very small effect of increased

tumbling rate upon binding. Interestingly, binding is not constrained to the regions

which are involved in the β-sheet fold upon fibril formation, which have been pre-

dicted to be 20-29 and are shown to be involved in the fibril core in the published

fibril structures. (Cao et al., 2020; Röder et al., 2020; Gallardo et al., 2020) A

recently published study on the interaction of Hsp70 with IAPP (Chilukoti et al.,

2021) predicted residues 13-19 heptapeptide (ANFLVHS) of IAPP as a probable

binding site for DnaK, based on analysis with the molecular chaperone binding site

prediction program LIMBO. (Van Durme et al., 2009) The spectral distribution in

the hydrogen-frequency remained narrow, which indicates that IAPP does not fold

upon binding, but remains essentially intrinsically disordered.
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Figure 5.8: Titration of IAPP with PhPFD, CSPs and broadening is plotted as a
function of IAPP sequence and the KD fit is shown. a) Extracts of 2D 15N-SOFAST
spectra of IAPP titration by addition of PhPFD (PhPFD/IAPP: dark blue=apo,
cyan=0.3, green=0.75, orange=1.25). b) Fit of KD signals of A13, V17, H18, S19,
F23, A25 and L27 c) Detected chemical shift perturbations (CSPs) ∆δ (calculated
as ∆δ =

√
0.14 ∗∆N2 + ∆H2 (H and N peak positions in ppm) induced by addition

of a two-fold excess of PFD on uniformly 15N-labelled sample of IAPP and d) peak
broadening of IAPP signals upon addition of various amounts of PhPFD (ratio
PhPFD:IAPP). Asterisk denotes values obtained at 10°C due to peak overlap at
30°C. e) IAPP sequence with colour coding of detected CSPs at ratio 1:2 (residue
with above average ∆δ, that is ≥ 0.12 ppm colour coded in red) and line broadening
at ratio 1:2 IAPP:PhPFD (residue with I/I0 ≤ 0.26 colour coded in yellow)

Determination of the binding strength was performed with the TITAN lineshape

fitting program, (Waudby et al., 2016) assuming a 1:1 stoichiometry. Lineshape and

chemical shift were fitted for Ala13, Val17, His18, Ser19, Leu27, Phe23, Ala25 and

Ser28 as these residues are important for the binding and analysis is not hampered

by peak overlap. The obtained KD is about 60 µM, (61 µM ± 3.2, error determined

by bootstrap analysis) which shows that IAPP has an affinity for PFD in the low

to medium range. The koff value was determined to be about 6000 s-1, which means

that the mean life of the complex is about 1/6000 = 0.16 ms.

In conclusion, the NMR titration results show that C-terminal residues of IAPP are

not involved in the binding to PFD, and the low to medium binding is mediated by

residues 10-19 and around leucine 27. Essentially, IAPP remains unstructured upon

binding.
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The PFD IAPP complex is highly dynamic

Figure 5.9: Titration of PhPFD with

IAPP, no CSPs are observed

Interestingly, addition of IAPP to labeled

PFD resulted in no chemical-shift pertur-

bations, as can be seen in the PFD 13CH

TROSY spectrum, labeled on the β-subunit.

(see Fig. 5.9) This behaviour informs

about the dynamic nature of the complex,

which is typical for chaperone client com-

plexes. (Hiller and Burmann, 2018) There-

fore, to determine the binding surface on

PFD we created a spin-labeled IAPP con-

struct, which allowed to map the binding

interface via paramagnetic relaxation en-

hancement. The disulfide bridge between

cysteine two and seven on IAPP forbids

spin labeling with typical reagents (thiol-

reactive nitroxy derivatives), so we attached

a DOTA-cycle at the N-terminus via a two-

alanine-linker, which can be loaded with gadolinium (Gd-IAPP) or lutetium (Lu-

IAPP), creating a paramagnetic or diamagnetic species, respectively. (see Fig. 5.10)

The lone electron in the paramagnetic species has a large magnetic moment, leading

to increased relaxation and therefore linebroadening in its vicinity.
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Figure 5.10: DOTA-labeled IAPP

construct

Labeled PFD was incubated at 30°C with

Gd-IAPP or Lu-IAPP as reference. Methyl-

labeled PFD was incubated at a 1:2 ratio (Ph-

PFD:IAPP), and NH-labeled PFD was incu-

bated at a 1:1 ratio, assuming higher polariz-

ability of NH-residues. (see Fig. 5.11) In order

to map the binding surface, the intensity ratio

between the two spectra was determined. (see

Fig. 5.12 top) In order to exclude false positive

results from PFD interaction with the DOTA-

cycle, addition of Gd-loaded DOTA to methyl-

labeled PFD was tested, which led to no specific residue broadening.
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Figure 5.11: Paramagnetic broadening effect of Gd-IAPP on 2D spectra of PhPFD.
Blue spectrum is in presence of Lu-IAPP, red spectrum in presence of Gd-IAPP.
a) 2D 15N-TROSY spectrum of the β-subunit and b) 2D 13CH3-TROSY spectrum
of β-subunit. c) 2D 15N-TROSY spectrum of the α-subunit and d) 13CH3-TROSY
spectrum of the α-subunit of PFD. A partial peak doubling is observed for the β-
subunits, due to their position in the PFD heterohexameric complex, which are
subsequently distinguished as β and β’ (panels a & b), while the two α-subunits are
spectroscopically equivalent (panels c & d).

Mapping of the PRE-broadened residues on the crystal structure of PhPFD

(2ZDI) allows to visualize the binding site. (see Fig.5.12 bottom) Whilst no PRE-

broadening is observed for residues which are located on the top of the β-barrel

body, PRE-broadening inside the cavity and along the sides of coiled coil helices

is detected. Binding is especially mediated by interaction with the middle part of

coiled-coil helices. As has been observed for many other chaperones, (Karagöz et al.,

2014), binding is not restricted to a few residues, but spans the whole interior of

the PFD cavity and helices. The NMR study suggests that IAPP is binding and

releasing these interaction surfaces in a dynamic manner.
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Figure 5.12: PRE-mapping shows binding site on PhPFD top: Histograms depicting
Ipara/Idia intensity ratios of PhPFD signal detected using labelled PhPFD samples
in presence of Gd-loaded IAPP or Lu-loaded IAPP, respectively. Reconstituted
PhPFD with β subunits (left) and α subunits (right) labelled on 13CH3 groups (up)
or 15NH-backbone groups (down) were mixed with Lu/Gd-loaded IAPP in a ratio of
1:2 (13CH3-labeling) or 1:1 (15N-labeling). bottom: PRE-effect plotted directly on
the structure of PhPFD. No line-broadening was observed for residues on the top
of the PFD complex. Conversely a strong effect was observed inside the cavity and
along the elongated coiled-coil helices of β/β’-subunits (two views related by 180°
rotation) and α-subunits dimer (side view).
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Electron microscopy shows inhibition is mediated by binding to fibril

surface and ends

Because of the observed effect of substoichiometric inhibition of elongation and sec-

ondary nucleation, as seen in the fibrillation assays, we suspected interaction of

PFD with other species than monomers. Therefore, we then investigated PhPFD

binding to IAPP fibrils. Preformed IAPP fibrils were incubated with PhPFD for 30

min, transferred to a carbon grid, stained with SST and then visualized by electron

microscopy. The observed distribution of fibril polymorphs in this sample resembles

the one which was reported previously in the same conditions, for which the molec-

ular structure was resolved. A polymorph with a pitch of 48nm was the major

species, named polymorph1 in a previous publication. (Röder et al., 2020) In the

electron micrographs, strong decoration of the fibril surface with PFD is observed.

(see Fig.5.13) Upon investigation of the fibril ends, repeatedly a density was ob-

served towards the end of the fibrils, which suggests a binding of PhPFD to the

fibril termini as can be seen in the inlet of Fig 5.13. A rough visual analysis deter-

mined that on the fibril surface approximately every 80 nm one PhPFD molecule is

found, that is about 10% of the surface. About 40% of ends are accompanied by a

density.

IAPP: PhPFD 100:1IAPP 67µM

Figure 5.13: Negative stain EM imaging of IAPP fibrils show decoration of fibril
surface and ends by PhPFD

The same experiment was repeated with human PFD. Interestingly, the observed

decoration is even stronger with hPFD as was observed with PhPFD. (see Fig. 5.14)

The surface of the fibril (and probably also the ends) is so strongly covered that no

single hPFD molecules can be distinguished.
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Amylin:hPFD  200:1Amylin 67µM

Figure 5.14: Negative stain EM imaging of IAPP fibrils show decoration of fibril
surface and ends by hPFD

Modeling of the complexes between PFD and monomeric /fibrillar IAPP

To visualize the interactions which were observed by negative stain electron mi-

croscopy and NMR spectroscopy, HADDOCK docking was performed. As restraints,

PRE-broadening on PFD and CSP data on IAPP were used for all models. The

residues which were missing in the according crystal structures were added by molec-

ular modeling. (Šali and Blundell, 1993)

To create a model for the interaction with monomeric IAPP, a solution structure

was used as starting structure. It should be however kept in mind that IAPP is

sampling a multitude of conformations when bound to PFD, as was seen by the

titration data. The model for this interaction complex can be seen in figure 5.15,

and shows that IAPP is encapsulated inside the PFD cavity.

To create a model for the interaction with fibril surface and ends, the docking proce-

dure was either directed to the fibril surface or to the fibril ends. These models show

that, although all obtained CSP restraints form the NMR titration where used, (see

residues marked in red on the IAPP sequence in Fig. 5.8) binding is mediated by

the N-terminal part of IAPP. (see Fig. 5.15) This makes sense, as only this part is

freely available, as it is protruding from the fibril and not buried inside the core.

This model allows us to obtain a molecular image of what was seen in the negative

stain micrographs and the effect of PFD addition in the fibrillation assays by bind-

ing of PFD to fibril surface and fibril ends.

In conclusion, molecular models for IAPP interaction with PFD were created, based

on experimental NMR restraints and EM images. A model for PFD interaction with

monomeric IAPP was obtained by molecular docking guided by NMR restraints, and
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two models for binding of PFD to fibril surface and ends were created. These show

that PFD binding to the fibiril is mediated by the N-terminal part of IAPP, pro-

truding from the fibril.

Figure 5.15: Interaction model between IAPP and PhPFD, calculated by HAD-
DOCK docking utilizing the NMR restraints.

5.3 Discussion

Although the importance of chaperones for inhibition of amyloidogenic fibrillogenesis

have been recognized many times (Wentink et al., 2019), elucidation of mechanistic

and structural information regarding this process remains sparse. The co-chaperonin

prefoldin was reported to inhibit fibrillation of highly toxic amyloidogenic proteins

in vivo and in vitro, (Sakono et al., 2008; Sörgjerd et al., 2013; Tashiro et al., 2013;

Takano et al., 2014) but so far no information was available on how this inhibition

is mediated, let alone structural molecular insight in the process.

5.3.1 PFD assignment

As NMR is the best technique to study such a dynamic complex as IAPP and PFD,

(Burmann and Hiller, 2015) this technique was used to elucidate the relevant molec-

ular interactions. Whilst assignment of IAPP can be obtained from the literature,

no assignment for any PFD complex was previously available. By assigning prefoldin

from Pyrococcus horikoshii, a detailed study of the inhibition mechanism was made

possible. This 86 kDa complex is made of two α-subunits and four β-subunits or 148

aa and 117 aa each. Although backbone and triple resonance spectra were recorded

at 70°C, where the tumbling time is about 33 ns on a fully deuterated sample, the
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spectral quality was not ideal for assignment. Whilst the spectrum of the β-subunit

shows partial peak peak doubling (131/117) due to non-equivalence of β-subunits

positioned in different positions in the complex, the α-NH-TROSY spectrum showed

less peaks than expected (104/148). Labeling of the more sensitive methyl groups

of alanine, valine, leucine, isoleucine and threonine was performed, which allowed

to observe 57 out of 58 expected methyl resonances on α and 70 out of 48 expected

ones on β. After a lengthy assignment process, full assignment was obtained for

all observed methyl groups and the low sensitivity on α-subunits could be rational-

ized by µ- to ms dynamics as was shown by CPMG experiments measured on the

methyl-groups.

The methyl assignment process relied on assignment via NOESY spectra and com-

parison with the crystal structure PDB=2ZDI. The program MAGIC (Monneau

et al., 2017) was used to perform automatic assignment, but the complexity of the

heterohexameric PFD complex soon made the limitations of this process visible.

Especially the β-subunits were a challenging case, due to the extensive, yet partial

peak doubling, which is not taken into account by the software (or any other as-

signment software to date). Assignment of the easier β4 complex was performed,

where information from an advanced labeling scheme, which allows to distinguish

inter- and intra-chain subunits (Törner et al., 2021), was taken into account. Then

the assignment was transferred to β in the PFD complex, integrating assignment

transferred from the backbone via HCC-experiments, manual analysis of the NOE

network and information obtained from five mutants. Also the assignment of α-

methyl groups took an extensive amount of manual work. Although the MAGIC

software provided a good starting point, the provided assignment did not cover all

methyl groups and was not fully correct. So for the methyl assignment, all the NOE

restraints were manually checked, assignment corrected when needed and supple-

mented by HCC-transfer between methyl group and backbone.

For the assignment of backbone atoms the HCC-transfer provided both start-

ing points and possibilities to cross-check. With a full suite of triple resonance

spectra (3D-BEST-TROSY HNCA, HN(CA)CB, HNCO, HN(CA)CO, HN(CO)CA

and HN(COCA)CB ) an assignment of 80% of the β-backbone resonances (see Fig.

5.6) as well as 57% of α-backbone residues was achieved. Although this assignment

does not cover 100% of all backbone residues, we concluded that this is the high-

est assignment that can be achieved under the circumstances and spending more

experimental time would only bring incremental improvements. The α-assignment

corresponds to 84% of visible NMR signals and due to interrupted backbone walks

not more assignment can be obtained. Also for β the backbone walk is interrupted

at hinge regions and towards the N-terminus, allowing no more assignment. On the
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other hand, 13 residues were doubly assigned and could partly be assigned specifi-

cally to β or β’. β and β’ were distinguished by their different NOE networks and the

specific assignment was transferred to the backbone NH-groups via HCC-transfer

experiments. Especially useful for this was a precursor, developed in our laboratory,

which allows to connect proS leucine and valine methyl groups with the backbone

via a continuous 13C chain. (Henot et al., 2021)

For an extensive discussion of the efficiency and limitations of the technique

of different editing of inter- and intra-chain NOEs please refer to the publication

(Törner et al., 2020), found in appendix A.1. There you will find a discussion of

signal loss due to the utilization of a CT-pulse-sequence and the impact of labeling

inaccuracies on the suppression of inter-chain NOEs.

5.3.2 NMR interaction studies

Thanks to the assignment of PhPFD, we could perform NMR interaction experi-

ments, which allow to rationalize the effects seen by the mechanistic study described

in the previous chapter and provide structural information.

Upon titration of IAPP with PFD, multiple CSPs and residue broadening where ob-

served, but the spectral dispersion in the H-dimension stayed narrow, which informs

us that IAPP does not fold upon binding but remains intrinsically disordered. The

interaction region was located by mapping of CSPs and broadening to be towards

the N-terminus, engaging residues 10-19 and residues 26-28. Interestingly, titration

of PhPFD with IAPP did not yield any signs of interaction. We attribute this to

the dynamic nature of the complex. The synthesis of an IAPP construct with a

PRE-label attached to the N-terminus allowed to map the interaction site on PFD.

From PRE-broadening, the binding site was determined to be inside the PFD cav-

ity and binding strongly mediated by the coiled coil helices. Due to the size of the

interaction surface it is difficult to pinpoint if the interaction is purely mediated by

hydrophobic interactions. Also on IAPP the binding site is larger than the residues

which constitute the hydrophobic core in the IAPP fibril.

Utilizing the so obtained information, models for IAPP:PFD interaction were

created. HADDOCK docking was performed with restraints from CSPs and PRE-

mapping, utilizing the HADDOCK web-interface. The residues which were missing

in the according crystal structures were added by molecular modeling.

For the model between PFD and monomeric IAPP a solution structure of IAPP was

utilized, which was an ensemble, created by NMR structure elucidation. However,
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this structure was obtained from IAPP binding to micelles, leading to the forma-

tion of an α-helix on the N-terminal residues of IAPP. Although this structure is

part of the ensemble of structures that IAPP samples when in solution, we don’t

expect that binding to PFD select the formation of this structure from the NMR

spectrum of IAPP. This structure was selected as a representative structure due to

its availability in the PDB-database, the presence of an ensemble of structures and

the absence of modifications such as fusion proteins.

As in the electron microscopy data, both interaction with fibril surface and fibril ends

was observed, two complexes were modeled for the PFD fibril interaction. When re-

straints are given for all monomers inside the fibril, the docking process leads to the

formation of a fibril end-complex, probably due to the better availability of IAPP

binding surfaces on the ends. However, providing the restraints only on monomers

in the middle part of the fibril, also leads to a successful docking run, which creates

the model for PFD fibril interaction.

The docking procedure could be improved by creating more variability in the

starting structures by e.g.; molecular dynamics, which is especially important for

the monomeric IAPP structure. However, if the dynamic nature of the system is

kept in mind and the models are not seen as static, the obtained molecular models

give important insights into the structural basis of the inhibition of IAPP fibrillation.

Notably the importance of the protruding N-terminus for interaction of PFD with

the IAPP fibril and that IAPP is fitted inside the PFD cavity, held by the coiled

coil helices.

5.4 Material and Methods

5.4.1 Protein labeling

PhPFD labeling on backbone and methyl groups

E. coli BL21 (DE3) cells transformed with pET23c plasmids encoding either for the

α or β subunit of PFD from Pyrococcus horikoshii (noted PhPFD), were used for

protein expression.

For production of U-[15N,13C,2H]-PhPFD samples, cells were progressively

adapted to M9/2H2O media in three stages over 24 h. In the final culture the bacte-

ria were grown at 37°C in M9 media prepared with 99.85% 2H2O (Eurisotop), 2 g/L

of U-[2H,13C] D-glucose and 1 g/L 15NH4Cl. At OD(600nm)=0.8 protein produc-

tion was induced by IPTG (1 mM) and the expression was performed at 37°C for 3 h.
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For production of U-[2H, 12C, 15N], A-[13CH3]β, I-[13CH3]δ
1, L-[13CH3]δ

2,

V-[13CH3]γ
2, T-[13CH3]γ

2 labelled subunits, 2g/L of U-[2H] D-glucose (Sigma

Aldrich) was used as carbon source and 1 g/L 15NH4Cl (CIL) as nitrogen source.

When the O.D. at 600 nm reached 0.7, a solution containing 2-[13C]methyl-4-[2H3]-

acetolactate (NMR-Bio) was added for the stereoselective labelling of pro-S Leuδ2

and Valγ2 methyl groups (240 mg/L) (Gans et al., 2010). 40 min later 3-[13C]-2-

[2H]-L-Alanine, (S)-2-hydroxy-2-(2’-[13C],1’-[2H2])ethyl-3-oxo-4-[2H3]-butanoic acid

(NMR-Bio) and 2,3-(2H) 4-(13C)-L-Threonine (NMR-Bio) were added to a final

concentration of 250 mg/L, 100 mg/L and 50 mg/L respectively (Kerfah et al.,

2015b; Ayala et al., 2020) for the simultaneous labelling of Ileδ1, Alaβ, Thrγ methyl

groups. Protein production was induced by IPTG (1 mM) and protein expression

was performed at 37°C for 3 h.

For production of the U-[2H, 13C], A-[13CH3]β, I-[13CH3]δ
1, L-[13CH3]δ

1,

V-[13CH3]γ
1 PFD-β and PFD-α subunits, 2 g/L of U-[2H,13C]-glucose was used

as carbon source (CIL). When the O.D. at 600 nm reached 0.7, a solution containing

2-[2H3]methyl-1,2,3,4-[13C4]-acetolactate (NMR-Bio) was added (240 mg/L), and 40

min later U-[13C]-2-(2H)-l-Alanine and (S)-2-hydroxy-2-(1’,1’-[2H2],1’,2’-[13C2])ethyl-

3-oxo-1,2,3-[13C3]-4,4,4-[2H3]butanoic acid were added to a final concentration of 250

mg/L and 100 mg/L, respectively (Kerfah et al., 2015a). 20 min afterwards protein

production was induced by IPTG.

For the labeling of V-[1, 2, 3-13C3,
13C1H3]δ

2, L-[1, 2, 3, 4-13C4 residues,
13C1H3]γ2, 172 mg/L 1,2, 3-[13C3]-2-[13CH3]-2-[O2H]-3-oxo-4, 4, 4-[2H3]-butanoate

was used as precursor. (Henot et al., 2021)

Purification and formation of complexes was performed as described in chapter

4.4.1.

IAPP

IAPP samples were prepared by our collaboration partner at Heinrich Heine univer-

sity Düsseldorf.

Isotopically labelled human IAPP was recombinantly produced according to

a previously published protocol. (Mirecka et al., 2014) Identity and purity were

confirmed by reverse-phase HPLC (RP-HPLC).

Dodecane tetraacetic acid (DOTA) labelled IAPP (DOTA-[β-Ala]-[β-Ala]-

KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY-NH2; molecular mass

4432.4 Da; purity 95.9%) with an amidated C terminus and a disulfide bond between

Cys2 and Cys7 was custom synthesized (Pepscan, Lelystad). Identity and purity
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were confirmed by RP-HPLC and MS.

DOTA-functionalized IAPP was loaded with paramagnetic Gd3+ or diamagnetic

Lu3+ cations. 200 µg DOTA-[ß-Ala]-[ß-Ala]-IAPP-NH2 vial was dissolved in 245 µl

Milli-Q H2O and 5 µl 1 M sodium acetate buffer pH 4.53 (final 20 mM), plus 8.65

µl 500 mM GaCl3 solution (final 100-fold excess). The solution was incubated at

25°C while shaking at 300 rpm. The loading was tracked via analysis of the solution

composition at different timepoints (20, 70, and 120 min) via RP-HPLC on a semi

preparative ZORBAX 300SB-C8 column (300 Å pore size, 9.4 mm inner diameter,

250 mm length) connected to an Agilent 1260 system with a column temperature of

80 °C. The gradient used was from aqueous 8% v/v acetonitrile (ACN), 0.1% v/v

trifluoroacetic acid (TFA) to 60% ACN, 0.1% TFA within 40 min, then stayed at

60% ACN, 0.1%TFA for 2 min, and re-equilibrated to 8% ACN, 0.1% TFA for 8

min. Loading with Lu3+ was performed in an analogous way

5.4.2 NMR experiments

NMR experiments for assignment

U-[2H, 13C, 15N] PFD samples, labelled on α- or β-subunit, were loaded in a 4 mm

shigemi tube at a concentration of c.a. 200 µM. Full sets of BEST-TROSY 3D triple

resonance experiments were acquired at 70°C on a Bruker Avance III HD spectrom-

eter equipped with a cryogenic probe and operating at a 1H frequency of 850MHz

(HNCA, HN(CA)CB, HNCO, HN(CA)CO), 700 MHz (HN(CO)CA) or 600 MHz

(HN(COCA)CB) for 3 days each (Lescop et al., 2007; Favier and Brutscher, 2019).

Data were processed and assigned using nmrPipe/nmrDraw (Delaglio et al., 1995)

and CcpNmr (Vranken et al., 2005). Methyl-labelled samples were lyophilized, re-

suspended in ultra-pure 2H2O and loaded in 4 mm shigemi tubes at a concentration

of c.a.2 00 µM. A 3D HCC HMQC-NOESY-HMQC experiment( (Tugarinov et al.,

2005) was acquired at 70°C on a Bruker Avance III HD spectrometer equipped

with a cryogenic probe and operating at a 1H frequency of 950 MHz and methyl

group assignment was performed by comparison with the crystal structure of PFD-

from Pyrococcus horikoshii Ohtaki et al. (2008) with the automated methyl assign-

ment software MAGIC (Monneau et al., 2017). These results were cross-validated

or completed using a special labelling-scheme to distinguish inter-and intra-chain

NOEs (Törner et al., 2020). Furthermore 3D ‘out and back’ HCC, HC(C)C and

HC(CC)C-experiments (Tugarinov et al., 2003; Ayala et al., 2009; Mas et al., 2013)

were acquired (at 70°C and a 1H frequency of 950 MHz) in order to connect (13C,1H)-

methyl signals to backbone 13Cα and 13Cβ resonances using PFD-samples (about 200

µM) labelled with linear 13C-chains connecting backbone atoms to 13CH3-labelled

methyl groups. In the according publication (Törner et al., 2021) (see appendix

113



5.4. MATERIAL AND METHODS

A.2) a table summarizing for each sample the different NMR experiments acquired

and the total acquisition time is found.

IAPP-PFD titration

The NMR titration samples were prepared by adding unlabeled PFD into solutions of
15N-labeled IAPP. Lyophilized, purified monomeric IAPP was suspended in ice-cold

interaction buffer (25 mM MES, 25 mM MgCl, pH=6.5) at a concentration of 64 µM

and aliquoted (20 µl). The aliquots were flash-frozen in liquid nitrogen and stored

at -80°C. For every titration point the aliquots were thawed on ice, different amount

of archaic PFD, buffer and 4 µl of D2O were added so that the final concentration

of IAPP was set to 29 µM tube (volume 44 µl). The ratios: 1:0 (apo), 1:0.4, 1:0.75,

1:1.25, 1:2, 1:3, 1:5 and 1:8 were tested. Each sample was transferred into a 1.7

mm NMR tube. For each sample, 2D 15N-SOFAST-HMQC spectra (Schanda and

Brutscher, 2005) were acquired at 30°C on a Bruker Avance III HD spectrometer

equipped with a 1.7 mm cryogenic probe and operating at a 1H frequency of 850

MHz. Data were processed using nmrPipe/nmrDraw (Delaglio et al., 1995) and KD

as well ad koff was extracted using TITAN (using ratios 1:0, 1:0.4, 1:0.75, 1:1.25, 1:2,

1:3 and 1:8) by fitting the lineshape and chemical shift perturbations of L27, A13,

A25, V17, F23, S19 and H18, assuming a 1:1 stoichiometry. (Waudby et al., 2016).

PRE-mapping on PFD

15N- or 13CH3-labeled PFD sample was combined at a ratio of 1:1 (or 1:2 for methyl

labelled samples) with DOTA-modified IAPP, loaded with Lutetium (diamagnetic)

or Gadolinium (paramagnetic), and transferred in 4 mm shigemi tubes (200 µl) to

reach a resultant concentration of PFD of 100 µM. For each sample 2D 15N-BEST-

TROSY (Lescop et al., 2007) or 2D SOFAST-METHYL-TROSY spectra (Amero

et al., 2009) with d1 set to 1.8 s were recorded at 30°C for 0.5 day/sample on a

Bruker Avance III HD spectrometer equipped with a cryogenic probe and operating

at a 1H frequency of 950 MHz. The assignment obtained at 70°C was transferred

to the spectra at 30°C by acquisition of spectra at intermediate temperatures and

following of the peak shifts.

5.4.3 Negative stain electron microscopy of IAPP fibrils and

PFD

IAPP fibrils were formed by incubation of 64 µM monomeric IAPP at room temper-

ature for multiple weeks in 20 mM MES buffer pH=6.5. Concentrated purified PFD

in interaction buffer (25 mM MES, 25 mM MgCl, pH=6.5) was added in a ratio of
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1:100 (PFD : IAPP monomer concentration) and incubated for 30 min. Samples

were absorbed to the clean side of a carbon film on mica, stained with Sodium Silico

Tungstate (SST) Na4O40SiW12 at 1% in distilled water (pH=7-7,5) and transferred

to a 400-mesh copper grid. (Valentine et al., 1968) The images were taken under

low dose conditions (¡10 e-/Å2) with defocus values between 1.2 and 2.5 µm on a

Tecnai 12 LaB6 electron microscope at 120 kV accelerating voltage using CCD Cam-

era Gatan Orius 1000 and analyzed with Gwyddion software. (Nečas and Klapetek,

2012)

5.4.4 Modeling of IAPP/PhPFD complexes

Interaction models were created by HADDOCK rigid model docking (Dominguez

et al., 2003), using the HADDOCK 2.4 web server (Van Zundert et al., 2016). For

the model of the complex between monomeric IAPP and PhPFD, the basic docking

protocol was used with the interaction residues on IAPP defined as the residues

which showed above average chemical shift displacement during the IAPP-PFD

titration. On PhPFD the interaction site was defined as residues which showed

more than 50% of signal intensity loss upon interaction with PRE-labeled IAPP.

(that is: α-subunit: 8, 9, 12, 20, 22, 24, 26, 29, 31, 37, 41, 65, 118, 125, 129, 132,

135, 146; β-subunit: 4, 12, 15, 17, 22, 24, 26, 34, 46, 58, 81; β’-subunit: 4, 12, 15,

17, 22, 24, 26, 34, 58, 61, 81, 107) The ensemble of 10 solution structures of IAPP

in SDS micelles, (PDB 2L8) determined by NMR (Nanga et al., 2011) was used

as starting IAPP monomer structure. Residues on the N-terminus of β-subunits

missing in the PhPFD crystal structure (PDB 2ZDI) were obtained from molecular

modeling with MODELLER (Šali and Blundell, 1993) .

For the complex involving PhPFD and IAAP fibril, the cryoEM structure of the

polymorph 1 of IAPP fibrils (PDB 6y1a) was used. (Röder et al., 2020) The 13

missing N-terminal residues were added using molecular modelling (MODELLER

(Šali and Blundell, 1993)), whereby a disulfide bond between residue 2 and 7 was

enforced. Although many residues which show chemical shift perturbations in the

IAPP:PhPFD titration are buried inside the structure of the IAPP fibril, the same

residues as in IAPP monomer docking were used as restraints in fibril docking. On

PhPFD the interaction site was defined as residues which showed more than 50%

of signal intensity loss upon interaction with PRE-labeled IAPP monomer. For the

fibril-end interaction model, a IAPP fibril construct of 16 chains was used, and all

the according residues on all the chains were given as docking restraints. To direct

the docking towards the middle of the fibril, a longer IAPP fibril construct of 26

chains was used, and the interaction restraints were only set on the 18 chains in the

middle of the construct.
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Chapter 6

Integration of data and

proposition of interaction model

Whilst the importance of chaperones in inhibition of amyloidogenic fibrillogenesis

has been recognized many times, (Wentink et al 2019) elucidation of mechanistic

and structural information regarding this process remains sparse. There is a good

amount of literature on analysis of fibrillation assays and other mechanistic infor-

mation, (Cohen et al., 2015) but very few structural studies. Although NMR has

been recognized as an important technique for elucidation of chaperone client com-

plexes, studies on chaperone interaction with amyloidogenic proteins are few and far

between. Two milestone studies have been the elucidation of the complex between

HSP90 and τ and (Karagöz et al., 2014) the study by Burman et al. investigating

α-synuclein regulation by multiple chaperones. (Burmann et al., 2020)

The co-chaperonin prefoldin, on which this thesis is focused, was reported to

inhibit fibrillation of highly toxic amyloidogenic proteins such as huntingtin, Aβ or

α-synuclein in vivo and in vitro, (Sakono et al., 2008; Sörgjerd et al., 2013; Tashiro

et al., 2013; Takano et al., 2014) but so far, no information was available on how this

inhibition is mediated, let alone structural molecular insight in the process. Here I

would like to explain how we integrate the experiments described in the previous two

chapters to derive a description of the fibrillation inhibition effect that prefoldin has

on IAPP. The combination of both mechanistic information, derived from the ThT

fluorescence assays (Chapter 4) and the integration of different structural insights

from AFM, EM and especially the NMR interaction study, (Chapter 5) together

with already published data, such as the crystal structures of involved folded pro-

teins allows for a detailed insight into this process.

Following the different stages observed in the typical sigmoid fibrillation curve,

I would like to elaborate on the information that can be drawn from the performed
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Figure 6.1: Proposed model for the inhibition of IAPP fibril formation by PFD:
Presence of prefoldin alters the aggregation kinetics of IAPP via interaction with
multiple species, according representative interaction models were created via HAD-
DOCK molecular docking using restraints obtained from NMR with published struc-
tures of PhPFD (PDB:2zdi) with a) b) monomeric IAPP (PDB:2l86), and d)e) fibril-
lar IAPP (PDB:6y1a). In c) Model of fibrillation inhibition. Inhibition of secondary
nucleation and elongation can be explained from coverage of fibril surface and ends
by PFD. Decreased steady phase fibril mass, as observed in all ThT-assays, can
be explained by a formation of larger fibril assemblies which expose less surface for
ThT-binding, as seen in AFM imaging of samples taken out of the fibrillation plate.
It is possible that due to the chaperoning activity of PFD increased amounts of
monomeric IAPP remain in solution, thereby contributing to the decrease in ob-
served fibrillar mass. inlet: but 12 residues on the N-terminus, shown in orange,
protrude from the fibril (not resolved in the cryo-EM model due to their flexibility),
these sites are accessible to PFD binding.

experiments, and how insight into microscopic fibrillation steps can be obtained.

(see Fig. 6.1)

6.1 Lag phase - PFD has a minor effect on pri-

mary nucleation

During the lag phase, the process most important for the formation of amyloid is

the formation of a nucleus. The lag phase does not purely report on this process, as

also elongation processes take place and are necessary to obtain the ”kick-off” of the

fibrillation curve. Nucleation is however absolutely necessary for the formation of

amyloid and therefore the decisive process happening during this step. The primary

nucleation process can be inhibited by interaction of chaperones with monomeric
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protein or with on-pathway oligomeric species. The inhibition effect can be either

due to sequestration of protein or by induction of a non-amyloidogenic structure in

the substrate.

The NMR interaction studies carried out between PhPFD and monomeric IAPP

show that PFD interacts with monomeric IAPP. Binding between monomeric IAPP

and PFD is seen from the titration of IAPP, by chemical shift perturbations and

peak broadening. Analysis of these effects elucidated two segments on IAPP, one to-

wards the N-terminus (10-19) and one in the middle segment (around residue 27) to

be important for the interaction. Extensive perdeuteration and methyl labeling al-

lowed to study the interaction from the reverse side, between the 87 kDa PhPFD and

IAPP. PRE-mapping with a spin-labeled IAPP construct on PFD allowed to deter-

mine the sites involved in IAPP binding. As has been observed before for chaperone

client complexes, such as the one between HSP90 and τ-protein, (Karagöz et al.,

2014) the complex is characterized by a broad interaction surface as can be seen

from extensive PRE-induced broadening on many residues. IAPP induced PRE-

broadening is found inside the whole PFD cavity, but especially strong broadening

is observed towards the middle of the coiled-coil helices of the α-subunit, and the end

region of the β-subunit, suggesting them to be an important region for binding. The

KD of IAPP:PhPFD interaction was determined to be 60 µM. The extensive bind-

ing interface and multiple binding regions on IAPP suggest that this affinity comes

about due to avidity based binding to multiple lower affinity contacts, which can be

sampled by IAPP. The spectra show fast exchange between bound and free form and

a mean lifetime of the bound state on the order of 100-200 µs was determined from

these exchange broadening phenomena by lineshape fitting. From this we reason

that, as typical for chaperone client complexes, the interaction between monomeric

IAPP and prefoldin cannot be described as one static complex, but as a structural

ensemble where IAPP dynamically binds and unbinds the available binding sites

inside the prefoldin cavity. One possible representative model of this structural was

obtained by HADDOCK docking.

De novo ThT-fluorescence assays show only a weak effect on the lag-time, both

for hPFD as well as for PhPFD. Although the lag time does not purely report on

the nucleation process, such a small impact on this parameter suggests that the

observed interaction between IAPP monomers and PFD does not lead to a pro-

nounced effect on primary nucleation processes. The KD which was obtained lies in

the medium to low range, therefore rather low amounts of IAPP can be sequestered

by prefoldin. Probably, neither restructuring effects on IAPP, nor sequestration

of enough monomers to strongly impact the primary nucleation step is achieved

by PFD, making the monomer interaction a minor effect of inhibition. As bind-
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ing between chaperones and unfolded proteins is rather unspecific and driven by

the exposure of specific primary sequence elements, such as hydrophobic regions,

the obtained information regarding the binding surfaces can be generalized and is

therefore of importance to rationalize the other binding events, as described in the

following.

6.2 Growth phase - PFD inhibits elongation and

secondary nucleation

The growth phase is the most complex part of the fibrillation process as a multitude

of microscopic steps are happening simultaneously. (see e.g. (Arosio et al., 2016))

Elongation leads to an increase of fibril mass as soon as a nucleus is present, a

process which is speed up by the two secondary processes secondary nucleation and

fragmentation, giving the curve the typical sigmoidal shape. Dissociation counter-

acts the fibrillation process, and gets more important the more amyloid fibrils are

present. Inhibition of fibril growth can be mediated by sequestration of monomeric

species or by interaction with multimeric species. Active disassembly or passive

hindrance of fibrillation processes can underlie the inhibition.

The ThT-fluorescence assays show inhibition of IAPP fibrillation at substoichio-

metric PFD (both human and archaeal) ratios, which suggests interaction between

PFD and species other than monomeric IAPP. Considering the obtained KD in the

low to medium strength range, the effect of prefoldin on the effective IAPP concen-

tration by sequestration is not strong enough to reduce the fibrillation speed to the

extent observed in the ThT-assays. Further investigation of fibrillation pathways

by seeded ThT-fibrillation assays showed that both elongation and secondary nucle-

ation pathways were inhibited by the presence of PFD (both human and archaic).

In these assays the addition of preformed fibrils circumvents the stochastic primary

nucleation process and ”isolates” one fibrillation pathway at the beginning of the

growth phase by providing either more surface for secondary nucleation or for elon-

gation.

To investigate interaction of PFD with non-monomeric fibrils, preformed fibrils were

incubated with PFD and subsequently electron microscopy was performed, which

allowed to visualize PFD binding to ends and surface of IAPP fibrils. For PhPFD,

considering the small surface available at the fibril end compared to the fibril surface,

relatively more PFD molecules bind to the fibril ends. A rough analysis allowed to

determine that about 10% of the fibril surface is covered with PhPFD, whilst about
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40% of the ends carry a density which can be attributed to a PFD molecule. For

hPFD an almost complete decoration of the whole fibril is observed. Combining this

information, we reason that the observed inhibition of the elongation- and secondary

nucleation pathway is majoritatively achieved by this interaction between PFD and

the fibril. Much less PFD per IAPP molecule is needed to achieve such a major

effect on the fibrillation kinetics, when inhibition is mediated by binding to fibrillar

species. Our study does not allow us to conclude directly on interaction between

PFD and prefibrillar species such as oligomers, however binding might be possible

if the binding epitopes are sufficiently exposed. Further studies on this interaction

would be very insightful, but necessitate the availability of stabilized oligomeric

states which is still challenging.

The structures of fibrillar IAPP polymorphs were elucidated recently by electron

microscopy (Cao et al. 2020; Röder et al. 2020; Gallardo et al. 2020). The major

polymorph observed contains two protofibrils with two β-sheet structures each. The

fibril core is composed of residues 13-37 with residues 1-12 being not resolved due

to their dynamic behavior. An available structure of this polymorph (PDB:6y1a)

was used to model the interaction observed by electron microscopy, utilizing the

restraints obtained by our NMR study. This allows to get an atomic view into the

interaction observed at low resolution by negative stain microscopy. This model

relies on the assumption that interaction between co-chaperonin and IAPP is medi-

ated by the physicochemical properties of the amino acids constituting the binding

sites and does not rely on a specific, complementary binding interface necessitating

the peptide chain to assume a special conformation. As this is typically the case

for chaperone client protein interactions, this assumptions seems pertinent. From

the fibril structure it is clear that only one of the binding epitopes determined on

IAPP is available for PFD binding when a fibril is formed. The model obtained by

docking (HADDOCK) suggests that binding is mainly mediated by the N-terminal

binding epitope. About six N-termini of IAPP incorporated in the fibril can fit into

the PFD cavity when PFD is binding to the fibril surface or end, possibly leading to

an even higher affinity due to multivalent binding as compared to monomer bind-

ing. On the fibril end, the second binding site in the middle segment is additionally

available to stabilize the interaction. We have not performed a determination of

the binding strength between fibril and prefoldin, but considering the availability of

multiple binding interfaces, the amount of decoration observed in the negative stain

micrographs and the substoichiometric effect in the ThT assays we reason that this

interaction is stronger than the interaction between monomers and therefore consti-

tutes the major fibrillation inhibition pathway.
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6.3 Plateau phase - PFD induces change in ag-

gregate morphology

Although the plateau phase seems stagnant, dynamic elongation and dissociation is

happening. These processes are in balance, leading to no change in the macroscopi-

cally observed parameters. Interaction of chaperones with remaining monomers can

skew this balance, thereby leading to the disassembly of fibrils. Some chaperones,

such as HSP70 together with HSP40s have even been observed to actively disassem-

ble fibrils.

We have not tested if PFD could disassemble IAPP fibrils, but considering the

negative stain images, where we observe decoration of fibrils which have the same

morphology as the reference, active fibril disassembly seems unlikely. Prefoldin as a

holdase chaperone would also be unable to perform ATP dependent power strokes

which also suggests no active role in fibril disassembly. However, one very striking

effect regarding the plateau phase was observed in the ThT-fibrillation curves. A

PFD dependent decrease of the plateau height was consistently observed in all ThT

assays. This could be due to a change in the fibrillar structure of IAPP leading to

different binding of ThT-molecules and subsequently decreased ThT-fluorescence,

shielding of the surface due to PFD decoration or due to the formation of less IAPP

fibrils. In order to investigate these effects, atomic force microscopy of samples taken

directly after termination of fibrillation assays was performed. These height images

show indeed decreased amounts of fibrils upon increase of PFD. Simultaneously, a

morphological change in the observed aggregates is noticed. The fibrils which have

formed in the presence of PFD are shorter and cluster together, forming larger ag-

gregates. The height profile and observed pitch, which can be measured on fibrils

protruding from these aggregates in the AFM images, however are similar to the

major polymorph formed in the absence of prefoldin. It seems that both decreased

formation of aggregates and the formation of bigger clusters of aggregates, possibly

also decorated by PFD molecules, lead to the observed effect in the ThT-fibrillation

assays, meaning that PFD changes the amount of fibrils and leads to the clustering

of shorter fibrils.

It is worth noting that in the literature, reduction of toxicity was observed upon de-

crease of the total exposed hydrophobicity by increase of aggregate size and surface

shielding. (Ojha et al., 2011; Mannini et al., 2012) We suggest that the same might

be true for fibrils formed in the presence of PFD. It is beyond the scope of this work

to study changes in the toxicity of the aggregates formed in the presence of PFD,

but I suggest that subsequent experiments should be performed.

In conclusion, we propose that the substoichiometric inhibition of IAPP fibril-
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lation by PFD is majoritively due to binding to fibril surface and ends, thereby in-

hibiting both elongation and secondary nucleation. Although binding between PFD

and monomeric IAPP is observed, primary nucleation is inhibited rather weakly,

having only a minor effect on the fibrillation inhibition. Monomeric IAPP bound to

PFD remains intrinsically disordered, therefore PFD binding is probably not able to

have a substantial effect on the primary nucleation kinetics. Binding to monomeric

IAPP is mediated by two binding regions, towards the N-terminus (10-19) and in the

middle segment of IAPP (26-28). Binding to the fibril is mediated by the N-terminal

regions of IAPP of which up to six can be enclosed in the PFD cavity, interacting

with PFDs coiled-coil helices. Binding to fibril ends can additionally be mediated

by the second binding region located in the middle segment of IAPP. The presence

of PFD leads to the formation of less aggregates, clustered into formations of bigger

size, which could be a potential detoxifying mechanism.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

As described in chapter 3.2.2, the objectives of my PhD study were two-fold: make

the co-chaperonin prefoldin amenable for NMR studies and then elucidate its in-

teraction with amyloidogenic proteins and the mechanism of fibrillation inhibition.

Both goals were successfully reached.

Both PhPFD and hPFD were successfully expressed and purified. The qual-

ity of these samples was tested by SDS-PAGE, SEC-MALLS, mass spectrometry

and electron microscopy. Highly perdeuterated samples of archaeal PFD from Py-

rococcus horikoshii (PhPFD) was produced, labeled on 15N, 13C and/or methyl

groups on β- or α-subunit. PhPFD was assigned utilizing triple resonance exper-

iments (3D-BEST-TROSY HNCA, HN(CA)CB, HNCO, HN(CA)CO, HN(CO)CA

and HN(COCA)CB (Lescop et al., 2007; Favier and Brutscher, 2019), 3D HCC

HMQC-NOESY-HMQC experiments (Tugarinov et al., 2005), 3D ‘out and back’

HCC, HC(C)C and HC(CC)C-experiments (Tugarinov et al., 2003; Ayala et al.,

2009; Mas et al., 2013) and mutagenesis of 5 methyl-bearing residues. The chal-

lenging assignment process of PhPFD lead to the assignment of 100% of the [13C,
1H]-resonances of Aβ, Iδ1, Lδ2, Tγ2, Vγ2 methyl groups for both subunits. For the

β-subunit, showing partial peak doubling, 80% of non-proline backbone resonances

were assigned, 13 residues were assigned specifically to the non-equivalent β- or β’-

subunits. In the α-subunit, 30% of NH-resonances were not visible. 57% of α-residues

(84% of visible NH-signals) could be assigned. Via an MQ-CH3-CPMG experiment

(Korzhnev et al., 2004) dynamics in the µ to ms range were measured on the methyl

resonances of the α-subunit, thereby suggesting that the missing peaks on the α-

subunit are due to exchange broadening. This assignment can be accessed in the

BMRB under the accession number 50845. (Törner et al., 2021)

123



7.2. OUTLOOK

The assignment process gave rise to the development of a method, which helps

to distinguish inter- and intra-chain methyl NOEs by combination of an advanced

methyl-labeling scheme and a CT-HSQC-NOESY-HSQC sequence. (Törner et al.,

2020) In hetero-oligomeric complexes it allows to sign-encode inter- and intra-chain

subunit NOEs. In homo-oligomeric complexes it allows to specifically edit intra-

chain NOEs.

The interaction between PFD and amyloidogenic proteins was tested and IAPP

was determined as suitable interaction partner. Integration of NMR, electron mi-

croscopy, atomic force microscopy and ThT-fibrillation assays allowed to determine

the inhibition mechanism and the structures of relevant species in the fibrillation

process. We have found that the substoichiometric inhibition of IAPP fibrillation

by PFD is majoritively due to binding to fibril surface and ends, thereby inhibit-

ing both elongation and secondary nucleation. Although binding between PFD and

monomeric IAPP is observed, primary nucleation is inhibited rather weakly, having

only a minor effect on the fibrillation inhibition. Monomeric IAPP bound to PFD

most probably remains intrinsically disordered, therefore PFD binding is not able to

have a substantial effect on the primary nucleation kinetics. Binding to monomeric

IAPP is mediated by two binding regions, towards the N-terminus (10-19) and in

the middle segment of IAPP (26-28). Binding to the fibril is mediated by the N-

terminal regions of IAPP of which up to six can be enclosed in the PFD cavity,

interacting with PFDs coiled-coil helices. Binding to fibril ends can additionally be

mediated by the second binding region located in the middle segment of IAPP. The

presence of PFD leads to the formation of less aggregates, clustered into formations

of bigger size, which could be a potential detoxifying mechanism. This work was

submitted for publication and can be found on the preprint server bioRxiv under

the DOI:https://doi.org/10.1101/2021.10.20.465084 and in the appendix A.4.

7.2 Outlook

Besides the here presented, finished work some more data was acquired which can

serve as starting point for future investigations. Besides observing interaction be-

tween IAPP and PFD, other amyloidogenic proteins were tested for their ability to

interact with PFD, which would be interesting to study further. The interaction

between IAPP fibril and PFD, which was described in chapter 5.2.2 seemed very

interesting and will be followed further with a cryo-EM study of the interaction

between IAPP fibril and hPFD. Lastly, the work on hPFD and its characterization

by NMR is another promising avenue.
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7.2.1 Interaction between PFD and other amyloidogenic pro-

teins

The interaction between PFD and α-synuclein, τ-protein and Aβ was tested. Titra-

tion of α-synuclein and τ-protein with PhPFD does not lead to strong alterations in

the spectra. Addition of PhPFD to Aβ however leads to excessive peak broadening.

Some CSPs can be observed, but tracing them is very difficult due to the excessive

broadening. (see Fig. 7.1) Considering the strong broadening which is observed

already at low ratios of IAPP:Aβ, the KD can be estimated to be lower than the

one observed for the IAPP:PFD interaction. A titration was also performed with

hPFD, and also here signs of interaction (peak broadening and CSPs) are observed.

It would be of great interest to repeat the work that was performed between IAPP

and PFD with Aβ.
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Figure 7.1: Interaction of Aβ with PFD a) Extracts of 2D-15N-SOFAST spectra of
Aβ apo (blue) and with PhPFD (green) b) Intensity loss plotted as a function of the
Aβ sequence. Asterisk denotes residues with missing assignment or peak overlap.

7.2.2 Structure of hPFD interaction with IAPP fibril

The negative stain electron microscopy images of the interaction between hPFD

and IAPP fibrils have been shown in chapter 5.2.2. Following these images a cryo-

electron microscopy grid was prepared. (see Fig. 7.2) This data looks promising for

structure elucidation by cryo-electron microscopy due to the high decoration of the

fibril. Sample optimization and recording of a cryo-EM dataset and refinement are

planned.
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Figure 7.2: Decoration of IAPP fibril by hPFD, seen by cryo-EM.

7.2.3 NMR studies of hPFD

In chapter 4.2.1 successful U-13C-labeling of one of the hPFD subunits was shown.

In order to further study hPFD by NMR, perdeuteration of this 97 kDa complex

is necessary. To do so, I determined the conditions to obtain soluble protein after

expression of the different subunits in M9. Expression in M9 medium at the initial

conditions is successful for all subunits. However, only for PFD2, PFD5 and PFD6

some protein is found in the soluble fraction. Over night expression at 20 °C with

1 mM IPTG is sufficient to obtain soluble protein for PFD1, PFD5 and PFD6 with

sufficient yield. Expression in Arctic Express cells at 12 °C over night succeeds to

obtain soluble protein for PFD2 and PFD4. No conditions were found where PFD3

could be expressed in the soluble fraction. For final conditions, see table 7.1. This

optimization will become useful for future NMR studies which necessitate isotopic

labelling and perdeuteration. This way e.g. the interaction of hPFD with client

proteins or with chaperonin can be studied.

Table 7.1: Conditions for perdeuteration of hPFD

Subunit Cell line Temperature
Expression

time

PFD1 Rosetta 20 °C 12-14 h

PFD2 Arctic express 12 °C 12-14 h

PFD3 - - -

PFD4 Arctic express 12 °C 24 h

PFD5 Rosetta 20 °C 8 h or 12-14 h

PFD6 Rosetta 20 °C 12-14 h
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Abstract
Specific isotopic labeling of methyl groups in a perdeuterated protein background enables the detection of long range NOEs 
in proteins or high molecular weight complexes. We introduce here an approach, combining an optimized isotopic labeling 
scheme with a specifically tailored NMR pulse sequence, to distinguish between intramolecular and intermolecular NOE 
connectivities. In hetero-oligomeric complexes, this strategy enables sign encoding of intra-subunit and inter-subunit NOEs. 
For homo-oligomeric assemblies, our strategy allows the specific detection of intra-chain NOEs in high resolution 3D NOESY 
spectra. The general principles, possibilities and limitations of this approach are presented. Applications of this approach 
for the detection of intermolecular NOEs in a hetero-hexamer, and the assignment of methyl 1H and 13C resonances in a 
homo-tetrameric protein complex are shown.

Keywords NMR · Large protein · Protein complex · Long range NOE · Isotopic labeling · Methyl groups · Assignment · 
Structure determination

Introduction

Specific labeling of methyl groups (Ruschak et al. 2010; 
Rosenzweig and Kay 2014; Kerfah et al. 2015a), combined 
with optimized NMR spectroscopy (Tugarinov et al. 2003; 
Amero et al. 2009), provides a powerful tool to study struc-
ture, dynamics, interaction and mechanism of large protein 
assemblies (Sprangers and Kay 2007; Rosenzweig et al. 
2013; Macek et al. 2017; Mas et al. 2018). Protonation of 
methyl probes in a perdeuterated protein background ena-
bles the detection of long range NOEs (nuclear overhauser 
effects) between methyl groups up to 12 Å apart in high 
molecular weight proteins (Sounier et  al 2007; Kerfah 
et al. 2015b; Chi et al. 2018; Ayala et al. submitted). These 
distance restraints are particularly useful to determine the 
structure of large proteins and protein complexes (Tugarinov 

et al. 2005a; Gauto et al. 2019). If the tertiary structure of a 
protein is previously known, the network of NOE connec-
tivities can also be exploited for automated NMR assign-
ment of methyl resonances (Xu and Matthews 2013; Chao 
et al. 2014; Pritišanac et al. 2017; Monneau et al. 2017; 
Pritišanac et al. 2019). In protein complexes, special care 
should be taken to separate the large number of intra-chain 
NOEs from the few inter-chain signals, as any erroneous 
interpretation could significantly impact NMR assignment or 
structure determination (Werner et al. 1997). Separation of 
intra-chain and inter-chain NOEs is particularly challenging 
in homo-oligomeric complexes.

Standard approaches to identify inter-chain NOEs in 
protein complexes use asymmetric isotope labeling of the 
different subunits with either 15 N or 13C in order to spe-
cifically filter/edit inter-chain NOEs (Handel and Domaille 
1996; Zwahlen et al. 1997; Caffrey et al. 1998; Anglister 
et al. 2016). Such strategies have proven to be very effi-
cient for unambiguous extraction of inter-molecular distance 
restraints, but they suffer from fast proton transverse relaxa-
tion, and are therefore limited to complexes with a molecular 
weight of less than about 35–40 kDa. Perdeuteration com-
bined with asymmetric isotope labeling of methyl groups has 
also been proposed to identify intermolecular NOEs. Veglia 
and co-workers have used the fact that isoleucine-δ1, and 
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leucine-δ/valine-γ methyl groups can be labeled separately, 
by supplementing culture media with different keto-acid pre-
cursors (Gardner and Kay 1997; Goto et al. 1999; Tugarinov 
et al. 2006), to introduce an asymmetry between protomers 
(Traaseth et al. 2008). By reconstituting a homo-pentamer 
from a mix of protomers labeled either on isoleucine-δ1 or 
leucine-δ/valine-γ methyl groups, the authors were able to 
unambiguously identify inter-chain NOEs between I and V/L 
methyl groups. While this approach allows to extract NOEs 
between distant methyl groups in large protein complexes, 
only inter-chain NOEs between I–V and I–L pairs can be 
identified among the 36 possible pairs of methyl containing 
residues, reducing significantly the number of structurally 
meaningful inter-molecular distance restraints.

Herein, we introduce an alternative approach that allows 
to distinguish intra-chain NOEs from intermolecular connec-
tivities. The method is based on the labeling of the different 
subunits with either 12C–13CH3 or 13C–13CH3 isotopomers, 
and the acquisition of 3D-NOESY experiments, in which 
both methyl 13C frequencies are edited in constant time 
mode. In hetero-oligomeric complexes, this strategy ena-
bles simultaneous editing of both intra-chain and inter-chain 
NOEs, with an opposite sign. This allows immediate and 
unambiguous identification of the ‘precious’ inter-molec-
ular distance restraints between methyl groups of alanine, 
isoleucine, leucine, methionine, threonine and valine. For 
the even more challenging case of large homo-oligomeric 
assemblies, we demonstrate that our strategy allows to sup-
press signals of inter-chain NOEs in a high-resolution 3D 
NOESY spectrum, in order to detect exclusively intra-chain 
NOEs between methyl groups of alanine, valine, leucine 
and isoleucine. Principles, limits and possibilities of this 
approach are presented together with applications to the 
87 kDa hetero-hexameric prefoldin complex and the 53 kDa 
homo-tetramer formed by prefoldin β-subunits.

Material and methods

Protein expression and purification

E. coli BL21 (DE3) cells transformed with pET23c plasmids 
encoding either for the α- or β-subunit of Prefoldin (denoted 
here PFD but also known as co-chaperonin) from Pyrococ-
cus horikoshii (denoted Ph), were progressively adapted to 
M9/2H2O media in three stages over 24 h (M9 in  H2O, M9 
in 50%  H20 + 50% 2H2O, M9 in 2H2O). In the final culture 
the bacteria were grown at 37 °C in M9 media prepared with 
99.85% 2H2O (Eurisotop), 2 g/L of deuterated d-glucose and 
1 g/L15NH4Cl (CIL).

– For production of the U-[2H], A-[13CH3]β, I-[13CH3]δ1, 
L-[13CH3]δ1, V-[13CH3]γ1 PFD-β subunit, 2  g/L of 

d-glucose-d7 (Sigma Aldrich) was used as carbon 
source. When the O.D. at 600 nm reached 0.7, a solu-
tion containing 2-[2H3]methyl-2,4-[13C2]-acetolactate 
(NMR-Bio) was added for the stereoselective labe-
ling of proR  Leuδ1 and  Valγ1 (Mas et al. 2013) methyl 
groups (240 mg/L). 40 min later 3-[13C]-2-[2H]-L-
Alanine and (S)-2-hydroxy-2-(2′-[13C],1′-[2H2])ethyl-
3-oxo-4-[2H3]-butanoic acid (NMR-Bio) were added 
to a final concentration of 250 mg/L and 100 mg/L 
respectively (Kerfah et  al. 2015b) for the simulta-
neous labeling of  Ileδ1 and  Alaβ methyl groups, and 
20 min afterwards protein production was induced by 
IPTG. U-[2H], A-[13CH3]β, I-[13CH3]γ1, L-[13CH3]δ2, 
V-[13CH3]γ2, T-[13CH3]γ2 PFD-β subunit sample was 
produced using a similar protocol with 2-[13C]methyl-
4-[2H3]-acetolactate (NMR-Bio) for the stereoselective 
labeling of proS  (Leuδ2 and  Valγ2; Gans et al. 2010) and 
addition of 50 mg/L of 2,3-(2H) 4-(13C)-l-Threonine 
(Ayala et al. submitted) together with the other precur-
sors 20 min before induction.

– For production of the U-[2H, 13C], A-[13CH3]β, 
I-[13CH3]δ1, L-[13CH3]δ1, V-[13CH3]γ1 PFD-β and 
PFD-α subunits, 2  g/L of U-[2H,13C]-glucose was 
used as carbon source (CIL). When the O.D. at 600 nm 
reached 0.7, a solution containing 2-[2H3]methyl-
1,2,3,4-[13C4]-acetolactate (NMR-Bio) was added 
(240 mg/L), and 40 min later U-[13C]-2-(2H)-l-Alanine 
and (S)-2-hydroxy-2-(1′,1′-[2H2],1′,2′-[13C2])ethyl-3-
oxo-1,2,3-[13C3]-4,4,4-[2H3]butanoic acid were added 
to a final concentration of 250 mg/L and 100 mg/L, 
respectively (Kerfah et al. 2015b). 20 min afterwards 
protein production was induced by IPTG.

The expression was performed at 37 °C for 3 h, then 
cells were collected by centrifugation at 7000×g for 
15 min at 4 °C. The purification protocol of prefoldin 
subunits was adapted from (Okochi et al. 2002). The cells, 
corresponding to 1 L of culture, were resuspended in 50 ml 
of buffer A containing 50 mM Tris pH 8.0, 0.1 mM EDTA, 
and complemented with 0.025 mg/mL RNAse (Eurome-
dex), 0.025 mg/mL DNAse (Sigma Aldrich) and 1 anti-
protease tablet (cOmplete™), and disrupted by sonica-
tion on ice. After removal of cell debris by centrifugation 
(40,000×g, 30 min, 4 °C), the supernatant was heated to 
80 °C for 30 min and precipitated proteins were removed 
by centrifugation. Then, the supernatant was loaded on a Q 
Sepharose—XK 26/20 column (Sigma-Aldrich), pre-equil-
ibrated with buffer A. With a linear gradient the protein 
was eluted at 20% of buffer B (50 mM Tris pH 8.0, 0.1 mM 
EDTA, 500 mM NaCl) and the combined fractions were 
loaded on a Superdex 200 gel filtration column (Sigma 
Aldrich) equilibrated with the NMR buffer (50 mM Tris, 
100 mM NaCl, pH 8.5).
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– For preparation of U-[2H], A-[13CH3]β, I-[13CH3]γ1, 
L-[13CH3]δ1, V-[13CH3]γ1 PFD-β4 sample (denoted β4-
13CH3), the gel filtration fractions containing PFD subu-
nits were concentrated in NMR buffer using Amicon® 
Centrifugal Filter Units (Merck) to 200 μM (concen-
tration of the β4 oligomer). A 200 µL aliquot was lyo-
philized and re-suspended in 200 µL of ultra-pure  D2O 
before loading in a 4 mm shigemi tube.

– For preparation of the β4 mixed-labeled sample (denoted 
β4-mix), the β-subunits with the two type of labeling 
(i.e. U-[2H], A-[13CH3]β, I-[13CH3]δ1, L-[13CH3]δ1, 
V-[13CH3]γ1 and U-[2H,13C], A-[13CH3]β, I-[13CH3]δ1, 
L-[13CH3]δ1, V-[13CH3]γ1) were combined in a 1:1 ratio, 
concentrated to 200 μM (total concentration of the β4 
oligomer), and incubated at 70 °C for 3 days to ensure 
mixing, and therefore a statistic distribution of both types 
of labeling schemes in the resulting β4 oligomers. This 
sample was lyophilized and re-suspended in ultra-pure 
 D2O before loading in a 4 mm shigemi-tube.

– For preparation of PFD-α2β4 sample, purified U-[2H, 
13C], A-[13CH3]β, I-[13CH3]δ1, L-[13CH3]δ1, V-[13CH3]γ1 
α-subunits and purified U-[2H], A-[13CH3]β, I-[13CH3]δ1, 
L-[13CH3]δ2, V-[13CH3]γ2, T-[13CH3]γβ-subunits were 
combined in a ratio of 1:1 and incubated at 80 °C for 
30 min. Excess α2 subunits were removed by gel-filtra-
tion on a Superdex200 column, the fractions containing 
PFD (α2β4) were combined, concentrated, lyophilized 
and re-suspended in ultra-pure  D2O before loading in 
a 4 mm shigemi tube. The final concentration of PFD 
(α2β4) was 225 µM.

– U-[2H], A-[13CH3]β, I-[13CH3]δ1, M-[13CH3]ε Malate Syn-
thase G (denoted MSG) sample was produced and puri-
fied as described previously (Kerfah et al. 2015b). For the 
specific labeling of methyl groups, deuterated l-methio-
nine specifically 13CH3-labeled on ε position, 3-[13C]-
2-[2H]-l-Alanine and (S)-2-hydroxy-2-(2′-[13C],1′-[2H2])
ethyl-3-oxo-4-[2H3]-butanoic acid (NMR-Bio) were 
added 1 h prior to IPTG induction. The MSG protein was 
concentrated to 0.5 mM in 100% 2H2O buffer containing 
25 mM MES (pH 7.0 uncorrected), 20 mM  MgCl2, 5 mM 
DTT. 200 µL were loaded in a 4 mm shigemi tube.

NMR spectroscopy

All the 3D 13C edited-NOESY experiments were acquired 
on a Bruker Avance III HD spectrometer operating at a 1H 
frequency of 950 MHz and equipped with a cryogenic probe. 
For all experiments, the interscan delay was set to 1.25 s, 
the heteronuclear 1H- > 13C transfer delay was set to 4 ms 
(0.5/1JHC) and the acquisition times in 13C indirect dimension 
were fixed to 23.5 ms  (t1max and  t2max) and in the 1H detection 
dimension  (t3max) to 60 ms. The 3D HMQC-NOESY-HMQC 
experiment (Tugarinov et al. 2005b) was implemented using 

EBURP2 (Geen and Freeman 1991) as 90° excitation pulse 
and time reverse EBURB2t was used to flip-back 1H magnet-
ization on the z-axis before the NOE mixing period (Lescop 
et al. 2010). The NOE mixing period was set to 600 ms to 
detect a maximum number of long range NOEs. 1H chemi-
cal shift evolution during the HMQC was refocused using a 
pair of high power band-selective BIP-720-50-20 1H pulses 
(Kupce and Freeman 1994; Amero et al. 2009). The 3D 
 CT2-HMQC-NOESY-HMQC pulse scheme (Fig. 1a) was 
derived by adding a pair of 180° 13C hard pulses during the 
constant time 13C editing period (Powers et al. 1991) fixed to 
25 ms. The constant time editing allows to selectively invert 
the sign of 13CH3 multiquantum coherences depending on 
the nature of the covalently bound carbon (12C or 13C). The 
acquisition time for 3D NOESY experiments varied from 2 
to 3 days. All the NMR data were acquired at 70 °C for PFD 
samples from hyperthermophilic P. horikoshii or 37 °C for 
MSG sample.

Data processing and analysis

All data were processed and analyzed using nmrPipe/
nmrDraw (Delaglio et al. 1995) and CcpNMR (Vranken 
et al. 2005). For all 3D spectra, the number of points in both 
13C indirect dimensions were doubled using forward–back-
ward linear prediction. A  cos2 apodization function was 
applied on all FIDs, before zero-filling and Fourier trans-
form. For the identification of NOEs in all the 3D NOESY 
experiments, a S/N threshold of 3 was used.

Automated methyl assignment was performed using 
MAGIC software (Monneau et al. 2017) with the 3D struc-
ture of the PFD-β4 complex, built by homology modeling 
using MODELLER (Šali and Blundell 1993) implemented 
in the NMRBox server (Maciejewski et  al. 2017). The 
homology model is based on the X-ray crystallography 
structure of the PFD-β4 complex from Thermococcus sp. 
strain KS-1 (Kida et al. 2008, PDB:2ZQM) whose β-subunit 
is 83.4% identical and 94.9% similar to the β-subunit of Ph.
PFD. Input NOE lists for MAGIC were created with Ccp-
NMR. MAGIC was run with a score threshold factor of 1 
and distance thresholds of 7–10 Å using all inter methyl 
NOEs detected.

Results

In large perdeuterated proteins, selectively labeled on methyl 
groups, long-range methyl–methyl NOEs are optimally 
detected using 3D or 4D HMQC-NOESY-HMQC-type 
experiments (Tugarinov et al. 2005b; Kerfah et al. 2015b) 
preserving the methyl-TROSY effect (Tugarinov et al. 2003). 
The 3D (13C, 13C, 1H)-edited  CT2-HMQC-NOESY-HMQC 
experiment used here is shown in Fig.  1a. The pulse 
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sequence uses selective 1H pulses covering only methyl 
resonances (Amero et al. 2009) together with constant time 
(CT) editing of methyl 13C frequencies (Powers et al. 1991) 
before and after the NOE mixing period. The CT period Δ 

was set to 25 ms in order to invert the sign of 13C-bound 
methyl groups (i.e. 13C–13CH3 isotopomers) with respect 
to 12C-bound methyl (i.e. 12C–13CH3 isotopomers). As the 
13C-frequencies are edited twice in this 3D experiment, 

Fig. 1  Specific editing of intra vs. inter-chain methyl–methyl NOEs. 
a 3D  CT2-HMQC-NOESY-HMQC pulse sequence. Excitation of pro-
ton magnetization was achieved using 1.2 ms selective 90° EBURP2 
pulses covering a bandwidth of 4  ppm (Geen and Freeman 1991) 
and was followed by a delay δ = 4  ms for heteronuclear magnetiza-
tion transfer. Methyl carbon frequencies  (F1 and  F2) were encoded 
in constant time mode during the two multi-quantum evolution peri-
ods (Δ = 25 ms) flanking the NOE mixing period  (tmix = 600 ms). 1H 
chemical shift evolution during each HMQC element was refocused 
using a pair of high power band-selective BIP-720-50-20 1H pulses 
(Kupce and Freeman 1994; Amero et al. 2009). 1.2 ms time reverse 
EBURB2 pulse (Lescop et al. 2010) was used to flip-back 1H magnet-
ization on the z-axis before the NOE mixing period. Narrow and wide 
bars indicate nonselective 90° and 180° 13C pulses. 13C decoupling 
during 1H signal detection  (F3) was achieved using waltz65 decou-
pling pulse sequence (Zhou et al. 2007). All the pulses were applied 
along x axis unless indicated otherwise on the figure. Phase cycling 
was performed as follows: Φ1 = x, − x; Φ2 = x, y; Φ3 = x, x, − x, 
− x; Φ4 = x, x, y, y; and receiver phase was cycled with Φrec. = x, 
− x, − x, x. Recycling delay was set to 1.25 s and 200 ms gradients 
were applied on z-axis with magnitude G1 = 19 G/cm; G2 = 7 G/

cm; G3 = 13 G/cm and G4 = 11 G/cm. b Schematic representation 
of inter-subunit NOE sign encoding principles. This application is 
restricted to hetero-oligomeric complexes and is enabled by reconsti-
tuting the complex from the two different subunits labeled either with 
a 13C–13CH3 isotopomer (α-subunits) or with 12C–13CH3 groups for 
the β-subunits. Such a sample was used to acquire a 3D 13C-edited 
NOESY experiment with the pulse scheme presented on Fig.  1a. 
NOEs between two methyl groups of α-subunits or two methyls of 
β-subunits are edited as positive signals, while inter-subunit NOEs 
between methyl groups of α- and β-subunits have a negative sign 
due to the evolution of the 1JCC coupling during only one of the two 
CT-HMQC elements. c Schematic representation of the principles 
of specific editing of intra-chain NOEs. This application is restricted 
to homo-oligomeric complexes and is enabled by reconstituting the 
complex from a mix in a ratio 1:1 of the same subunit fully enriched 
with either 13C–13CH3 or 12C–13CH3 isotopomers. NOEs between two 
methyl groups of the same chain are positive whatever is the labeling 
scheme of the chain. Inter-chain NOEs between two methyl groups 
are either positive or negative due to 1JCC evolution and cancel each 
other, leading to the suppression of inter-chain NOEs
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all diagonal and NOE cross-peaks between methyl groups 
labeled with the same isotopomer are positive (Fig. 1b), 
while negative NOE cross peaks are detected between 
methyl groups that are labeled with different methyl isoto-
pomers (one bound to 12C, the other one to 13C).

Sign encoding of intra‑ and inter‑chain NOEs 
in hetero‑oligomeric complexes

First ,  we have used the above descr ibed 3D 
 CT2-HMQC-NOESY-HMQC experiment to identify inter-
chain NOEs in Pyrococcus horikoshii (Ph) prefoldin (PFD), 
a co-chaperonin forming a hetero-hexameric assembly of 
87 kDa with 2α and 4β subunits arranged in a ring-like 
structure (Fig. 2a). The two α-subunits are structurally and 
spectroscopically equivalent, both preceded and followed by 

β-subunits. The four β-subunits have the same sequence, but 
are not structurally equivalent, as they can either be preceded 
or followed by an α-subunit in the assembly, and therefore 
give rise to two different sets of NMR signals (denoted β 
and β’). Combinatorial labeling of several methyl containing 
amino acids represents an obvious route for increasing the 
number of NMR probes in the sample. To date, only alanine, 
isoleucine, leucine and valine are available in the 13C–13CH3 
isotopomeric form (Gans et al. 2010; Mas et al. 2013; Miya-
noiri et al. 2013; Kerfah et al. 2015a). Therefore, we have 
labeled the methyl groups of alanine (Ala-β), isoleucine (Ile-
δ1), leucine (Leu-δ1) and valine (Val-γ1) in the α-subunits 
with 13C–13CH3 isotopomers, while in the β-subunits alanine 
(Ala-β), isoleucine (Ile-δ1), leucine (Leu-δ2), valine (Val-γ2) 
and threonine (Thr-γ) were enriched with 12C–13CH3 isoto-
pomers. Stereo-selective isotope labeling of methyl groups 

Fig. 2  Sign encoding of inter-subunit NOEs in prefoldin. a Struc-
ture of prefoldin from Pyrococcus hirokoshii (Ohtaki et  al. 2008), 
an 87  kDa heterohexameric co-chaperonin. The two α-subunits 
(dark blue) are structurally and spectroscopically equivalent, 
whereas the β-subunits (cyan) adopt a different structure depend-
ing on their position in the ring-like assembly, resulting in a dif-
ferent set of NOE peaks, here named β and β’. Zooms around the 
δ1-methyl groups from Ile-43 (β and β’) and Ile-52 (β), are show-
ing nearby methyl groups. b Examples of 2D extracts from the 3D 
 CT2-HMQC-NOESY-HMQC experiment (Fig.  1a) acquired using 
a NOE mixing time  tmix = 600 ms on a perdeuterated sample of pre-

foldin in which 13C–13CH3 isotopomers were introduced in Ala, Ile, 
Leu, and Val side chains of the α-subunits and 12C–13CH3 isotopom-
ers were introduced in Ala, Ile, Leu, Thr and Val side chains of the 
β-subunits (Fig.  1b). 2D planes extracted at the 1H frequencies of 
δ1-methyl from Ile-52 (α and Ile-43(β), both located at the interface 
between of the α- and β-subunits, show both positive and negative 
NOEs cross-peaks, corresponding to intra- and inter-subunit NOEs 
respectively. Only positive NOEs are detected in the 2D slice corre-
sponding to δ1-methyl from Ile-43 (β’), which is surrounded by meth-
yls from β and β’ subunits
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in valine, isoleucine, and leucine provided improved spectral 
resolution, and enabled the detection of long-range NOEs 
(Gans et al. 2010; Kerfah et al. 2015a, b).

Using the above described labeling scheme, a high-
resolution 3D  CT2-HMQC-NOESY-HMQC spectrum was 
acquired on the PFD-α2β4 sample at 950 MHz 1H frequency 
in an experimental time of 2 days. Examples of 2D slices 
extracted for methyl residues located either in the core of 
the subunits or at the α/β interface are presented in Fig. 2. 
It can be seen that I43-δ1 in the β’ subunit only gives rise 
to positive NOEs. Because this residue is far from the α/β 
interface, only NOEs with methyl groups in β’-type subunits 
are observed. I43-δ1 in the β-subunit however is located in 
sufficient proximity to 13C–13CH3 labeled methyl groups in 
the α-subunit to give also rise to negative inter-chain NOEs. 
Another example showing intra-chain (positive) and inter-
chain (negative) NOEs is I52-δ1 in the α-subunit. Complete 
analysis of the 3D NOESY spectrum allowed the extraction 
of 237 NOEs, 20 of them corresponding to negative cross 
peaks. These structurally meaningful inter-chains NOEs can 
be distinguished easily from the large number of intra-chain 
connectivities without requiring a tedious analysis of the 
3D NOESY connectivity matrix. Such a set of NOE-derived 
distance restraints is particularly useful to characterize the 
structure of protein complexes using solution NMR.

As the sign inversion of inter-chain NOEs with respect to 
intra-chain signals relies on the possibility to label different 
subunits with distinct isotope labeling schemes, only NOEs 
between the α and β chains are selectively edited as negative 
signals, while NOEs between two homologous chains (two 
α or two β/β’ chains) remain positive and cannot be easily 
distinguished from intra-chain signals.

Selective intra‑chain NOE detection 
in homo‑oligomeric complexes

In order to selectively detect intra-chain NOEs in homo-
oligomeric complexes, we have again exploited the 
possibility of modulating the sign of NOE cross peaks 
with the  CT2-HMQC-NOESY-HMQC experiment using 
an appropriate labeling scheme. For this purpose, a 
13C–13CH3 labeled sample was mixed in a 1:1 ratio with 
a 12C–13CH3 labeled sample, both in an otherwise deu-
terated background. The reconstituted homo-oligomeric 
complex contains a statistic distribution of each type of 
isotopomer. Figure 1c shows the expected outcome of a 
 CT2-HMQC-NOESY-HMQC performed on such a specifi-
cally labeled homo-oligomer. Positive intra-chain NOEs 
are detected whatever the labeling of the interacting 
methyl groups. For inter-chain connectivities, the NOE 
can be either positive if the two subunits are enriched 
with the same isotopomer, or negative if the two subunits 
are enriched with different isotopomers. Therefore, in a 

perfect 1:1 mixture, positive and negative signals cancel 
each other, and no inter-chain NOEs are detected in the 
final spectrum. In order to increase the amount of detected 
NOE connectivities, a maximum number of methyl-con-
taining amino acids should be labeled, while stereospecific 
labeling of isoleucine, leucine and valine is used again to 
reduce spectral overlap and favor the detection of long 
range NOEs between remote amino acids (Gans et  al. 
2010; Kerfah et al. 2015b).

We have applied this strategy to the 53 kDa homo-tetra-
meric prefoldin 4-complex. In absence of α-subunits, the 
β-subunits of archaeal prefoldin form a symmetric homo-
tetramer as shown for the β4-complex from Thermococcus 
KS1 (Kida et al. 2008). Due to 94.9% sequence similarity, 
the P. horikoshii β4-PFD is expected to behave similarly, 
and its structure (Fig. 3a) was calculated by homology 
modeling using Thermococcus KS1 PFD-β4 as a refer-
ence. For this application, we have chosen to label the 40 
Ala-β, Ile-δ1, Leu-δ1 and Val-γ1 methyl positions, as these 
residues can be labeled simultaneously with both type of 
isotopomers (Gans et al. 2010; Mas et al. 2013; Miyanoiri 
et al. 2013; Kerfah et al. 2015a). In a first sample 13CH3 
groups were incorporated at the 40 methyl positions in a 
12C, 2H background (β4-13CH3 regular methyl labeled sam-
ple). The second β4-PFD sample was reconstituted by mix-
ing an equimolar ratio of two types of β-subunits labeled 
on Ala-β, Ile-δ1, Leu-δ1 and Val-γ1 positions with either 
12C–13CH3 or 13C–13CH3 isotopomer (β4-mixed labeled 
sample).

3D spectra were acquired for both samples using the 
 CT2-HMQC-NOESY-HMQC pulse sequence of Fig. 1a) on 
a spectrometer operating at a 1H frequency of 950 MHz. 2D 
strips extracted from these 3D spectra for I46-δ1 are shown 
in Fig. 3c. I46-δ1 is located at the interface between the two 
β-subunits. This methyl group is part of a methyl cluster 
involving 3 methyl containing residues belonging to a dif-
ferent subunit (V59-γ1, V64-γ1 and L62-δ1) distant by less 
than 8 Å from the I46-δ1 methyl group (Fig. 3b). A total of 8 
NOEs were detected between I46-δ1 and other methyl groups 
using standard β4-13CH3 labeled PFD sample. As expected, 
the 3 inter-chain NOEs are missing in the 3D spectrum 
acquired on the β4-mix labeled sample (Fig. 3c). Full analy-
sis of the 3D  CT2-HMQC-NOESY-HMQC spectra allowed 
the identification of 99 NOE cross peaks, corresponding to 
60 different pairs of methyl groups, for the β4-13CH3 sample, 
while 27 of these NOEs, corresponding to 14 inter-chain 
methyl pairs, are missing in the spectrum recorded for the 
β4-mixed labeled sample. Interestingly, inspection of the 
spectrum acquired using the β4-mixed labeled sample at 
very low contour level does not reveal any residual signal 
at the positions of the missing inter-chain NOEs (Fig. S1), 
demonstrating the efficiency of the proposed approach to 
suppress selectively inter-chain NOEs.
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Filter efficiency for homo‑oligomeric complexes

The selective cancellation of inter-chain NOEs in homo-
oligomeric complexes relies on the inversion of 50% of the 
NMR signal corresponding to particular methyl isotopomers 
(Fig. 1c). Several factors may affect the efficiency of this 
filter: (i) J-mismatch. The theoretical CT period Δ for a per-
fect sign inversion of 13C-bound methyl group signals is Δ 
= 1/1JCC = 28.6 ms, with 1JCC ≈ 35 Hz for the methyl groups. 
As shown in Fig. 4a, the filter efficiency to suppress signals 
corresponding to inter-chain NOEs does not significantly 
vary with the value of Δ, and a variation of the constant 
time period by 5 ms still allows to reduce the intensity of 
inter-chain NOEs by more than two orders of magnitude. 
Intensities of intra-chain NOEs depend more strongly on 
Δ and should be optimized taking into account relaxation 
losses. Calculation indicates that the optimal CT period Δ is 
on the order of 24–25 ms (Fig. S2) for methyl groups char-
acterized by average transversal relaxation rates of 25 Hz 
(corresponding to the expected average methyl relaxation 
rates of a protein with a τC of 40 ns). Therefore, for applica-
tions to large proteins, we propose to use a constant time 
delay Δ of 25 ms, preserving signal intensities of selected 
intra-chain NOEs in large proteins and providing a good 
suppression of inter-chain connectivities. (ii) Imperfect sam-
ple preparation. This can be due to an imbalance between 
the two labeling schemes, or an incomplete incorporation 
of precursors. While an imbalance in the two differently 
labeled (12C–13CH3 or 13C–13CH3) protein chains does not 

affect the intensity of intra-chain NOEs (Fig. 4b), incom-
plete labeling of methyl groups will affect the intensity of 
both, intra-chain and inter-chain NOEs (Fig. 4c). Figure 4b, 
c shows the calculated residual intensity of inter-chain NOEs 
due to imperfect isotope labeling. In the extreme case of an 
isotope incorporation level of only 66%, or a 1:2 imbalance 
of the two isotopomers in the complex, the intensities of 
inter-chain NOEs are still reduced by a factor of 10, dem-
onstrating the robustness of this filter with respect to errors 
in sample preparation. In case of doubts, the acquisition of 
a conventional 3D HMQC-NOESY-HMQC on the same 
sample, should allow to discriminate if a weak signal cor-
responds to the residual intensity of a strong inter-chain or 
a weak intra-chain NOE.

NOE‑based methyl NMR assignment of the prefoldin 
β4 complex

A particularly interesting application of methyl NOEs is 
their use, together with an available 3D structure, for NMR 
assignment of methyl resonances, a prerequisite for func-
tional, interaction and dynamic studies of a target protein. 
Here, we have used the measured long-range NOEs (Fig. 5a) 
together with the 3D structure of prefoldin-β4 (Fig. 3a) to 
assign Ala-β, Ile-δ1, Leu-δ1 and Val-γ1 methyl groups of the 
tetrameric complex aided by the software MAGIC (Mon-
neau et al. 2017). 39 NMR signals are detected in a 2D 
methyl-TROSY spectrum (Tugarinov et al. 2003; Amero 
et al. 2009) of PFD-β4, indicating that only one methyl group 

Fig. 3  Selective editing of intra-chain NOEs in the 53  kDa PFD-β4 
homotetramer. a Homology model of the tetramer formed by only 
four β-subunits of PFD from Pyrococcus horikoshii. Each one of the 
four β-subunit copies are represented by different colors. b Zoom 
around the δ1-methyl from Ile-46, showing nearby methyl groups 
belonging to the same chain or a different β-subunit chain. c 2D 
planes extracted at the 1H frequency of δ1-methyl from Ile-46 from a 

3D  CT2-HMQC-NOESY-HMQC experiment (Fig. 1a) acquired with 
a NOE mixing period  tmix = 600 ms on either regular methyl labeled 
(left), or mixed-labeled PFD-β4 samples (right). d 2D plane extracted 
at the 1H frequency of Ile-46 δ1-methyl from a 3D HMQC-NOESY-
HMQC experiment acquired with a NOE mixing time  tmix = 600 ms 
on the regular methyl labeled sample
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is not detected or not visible due to peak overlap. In a first 
step, we identified the amino-acid-type of each methyl group 
giving rise to a NMR signal using a 3D HCC experiment 
(Ayala et al. 2009, 2012). While the isoleucine-δ1 methyl 
groups can be unambiguously identified from their particular 
chemical shifts (Fig. 5b), alanine-β, valine-γ and Leucine-δ 
methyl groups were identified based on the characteristic 
frequencies of the neighboring Ala-Cα, Val-Cβ and Leu-Cγ 
carbon frequencies (Fig. S3). With this residue-type infor-
mation in hand, the MAGIC input was created from the 
full set of detected (inter- and intra-chain) NOEs and the β4 
structure. A particular strength of the MAGIC algorithm is 
to provide information about the ambiguity of the calculated 
assignment and to propose multiple assignments in case of 
insufficient information. In our case, only 15% of the methyl 
resonances could be unambiguously assigned by the soft-
ware, five were left without assignment (three of those due 
to missing NOE cross-peaks), and the remaining ones were 
given multiple assignments. Taking the software-generated 
assignment as a starting point, the assignment was com-
pleted manually. At this point, the information regarding 
inter-chain and intra-chain connectivities was introduced. In 
a first step, it was used to distinguish residues at the interface 
of the different β-chains from residues further away from 
the interface. Furthermore, this additional information was 
particularly useful to resolve assignment ambiguities at the 
interface region, the upper part of the coiled coil helices 
and the β-barrel. For instance, some pairs of residues, such 
as Val-72 and Val-59-γ1, or Leu-62-δ1 and Leu-75-δ1, are 
characterized by a similar NOE connectivity network. These 
ambiguities could be sorted out, as one of the methyl groups 
is only connected by NOEs identified as intra-chain, whereas 
for the other one the respective connections were identified 
as inter-chain NOEs. Starting from unambiguously assigned 
methyl groups, the assignment was iteratively extended 
to other connected methyl groups, resulting in the unam-
biguous assignment of 36 out of the 39 observable methyl 
resonances (Fig. 5b–e). Finally, two of the three methyl 
resonances, for which no NOE cross-peaks were observed, 
Ile63-δ1 and Leu24-δ1, were assigned by exclusion princi-
ple, as only one possibility remained after all other peaks 

of the same methyl type were assigned. The last unassigned 
alanine resonance can correspond either to Ala-10 or Ala-
116. Taking into consideration that this alanine methyl group 
gives rise to an intense signal and is connected in the 3D 

Fig. 4  Filter efficiency. a Effect of constant time delays (Δ) on the 
efficiency of the 3D  CT2-HMQC-NOESY-HMQC experiment to 
preserve signals of intra-chain NOEs and to suppress signals of inter-
chain NOEs. b Effect of an imbalance in the ratio of the two labeled 
chains. The blue curve represents the efficiency of the suppression of 
inter-chain NOEs as function of  xA: the fraction of chain labeled with 
12C–13CH3 isotopomers (1 − xA being the fraction of chain enriched 
with 13C–13CH3 isotopomers). The red curve depicts the effect on 
intra-chain NOEs. c Effect of imperfect isotope labeling. A low incor-
poration of 12C–13CH3 or 13C–13CH3 isotopomers  (IA) in one type of 
labeled chains will not only lead to lower intra-chain NOE intensities 
(red curve), but also to partial suppression of inter-chain NOEs (blue 
curve)

▸
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HCC spectra to a single  Cα signal with a chemical shift char-
acteristic of a random coil structure, this signal has been 
tentatively assigned to Ala-116 in the C-terminal unfolded 
segment of the protein.

Discussion

Spectral editing of intra- and inter-chain NOEs by the 
 CT2-HMQC-NOESY-HMQC experiments relies on the 
use of two CT 13C editing periods. While this allows the 
recording of highly resolved, isotopomer-edited NOESY 
spectra for both, homo- and hetero-oligomeric complexes, 
the additional CT delays of about 25 ms will result in relax-
ation-induced signal loss. In order to quantify this signal 
loss for large proteins, we have used a sample of deuterated, 
methyl-labeled Malate Synthase G, an 82 kDa monomeric 
protein extensively studied by NMR (Tugarinov and Kay 
2005a) and characterized by a rotational correlation time 
of τC = 39.2 ns at 37 °C in  D2O buffer (Tugarinov and Kay 
2005b). We have previously shown that methyl–methyl long 
range NOEs between probes up to 12 Å apart are detect-
able in such a protein, suitably labeled using the standard 

3D-HMQC-NOESY-HMQC experiment (Kerfah et  al. 
2015b; Ayala et al. submitted). Using the same MSG sam-
ple and comparable acquisition and processing parameters, 
we acquired 3D  CT2-HMQC-NOESY-HMQC (Fig. 1) and 
standard 3D-HMQC-NOESY-HMQC (Tugarinov et  al. 
2005b; Kerfah et al. 2015b) spectra. Comparing the sig-
nal intensities measured in these two spectra, we observed 
an average reduction of 65% of the signal intensities (Fig. 
S4A), in agreement with an estimated average MQ relaxa-
tion rate of 24 Hz (Fig. S4B). Taking into account that the 
NOE intensity decreases with the sixth power of the inter-
methyl distance, we estimate that the two extra CT-periods 
in the 3D  CT2-HMQC-NOESY-HMQC experiment will 
reduce the maximum distance for which a NOE cross peak 
can be detected by 15% for this protein (with a τc = 40 ns). 
Therefore, inter-methyl NOEs between methyl probes 
separated by up to 10 Å should be detectable with the 3D 
 CT2-HMQC-NOESY-HMQC pulse scheme within 3 days 
on a modern high field NMR spectrometer (equipped with 
a cryogenic probe) using a 1 mM sample of well behav-
ing protein such as the 82 kDa Malate Synthase G. Lower 
protein solubility, or presence of conformational exchange 
in the micro- to millisecond time scale, as observed for 

Fig. 5  NOEs based assignment of the methyl resonances in β4-
prefoldin. a 2D representation of the PFD-β4 residue pairs for which 
inter-methyls NOEs are observed. The secondary structure ele-
ments of the protein are presented below the matrix. Top left part 
of the matrix corresponds to the 67 methyl pairs for which NOEs 
(113 cross-peaks) were detected using the standard 3D HMQC-
NOESY-HMQC experiment acquired with a regular methyl labeled 
PFD-β4 sample. Bottom right part of the matrix presents in red 
the intra-chain NOEs (71 cross-peaks, 47 pairs) detected using 3D 

 CT2-HMQC-NOESY-HMQC with regular and mixed labeled PFD-β4 
sample. Inter-chain NOEs in black (28 cross-peaks, 14 pairs) are only 
detected when the 3D  CT2-HMQC-NOESY-HMQC experiment is 
acquired with the regular sample. b–d 2D SOFAST-methyl-TROSY 
sub-spectra of PFD-β4 corresponding to Ile-δ1 (b), Val-γ1 (c), Ala-β 
(d) and Leu-δ1 (e) resonances. Assignment was obtained using 
MAGIC software (Monneau et al. 2017) based on the 3D structure of 
PFD-β4 and experimental methyl-methyl NOEs (a)
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prefoldin samples (data not shown), affect the quality of the 
NMR spectra and reduces the theoretical distance for which 
inter-methyl NOEs can be detected. Full analysis of the 3D 
 CT2-HMQC-NOESY-HMQC spectrum acquired with PFD-
β4 sample indicates that NOEs can still be detected between 
methyl probes distant by up to 8 Å (Fig. S5). However, to 
extract distance restraints, the contribution of spin diffu-
sion cannot be neglected as a relatively long mixing period 
(600 ms) was used to detect a maximum number of long 
range NOEs in these highly deuterated proteins. Full relax-
ation-matrix analysis is required to extract accurate distance 
restraints from such 3D NOESY spectra (Sounier et al. 2007; 
Vögeli 2014; Nichols et al. 2018).

For the applications presented here, we have selectively 
labeled methyl groups of Alanine, Isoleucine, Leucine and 
Valine, representing on average ca. 80% of methyl contain-
ing amino-acids in proteins. Current protocols only allow 
to selectively label Threonine with a 13CH3 group in an 
otherwise U-[12C, 2H]-labeled amino-acid (Velyvis et al. 
2012; Ayala et al. submitted), but the approaches presented 
here could be further extended to Threonine residues when 
suitably labeled Threonine precursors will become avail-
able. Commercially available deuterated Methionine and 
Threonine, specifically enriched with 13CH3 groups, can be 
incorporated together with Alanine, Isoleucine, Leucine and 
Valine in protein enriched with 12C–13CH3 isotopomers, in 
order to increase the number of intra-chain and inter-chain 
NOEs (of opposite sign) in hetero-oligomeric complexes. 
It has been previously reported that the mixing of two pro-
teins, labeled on different types of methyl-containing resi-
dues can be used to selectively detect inter-chain methyl-
methyl NOEs between Isoleucine-δ1 and Valine-γ, as well 
as between Isoleucine-δ1 and Leucine-δ methyl groups 
(Traaseth et al. 2008). The approach proposed in this arti-
cle allows to distinguish intra-chain and inter-chain NOEs 
simultaneously between all the methyl groups of Alanine, 
Isoleucine, Leucine and Valine, thus significantly increas-
ing the number of both intramolecular and intermolecular 
distance restraints between remote methyl probes.

The selective detection of intra-chain NOEs in a homo-
oligomeric complex requires the preparation of a mixed 
labeled sample with half of the subunits perdeuterated and 
labeled with 13C–13CH3 isotopomers and the remaining 
perdeuterated subunits labeled only with 13CH3 groups. 
Production of such a mixed labeled sample, with a statis-
tic distribution of both labeling schemes in the complex, 
requires that the subunits are in exchange with a transient 
soluble monomer or between two distinct oligomers. Oth-
erwise, a more demanding sample preparation, including 
unfolding of the native complex before mixing of both 
labeling schemes in a 1:1 ratio and re-oligomerization, 
need to be implemented (Macek et al. 2017). Such a sam-
ple can be used with the  CT2-HMQC-NOESY-HMQC 

experiment (Fig. 1) to detect exclusively ‘precious’ intra-
chain NOEs, enabling assignment of methyl resonances 
based on a previously known structure of symmetric 
oligomers (Xu and Matthews 2013; Chao et  al. 2014; 
Pritišanac  et al. 2017; Monneau et al. 2017; Pritišanac 
et al. 2019).

In homo-oligomeric protein complexes, the identifi-
cation of inter-chain NOEs was obtained by comparing 
two 3D  CT2-HMQC-NOESY-HMQC spectra acquired on 
mixed methyl labeled and regular methyl labeled samples 
prepared at the same concentration (Figs. 3, 5a). Alterna-
tively, in order to work with a single sample, a standard 
3D 13C-edited NOESY experiment (Tugarinov et al. 2005b; 
Kerfah et al. 2015b) and a 3D  CT2-HMQC-NOESY-HMQC 
spectra, both acquired on the mixed labeled sample, can be 
used to identify both intra-chain and inter-chain NOEs in 
homo-oligomeric complexes. The conventional 3D NOESY 
(i.e. non-constant-time) should be recorded with a maximum 
acquisition time of c.a. 10 ms, in both 13C dimensions, in 
order to limit peak shape distortion due to the presence of 
a 1JCC coupling for 50% of the signal. A comparison of the 
NOE pattern allows to identify unambiguously intra-chain 
NOEs in the  CT2-HMQC-NOESY-HMQC experiment, and 
potential inter-chain NOEs as the supplementary signals 
present only in the conventional 3D 13C-edited NOESY 
experiment.
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Figure S1: Examples of inter-chain NOEs suppressed by combination of mixed labeling 

scheme and 3D-CT2-HMQC-NOESY-HMQC experiments,  using a NOE mixing time tmix=600 

ms. The four 1D traces shown were extracted at the position of the inter-chain NOEs with the 

highest intensity (blue) in the 3D-CT2-HMQC-NOESY-HMQC experiments acquired using the 

regular 13CH3-labeled sample. In red are presented the equivalent 1D traces from the experiment 

acquired with the mixed-labeled sample.  
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Figure S2: Effect of constant time delay setting (D) and methyl group transverse relaxation 

times on the efficiency of the 3D CT2-HMQC-NOESY-HMQC experiment to preserve signals 

of intra-chain NOEs and to suppress signals of inter-chain NOEs. For the calculation, we 

assumed a transverse relaxation rate of 25 Hz, corresponding to the expected average methyl 

relaxation rates of a protein with a tC = 40 ns. 
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Figure S3: Examples of 2D strips for alanine, isoleucine, leucine, and valine methyl groups 

extracted from a 3D HCC experiment acquired using a mixed methyl labeled sample of PFD-

b4 complex. The standard 13C chemical shifts ranges for the carbons covalently bound to methyl 

groups are indicated on the right side of the figure. 
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Figure S4: A) 1D extract showing diagonal peak and NOE cross-peaks of MSG in standard 3D 

HMQC-NOESY-HMQC (blue) and 3D-CT2-HMQC-NOESY-HMQC (red) experiments, 

acquired on a 950 MHz spectrometer at 37°C using a NOE mixing time tmix=600 ms, the same 

methyl labeled sample and the same acquisition parameters were used. Due to the transversal 

relaxation of methyl signals during the two additional 25 ms CT-editing periods, an average 

decrease in signal intensities of 65% is observed for MSG in the 3D-CT2-HMQC-NOESY-

HMQC spectrum compared to the data acquired with the standard 13C-edited NOESY 

experiment. B) Average transverse relaxation of MSG methyl signals during the HMQC 

element was obtained by integration of all the methyl signals in a series of HMQC experiments 

in which an extra relaxation delay was inserted. An average apparent relaxation rate of 24 Hz 

can be obtained from a mono-exponential fit.  
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Figure S5: Number of detected NOEs as a function of average inter-methyl 1H-1H distances 

for PFD-b4 complex. The open bars correspond to the theoretical NOEs predicted from the 3D 

structure of the PFD-b4 complex, built by homology.  The black bars correspond to inter-methyl 

NOEs detected in a 3D-CT2-HMQC-NOESY-HMQC spectrum recorded on methyl labeled 

PFD-b4 samples. The grey bars correspond to supplementary inter-methyl NOEs detected in a 

regular 3D-CT2-HMQC-NOESY, but not detected in the 3D-CT2-HMQC-NOESY-HMQC 

experiment. 
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Abstract
Prefoldin is a heterohexameric protein assembly which acts as a co-chaperonin for the well conserved Hsp60 chaperonin, 
present in archaebacteria and the eukaryotic cell cytosol. Prefoldin is a holdase, capturing client proteins and subsequently 
transferring them to the Hsp60 chamber for refolding. The chaperonin family is implicated in the early stages of protein fold-
ing and plays an important role in proteostasis in the cytosol. Here, we report the assignment of 1HN, 15N, 13C′, 13Cα, 13Cβ, 
1Hmethyl, and 13Cmethyl chemical shifts of the 87 kDa prefoldin from the hyperthermophilic archaeon Pyrococcus horikoshii, 
consisting of two α and four β subunits. 100% of the  [13C, 1H]-resonances of  Aβ,  Iδ1,  Iδ2,  Tγ2,  Vγ2 methyl groups were suc-
cessfully assigned for both subunits. For the β subunit, showing partial peak doubling, 80% of the backbone resonances 
were assigned. In the α subunit, large stretches of backbone resonances were not detectable due to slow (μs-ms) time scale 
dynamics. This conformational exchange limited the backbone sequential assignment of the α subunit to 57% of residues, 
which corresponds to 84% of visible NMR signals.

Keywords Pyrococcus horikoshii · Prefoldin · Co-chaperonin · Methyl · Backbone · NMR · Assignment

Biological context

Prefoldin (PFD) has first been described in 1998, as a key 
factor in the maturation of actin and tubulin in yeast, due 
to its interaction with type II chaperonins (Vainberg et al. 
1998). It acts as a co-chaperonin by delivering unfolded 
protein substrates to the ATP-fuelled chaperonin complex, 
where refolding takes place. Chaperonins are involved in 
proteostasis by acting at early stages of folding (Saibil 
2013). Also known as Hsp60 (Heat shock protein, 60 kDa), 
due to the size of their constituent subunits, chaperonins 
are composed of two rings, formed by 7–9 subunits each, 
placed back-to-back. Each ring encloses a cavity in which 
protein folding takes place. Group II chaperonins, having an 
additional helical protrusion to close their folding chamber, 
do not need a co-chaperonin for their closure mechanism, 

in contrast to group I chaperonins (co-chaperonin Hsp10). 
Nevertheless, group II chaperonins are assisted in the pro-
tein folding mechanism by the co-chaperonin PFD, which 
functions as a holdase and transfers unfolded protein into the 
chaperonin cavity (Yébenes et al. 2011). Consistent with the 
presence of type II chaperonins in archaea, PFD homologues 
in archaea were identified by sequence alignment (Leroux 
1999). Whilst the chaperonin type II-prefoldin system is 
present in the cytosol of eukarya and archaea, type I chap-
eronins and their co-chaperonin are present in eukaryotic 
organelles and eubacteria, which shows the fundamental and 
universal nature of this chaperone system.

Although involvement in cell skeleton maturation is seen 
as prefoldins major role in the eukaryotic cytoplasm (Lun-
din et al. 2008; Lee et al. 2011), it is also involved in the 
assembly of other cytoplasmic complexes and promotes 
proteolysis and degradation (Comyn et al. 2016). PFD was 
also shown to play a role in prevention of the aggregation 
process of amyloidogenic proteins involved in Alzheimer’s, 
Parkinson’s and Huntington’s disease, (Sakono et al. 2008; 
Sörgjerd et al. 2013; Tashiro et al. 2013; Takano et al. 2014) 
and besides these functions in the cytoplasm, prefoldin and 
complexes containing prefoldin subunits are found in the 
nucleus where they play a role in gene transcription (See 
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for review Millán-Zambrano and Chávez 2014). In archaea, 
with a more limited chaperone system and no actin or tubu-
lin present, the chaperonin-prefoldin system plays an even 
more versatile role, as it has been shown that archaic PFD 
stabilizes a large array of substrate proteins (Leroux 1999). 
Beyond its biological role it has been recognized in bio-
technology that prefoldins can be used for the synthesis and 
transport of nanomaterials (Shokuhfar et al. 2012; Djohan 
et al. 2019).

In archaea, the prefoldin complex is formed by two α 
subunits and four β subunits. The structure of PFD from 
Methanobacterium thermoautotrophicum was resolved by 
X-ray crystallography, revealing the characteristic “jellyfish-
like” architecture of PFD (Siegert et al. 2000). The core is 
comprised of two β barrels to which β and α subunits con-
tribute one or two β hairpins, respectively. Six coiled coils, 
formed by two α helices each, protrude, which terminate on 
both N- and C- terminus in 3 to 10 residues long random 
coils. The four β subunits have the same sequence, but are 
not structurally equivalent, as they can either be preceded or 
followed by an α subunit in the assembly, and therefore give 
rise to two different sets of NMR signals (denoted β and β’).

The interaction between prefoldin and its client sub-
strates is described as a clamp-like action of the coiled coil 
α helices, engaging especially the β subunits, mediated by 
hydrophobic residues at the distal ends of the “tentacles” 
(Lundin et al. 2004; Ohtaki et al. 2008). Negative stain elec-
tron microscopy located bound actin inside the cavity of 
human prefoldin, attached to the tips of the α helices (Mar-
tín-Benito et al. 2002). For archaic prefoldin different bind-
ing modes were suggested, depending on client protein size, 
resulting in the engagement of more subunits with increas-
ing substrate size. Whereas proteins at the size of insulin 
(5.7 kDa) are encapsulated in the prefoldin cavity (Ohtaki 
et al. 2008), proteins of 14 kDa and upwards are found to 
protrude from the coiled coils of prefoldin (Martín-Benito 
et al. 2007). Interaction with the chaperonin was found to 
be mediated via the same interaction interface as substrate 
binding (Martín-Benito et al. 2002; Zako et al. 2006, 2016). 
The transfer of substrate protein between PFD and chaper-
onin was described as a handoff process, as the release of 

substrate proteins from PFD is facilitated in the presence of 
chaperonin (Zako et al. 2005).

Here we present the resonance assignment of the 1HN, 
15N, 13C′, 13Cα, 13Cβ, 1Hmethyl, and 13Cmethyl chemical shifts 
of prefoldin from Pyrococcus Horikoshii. This assignment is 
a prerequisite for investigation of the chaperone mechanism 
by NMR, and will enable a more detailed study of prefoldins 
interaction with Hsp60 and client proteins.

Methods and experiments

Protein expression and purification

E. coli BL21 (DE3) cells transformed with pET23c plasmids 
encoding either for the α or β subunit of PFD from Pyrococ-
cus horikoshii, were used for protein expression. Cells were 
progressively adapted to M9/2H2O media in three stages 
over 24 h (M9 in  H2O, M9 in 50%  H20 + 50% 2H2O, M9 
in 2H2O). In the final culture the bacteria were grown at 37 
°C in M9 media prepared with 99.85% 2H2O (Eurisotop), 2 
g/L of deuterated D-glucose and 1 g/L  NH4Cl. U-[2H, 13C, 
15N] /U-[2H, 12C, 14N]-labelled subunits were produced by 
combining U-[2H,13C]-glucose (CIL)/ U-[2H]-glucose (Iso-
tec) and 15NH4Cl (CIL)/14NH4Cl (Sigma-Aldrich) as car-
bon and nitrogen source accordingly. For uniformly labelled 
samples, protein production was induced by 1 mM of IPTG 
at  OD600nm = 0.8 and the expression was performed at 37 
°C for 3 h. In order to produce specifically methyl-labelled 
samples, adapted cells grown in M9/2H2O medium were 
supplied with labelled precursors at precise time-intervals 
before induction:

For production of U-[2H, 12C, 15N], A-[13CH3]β, 
I-[13CH3]δ1, L-[13CH3]δ2, V-[13CH3]γ2, T-[13CH3]γ2 labelled 
subunits U-[2H]-glucose (Sigma Aldrich) was used as car-
bon source and 1 g/L 15NH4Cl (CIL) as nitrogen source. 
When the O.D. at 600 nm reached 0.7, a solution containing 
2-[13C]methyl-4-[2H3]-acetolactate (NMR-Bio) was added 
for the stereospecific labelling of pro-S  Lδ2 and  Vγ2 methyl 
groups (240 mg/L) (Gans et al. 2010). 40 min later 3-[13C]-
2-[2H]-L-Alanine, (S)-2-hydroxy-2-(2’-[13C],1’-[2H2])
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ethyl-3-oxo-4-[2H3]-butanoic acid (NMR-Bio) and 2,3-(2H) 
4-(13C)-L-Threonine (NMR-Bio) were added to a final con-
centration of 250 mg/L, 100 mg/L and 50 mg/L respectively 
(Kerfah et al. 2015a; Ayala et al. 2020) for the simultaneous 
labelling of  Iδ1,  Aβ, T γ2 methyl groups. 20 min afterwards 
protein production was induced by IPTG (1 mM) and protein 
expression was performed at 37 °C for 3 h.

For production of U-[2H, 15N, 13C], A-[1, 2-13C2, 
13C1H3-β], V-[1, 2, 3-13C3, 13C1H3-pro-S], L-[1, 2, 3, 4-13C4, 
13C1H3-pro-S], I-[1, 2, 3, 4-13C4, 13C1H3- δ1] β subunit, 
U-[2H,13C]-glucose and 15NH4Cl (CIL) were used. Stere-
ospecific labelling of pro-S  Leuδ2 and  Valγ2 methyl groups 
was achieved with 172 mg/L 1, 2, 3-[13C3]-2-[13CH3]-2-
[O2H]-3-oxo-4, 4, 4-[2H3]-butanoate (Henot et al. submit-
ted) followed 40 min later by the addition of 250 mg/L 
U-[13C]-2-(2H)-L-Alanine (NMR-Bio) and 60 mg/L of (S)-
2-hydroxy-2-(1’,1’-[2H2], 1’, 2’-[13C2])ethyl-3-oxo-1,2,3-
[13C3]-4,4,4-[2H3]butanoate (Kerfah et al. 2015b) used for 
labelling of A-[13CH3]β, I-[13CH3]δ1 methyl groups (Kerfah 
et al. 2015a). 20 min afterwards protein production was 
induced by IPTG (1 mM) and protein expression was per-
formed at 37 °C for 3 h.

The purification protocol of prefoldin subunits was 
adapted from (Okochi et al. 2002) and is described in an 
earlier publication (Törner et  al. 2020). Subunits were 
expressed and purified separately, then combined and re-
purified, allowing for combination of labelled/unlabelled 
subunits in one sample. Final NMR-buffer condition for 
PFD samples was 50 mM Tris at pH 8.5 and 100 mM NaCl 
in 100% 2H2O or 90%  H2O/10% 2H2O.

NMR spectroscopy

U-[2H, 13C, 15N] PFD samples, labelled on α or β subunit, 
were loaded in 4 mm shigemi tube at a concentration of 
c.a. 200 μM. Full sets of BEST-TROSY 3D triple resonance 
experiments were acquired at 70 °C on a Bruker Avance 
III HD spectrometer equipped with a cryogenic probe and 
operating at a 1H frequency of 850 MHz (HNCA, HN(CA)
CB, HNCO, HN(CA)CO), 700 MHz (HN(CO)CA) or 600 

MHz (HN(COCA)CB) for ~ 3 days each (Lescop et  al. 
2007; Favier and Brutscher 2019). Data were processed and 
assigned using nmrPipe/nmrDraw (Delaglio et al. 1995) and 
CcpNmr (Vranken et al. 2005).

Methyl-labelled samples were lyophilized, re-suspended 
in ultra-pure 2H2O and loaded in 4 mm shigemi tubes at a 
concentration of c.a. 200 μM. A 3D HCC HMQC-NOESY-
HMQC experiment (Tugarinov et al. 2005) was acquired at 
70 °C on a Bruker Avance III HD spectrometer equipped 
with a cryogenic probe and operating at a 1H frequency of 
950 MHz and methyl group assignment was performed by 
comparison with the crystal structure of PFD from Pyro-
coccus horikoshii (Ohtaki et al. 2008) with the automated 
methyl assignment software MAGIC (Monneau et al. 2017). 
These results were cross-validated or completed using a spe-
cial labelling-scheme to distinguish inter- and intra-chain 
NOEs (Törner et al. 2020). Furthermore 3D ‘out and back’ 
HCC, HC(C)C and HC(CC)C- experiments (Tugarinov et al. 
2003; Ayala et al. 2009; Mas et al. 2013) were acquired (at 
70 °C and a 1H frequency of 950 MHz) in order to connect 
(13C,1H)-methyl signals to backbone 13Cα and 13Cβ reso-
nances using PFD-samples (~ 200 μM) labelled with linear 
13C-chains connecting backbone atoms to 13CH3-labelled 
methyl groups. Table 1 is summarizing for each sample the 
different NMR experiments acquired.

Assignment and data deposition

The NMR assignment of PFD complex from Pyrococcus 
horikoshii presents some spectroscopic challenges, which 
were overcome by combining multiple state-of-the-art 
assignment techniques. For the α subunit, only 104 sig-
nals out of the 148 expected ones were detected in the 2D 
15N-TROSY (Fig. 1a), while most of the methyl group reso-
nances were visible in the 2D methyl TROSY (57 correla-
tions observed for 58  Aβ,  Iδ1,  Lδ2,  Vγ2, T γ2 13C1H3-labelled 
methyl groups). Therefore, we decided to first assign methyl 
groups based on observed NOEs and the PFD X-ray struc-
ture (Fig. 1b, c, d) (PDB structure 2ZDI). To identify the 
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amino acid type corresponding to each methyl signal, we 
produced in small scale three different samples with com-
plementary 13CH3-labelling schemes (MTI, IAV, LV) and 
compared the corresponding 2D methyl-TROSY spectra. 
220 NOE cross-peaks corresponding to 139 methyl pairs 

were detected in a 3D HMQC-NOESY-HMQC acquired on 
perdeuterated sample of PFD specifically 13CH3-labelled on 
 Aβ,  Iδ1,  Lδ2,  Vγ2 and  Tγ2 methyl groups of the α subunits. The 
inter-methyl NOE connectivities, the residue-types assign-
ment of each methyl signal and the known 3D structure 

Table 1  Summary of NMR experiments acquired for each Prefoldin sample

a Lescop et al. (2007) and Favier and Brutscher (2019)
b Tugarinov et al. (2005)
c Tugarinov et al. (2003 and Amero et al. (2009)
d Tugarinov et al. (2003), Ayala et al. (2009 and Mas et al. (2013)

U-[2H,15N,13C]-Prefoldin α-labelled/β-unlabelled or  α-unlabelled/β -labelled
 2D-BEST-TROSYa 1 h 850 MHz
 3D-BEST-HNCOa 1 day 850 MHz
 3D-BEST-HNCAa 3 days 850 MHz
 3D-BEST-HN(CA)CBa 3.5 days 850 MHz
 3D-BEST-HNCACOa 3 days 850 MHz
 3D-BEST-HN(CO)CAa 3 days 700 MHz
 3D-BEST-HN(COCA)CBa 4 days 600 MHz

U-[2H,15N], [13CH3]-AβIδ1LVproSTγ2 α-labelled/β-unlabelled or α-unlabelled/β-labelled
 3D HCC HMQC-NOESY-HMQCb 3 days 950 MHz
 2D-SOFAST-methyl-TROSYc 0.5 h 950 MHz

U-[2H,15N,13C], [13CH3]-AβIδ1LVproS, [12C2H3]- LVproR α-unlabelled/β-labelled
 3D  HCCd 1 day 950 MHz
 3D HC(C)Cd 1.5 days 950 MHz
 3D HC(CC)Cd 2 days 950 MHz

U-[2H,15N,13C], [13CH3]-AβIδ1LVproR, [12C2H3]- LVproS α-labelled/β-unlabelled
 3D  HCCd 1 day 950 MHz
 3D HC(C)Cd 1.5 days 950 MHz
 3D HC(CC)Cd 2 days 950 MHz

U-[2H,15N], [13CH3]-Iδ1MεT γ2 or Aβ Iδ1VproS or LVproS for α- or β-labelled
 2D-SOFAST-methyl-TROSYc 0.5 h 950 MHz

U-[2H,15N], [13CH3]-LVproS β-subunit mutants L15M, L36M, L43M, L86M, L75M
 2D-SOFAST-methyl-TROSYc 0.5 h to 12 h 950 MHz
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(PDB: 2ZDI) were used as input data to assign 100% of 
visible methyl groups using the software MAGIC (Monneau 
et al. 2017). Only Ala-132 remains unassigned, but no extra 
resonances were detected in 2D methyl TROSY, indicating 
that the signal for this last methyl group is either not detect-
able or overlapped with the signal of Ala-129 (a methyl dis-
tant by less than 6 Å from Ala-132 methyl, for which the 
only NOE detected is with L11).

With 30% of the expected signal missing in the 2D 
15N-TROSY, the assignment of α subunit backbone reso-
nances was more challenging. Therefore we decided to 
complement a set of six triple resonance experiments 
(3D-BEST-TROSY HNCA, HN(CA)CB, HNCO, HN(CA)
CO, HN(CO)CA and HN(COCA)CB (Lescop et al. 2007; 
Favier and Brutscher 2019), acquired on U-[2H, 13C, 15N] 
sample with 3D ‘out-and back’ HCC, HC(C)C and HC(CC)
C experiments acquired on a U-[2H, 15N, 13C] labelled sam-
ple, including specifically labelled A-[1, 2-13C2, 13C1H3-β] 
and I-[1, 2, 3, 4-13C4, 13C1H3-δ1] residues. These last 
experiments enabled to connect unambiguously previously 
assigned  Aβ,  Iδ1 methyl groups to corresponding Cβ and Cα 
resonances, offering multiple starting points for sequential 
assignment. The set of triple resonance experiments were 
used to extend and cross-validate the assignment, leading 
to the sequence specific assignment of 84% of the detect-
able backbone resonances (i.e. 57% of α subunit residues). 
The 62 amino acids, whose backbone resonances were not 
assigned, are located in the N- and C-terminus as well as in 
hinge regions between β-hairpins and α-helices (Fig. 1b), 
suggesting that dynamics in the μs-ms regime may have 
broadened backbone resonances beyond detection in these 
particularly flexible regions. As all the methyl groups were 
assigned in this subunit, we used a MQ-CH3-CPMG exper-
iment (Korzhnev et al. 2004) to confirm that these unas-
signed backbone segments were displaying conformational 
exchange in the intermediate regime (Fig. 1e, f).

Contrary to the α subunit, the β subunit shows partial 
resonances doubling (131 and 70 signals were detected in 

2D 15N- and 13CH3-TROSY, while the number of expected 
signals are 117 and 49, respectively) because of the non-
equivalence of the beta subunits in the structure. The dif-
ferences between the β subunits (noted β and β’ subunits), 
are mainly in the core β-barrels of PFD, resulting in differ-
ent chemical environments. (Fig. 2a, b). Sequential assign-
ment of the β subunit backbone was performed using triple 
resonance experiments (3D-BEST-TROSY HNCA, HN(CA)
CB, HNCO, HN(CA)CO, HN(CO)CA and HN(COCA)CB 
(Lescop et al. 2007; Favier and Brutscher 2019), enabling 
assignment of 80% of non-proline residues. 13 residues were 
found with two resonances due to the asymmetry of the PFD 
complex. (Fig. 3). 

Automatic structure-based assignment of methyl reso-
nances in the β subunit from NOEs was not feasible due to 
partial peak doubling, which cannot be taken into account 
in the available softwares. Therefore, we acquired ‘out and 
back’ HCC, HC(C)C and HC(CC)C experiments to trans-
fer assignment from backbone to  Aβ,  Iδ1,  Lδ2,  Vγ2 methyl 
groups using U-[2H, 15N, 13C], A-[1, 2-13C2, 13C1H3- β], 
V-[1, 2, 3-13C3, 13C1H3-pro-S], L-[1, 2, 3, 4-13C4, 13C1H3-
pro-S], I-[1, 2, 3, 4-13C4, 13C1H3- δ1] labelled sample. 
These first assigned methyl groups were used as starting 
points for manual assignment of intermethyl NOE network 
detected using a perdeuterated sample of PFD specifically 
13CH3-labelled on  Aβ,  Iδ1,  Lδ2,  Vγ2 and T γ2 methyl groups 
of β subunits (Fig. 2c). 85% of methyl groups could be 
assigned using 3D NOESY and HCC-types experiments, 
but 8 leucine residues, located in the leucine zipper part of 
the α helices could not be assigned due to their similari-
ties in both Cα/Cβ chemical shifts and methyl connectiv-
ity networks. Hence, the mutants L15M, L36M, L43M, 
L86M and L75M were generated, which helped to unam-
biguate the assignment possibilities and therefore allowed 
for completion of the methyl assignments of the remaining 
8 methyl groups.

As peak doubling of the β subunits arises from differ-
ent interactions between the subunits, the unique NOE 
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connectivity networks were used to distinguish the subunit 
preceded by an α subunit (noted β) from the one followed by 
an α subunit in the β barrel arrangement (noted β’- Fig. 2a). 
Optimized 13C-edited NOESY experiments combined with 
a specific labelling scheme on α and β subunit allowed to 
distinguish inter- from intra-chain NOEs in the crowded 
spectrum, thereby facilitating this step (Törner et al. 2020). 
This distinction in β/β’ assignment was transferred to the 
backbone via the connection of Cα /Cβ with methyl reso-
nances (Fig. 3). Residues I107, T104, L103, I26, L22, L15 
and L12 located in the distal α-helical region of the β subunit 
also show peak doubling, which was not assigned specifi-
cally to β/β’ as this doubling most probably arises due to 
slow dynamics of the distal helical regions.

The assignment of chemical shifts of PFD subunits α and 
β has been deposited into BMRB (https:// www. bmrb. wisc. 
edu/) with accession number 50845.

Fig. 1  Assignment of PFD α subunit. a 15N-TROSY spectrum of the 
α subunits in the 87 kDa PFD complex acquired at a 1H frequency of 
850 MHz and 70 °C. Only 104 signals from 148 backbone residues 
are visible. Assigned signals are annotated with corresponding residue 
numbers. b Structure of the PFD heterohexamer (PDB:2ZDI) with α 
subunits in blue, β subunits in green. Unassigned NH-correlations 
on the α subunit are shown in black, methyl groups are shown as red 
spheres. On panel c a zoom around Ile-73-δ1 methyl group (red sphere) 
is presented. Neighboring methyl groups connected to the Ile-73-δ1 
methyl group by 1H-1H NOEs are represented by blue spheres. Panel d 
displays the 2D-strip extracted at the 1H frequency of Ile-73-δ1 methyl 
group from 3D HMQC-NOESY-HMQC, acquired at 70 °C, on a spec-
trometer operating at a 1H frequency of 950 MHz, using a perdeuter-
ated sample of PFD specifically 13CH3-labelled on  Aβ,  Iδ1,  Lδ2,  Vγ2 and 
 Tγ2 methyl groups. e and f panels display CPMG-relaxation dispersion 
curves for V17 and V128 γ2-methyl groups. MQ-CH3-CPMG experi-
ments (Korzhnev et  al 2004) were recorded on the methyl-labelled 
samples with a relaxation delay of 30 ms and a maximum CPMG 
frequency of 2000 Hz, on a NMR spectrometer operating at a 1H fre-
quency of 700 MHz. Data was processed using nmrPipe/nmrDraw and 
analysed with chemEx (https:// github. com/ gbouv ignies/ ChemEx)

◂
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Fig. 2  Assignment of PFD β subunit. a Structure of the PFD heter-
ohexamer (PDB:2ZDI) with α subunits in blue, β subunits in green. 
Two types of β subunit are distinguished, the subunit preceded by 
an α subunit (noted β) and the one followed by an α subunit (noted 
β’). Examples of different methyl-methyl proximities between the 
subunits due to the arrangement of the heterohexameric α2β4 PFD 
complex are shown for L62 and L62’. In b corresponding 2D-strips 
extracted from a 3D HMQC-NOESY-HMQC at the 1H frequency of 
L62 and L62’ δ2 methyl groups are depicted. The experiment was 
acquired, using a perdeuterated sample of PFD specifically 13CH3-
labelled on  Aβ,  Iδ1,  Lδ2,  Vγ2 and  Tγ2 methyl groups, at 70 °C, on a 
spectrometer operating at a 1H frequency of 950 MHz. Pannel c 
presents 2D extracts from 3D ‘out-and back’ HCC, HC(C)C and 

HC(CC)C, HNCA, HN(CO)CA and HN(CA)CB experiments. In 
blue  Cα (i-1) resonances, red  Cα (i) resonances and green  Cβ (i) reso-
nances. Optimally labelled PFD samples were used to transfer assign-
ment from backbone to methyl groups, e.g. L62, I63 and V64 of β 
and β’ subunits. d 13CH3-TROSY spectrum of β subunit in the 87 kDa 
PFD complex acquired at a 1H frequency of 950 MHz and 70 °C. 70 
methyl signals (annotated with corresponding residue numbers) were 
detected for the β/β’-subunits in the PFD complex specifically 13CH3-
labelled on the 49  Aβ,  Iδ1,  Lδ2,  Vγ2 and  Tγ2 methyl groups. The inlet 
in d displays examples of mutant spectra (L15M and L43M) in dark 
purple, used to complete the NOE/HCC-based assignment of methyl 
groups for the β/β‘-subunits. For comparison the wild type spectra are 
displayed in magenta
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Abstract
Methyl moieties are highly valuable probes for quantitative NMR studies of large proteins. Hence, their assignment is of 
the utmost interest to obtain information on both interactions and dynamics of proteins in solution. Here, we present the 
synthesis of a new precursor that allows connection of leucine and valine pro-S methyl moieties to backbone atoms by linear 
13C-chains. This optimized 2H/13C-labelled acetolactate precursor can be combined with existing 13C/2H-alanine and iso-
leucine precursors in order to directly transfer backbone assignment to the corresponding methyl groups. Using this simple 
approach leucine and valine pro-S methyl groups can be assigned using a single sample without requiring correction of 1H/2H 
isotopic shifts on 13C resonances. The approach was demonstrated on the N-terminal domain of human HSP90, for which 
complete assignment of Ala-β, Ile-δ1, Leu-δ2, Met-ε, Thr-γ and Val-γ2 methyl groups was obtained.

Keywords NMR · Assignment · Methyl groups · Acetolactate · HSP90

Introduction

Solution state NMR is the method of choice to characterize 
proteins at atomic level and to probe their dynamics over 
a wide range of biologically relevant timescales. However, 
for a long-time, study of high molecular weight proteins by 
NMR remained a challenge, notably due to the extensive 
line broadening of NMR signals in large proteins. Methyl 
groups have been widely studied and are extremely useful to 
overcome this issue that has hampered, in the past, quantita-
tive NMR studies on large proteins. Indeed, due to the proton 

multiplicity and their favorable relaxation properties, methyl 
groups allow the detection of NMR signals even for large 
proteins (Tugarinov et al. 2003). Nowadays, methyl groups 
are important probes to investigate molecular dynamics 
(Sprangers and Kay 2007) and to provide functional insight 
(Rosenzweig et al. 2013; Mas et al. 2018) on assemblies 
weighing up to 1 MDa. Specific labelling of methyl groups 
on perdeuterated large proteins allows the measurement of 
long-range distance restraints, up to 12 Å. (Sounier et al. 
2007; Ayala et al. 2020) and enables, in combination with 
other structural biology techniques such as SANS/SAXS 
(Lapinaite et al. 2013) or Cryo-EM (Gauto et al. 2019), to 
solve the structure of complexes of several hundreds of kDa.

For the past 20 years, a plethora of protocols overexpress-
ing proteins in M9/2H2O based E. coli growth medium and 
leading to specific protonation of methyl groups in perdeu-
terated proteins without scrambling of protons to other sites 
have been elaborated. On one hand, the direct incorporation 
of the methyl labelled amino acid in M9/2H2O is employed 
for the specific labelling of 13C1H3-alanine (Isaacson et al. 
2007; Ayala et al. 2009), 13C1H3-methionine (Gelis et al. 
2007; Stoffregen et al. 2012) and 13C1H3-threonine (Velyvis 
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et al. 2012; Ayala et al. 2020). On the other hand, as leucine, 
valine and isoleucine residues are at the end of irreversible 
metabolic pathways in E. coli, precursors can be incorpo-
rated in the growth medium for their cost-effective labelling. 
The first precursors introduced to label isoleucine or leu-
cine and valine residues were 2-keto acids: α-ketobutyrate 
(Gardner et al. 1997) and α-ketoisovalerate (Goto et al. 
1999; Hajduk et al. 2000; Gross et al. 2003), respectively. 
However, α-ketoisovalerate used as a precursor for leucine 
and valine residues is leading to a non-stereospecific label-
ling of both pro-S and pro-R 13C1H3 groups resulting in over-
crowded spectra for high molecular weight proteins, even 
when both sensitivity and resolution have been improved 
using a non-stereospecific 13C1H3/12C2H3 α-ketoisovalerate 
(Tugarinov and Kay 2004b).

To prevent peak overlaps and to facilitate studies of 
large molecular weight assemblies, methyl labelled ace-
tolactate has been used as an alternative precursor (Gans 
et al. 2010). This latter enables the stereospecific 13C1H3-
labelling of valine and leucine methyl groups and therefore 
halves the number of peaks observed whilst improving by 
two the sensitivity of the spectrum as compared to labelling 
at 50% pro-S and 50% pro-R methyl moieties using opti-
mized 13C1H3/12C2H3 α-ketoisovalerate (Tugarinov and Kay 
2004b). This interesting precursor also enhances the inten-
sity of NOE cross peaks and increases the distance threshold 
at which NOE cross peaks can be detected by 20% (Gans 
et al. 2010).

However, despite the tremendous progress made in pro-
tocols to selectively introduce protonated methyl groups in 
perdeuterated proteins, sequence specific assignment, essen-
tial for analyzing a variety of NMR data, remains an impor-
tant challenge for large molecular assemblies. Several meth-
ods to solve the bottleneck of assignment of large proteins 
have been developed including parallel mutagenesis strate-
gies (Amero et al. 2011), structure based approaches using 
the analysis of NOE cross peaks with various programs 
(Pritišanac et al. 2020), MAP-XSII (Xu and Matthews 2013), 
FLAMEnGO 2.0 (Chao et al. 2014), MAGMA (Pritišanac 
et al. 2017), MAGIC (Monneau et al. 2017), MethylFLYA 
(Pritišanac et al. 2019), MAUS (Nerli et al. 2021) or the 
“divide-and-conquer” approach (Gelis et al. 2007; Sprangers 
and Kay 2007) which is based on separation of large proteins 
into smaller fragments, assigning these and transferring the 
assignment back to the full-length protein. For proteins of 
moderate molecular weight or fragments of large assemblies 
for which backbone assignment is available, it is possible to 
connect methyl resonances to those of the backbone. This 
requires a sample with 13C1H3 labelled methyl groups con-
nected to the backbone by a linear 13C-chain. With such a 
sample, transfer from the assigned backbone to the methyl 
groups can be achieved using either unidirectional transfer 
from methyl groups to HN using (HM)CM(CGCBCA)NH 

experiments (Tugarinov and Kay 2003) or ‘out and back’ 
HCC relay triple resonance experiments (Tugarinov and Kay 
2003; Ayala et al. 2012; Mas et al. 2013).

A combination of these techniques to assign methyl 
groups in addition with a stereospecific labelling, enhancing 
the sensitivity of the spectrum by a factor two and signifi-
cantly reducing signal overlap, should lead to straightfor-
ward leucine and valine methyl group assignment. Labelling 
schemes, connecting non-stereospecifically both leucine and 
valine methyl groups (Tugarinov and Kay 2003), or only 
pro-R methyl moieties (Mas et al. 2013; Kerfah et al. 2015a), 
to the assigned backbone are already available. However, 
with such precursors additional samples are required either 
to stereospecifically assign the methyl group (Tugarinov and 
Kay 2004a; Gans et al. 2010) or to link the pro-S methyl to 
the pro-R one (Mas et al. 2013; Kerfah et al. 2015a). Here 
we introduce the synthesis of a new dissymmetric 13C/2H-
labelled acetolactate, a precursor that allows to directly con-
nect the assigned leucine and valine backbone atoms to the 
pro-S methyl groups via a linear 13C chain using only one 
sample. This new labelling scheme has been applied to the 
N-terminal domain of human HSP90 (HSP90-NTD) and we 
present here the full assignment of methyl moieties of this 
protein.

Materials and methods

Synthesis of 1,2,3‑[13C3]‑4,4,4‑[2H3]‑acetolactate

Synthesis of ethyl 1,2,3‑[13C3]‑3‑oxo‑butanoate

A solution of LiHMDS (7.80 g, 46.6 mmol, 2.1 equiv.) in 
freshly dried THF (150 mL) was cooled to − 78 °C under 
argon. 1,2-[13C2]-ethyl acetate (2.00 g, 22.2 mmol, Cam-
bridge Isotope Laboratory, CIL) was added dropwise. The 
resulting solution was stirred at − 78 °C for 15 min, then 
1-[13C]-acetyl chloride (1.60 mL, 22.2 mmol, 1 equiv., CIL) 
was added dropwise. The resulting mixture was stirred at 
− 78 °C for additional 30 min then quenched by addition of 
a 20% aqueous solution of 1HCl (15 mL). After three extrac-
tions with  Et2O, the organics were combined, washed with 
saturated  Na1HCO3 solution then dried over  Na2SO4. Con-
centration under vacuum affords the desired product (2.88 g) 
which was used in the next step without further purification).

1H NMR:(C2HCl3), δ: 4.21 (dq, O-CH2, 3J(1H-
1H) = 7.1 Hz, 3J(1H-13C) = 3.2 Hz, 2H); 3.46 (dt, 13C-13CH2-
13C, 2J(1H-13C) = 6.5 Hz, 1J(1H-13C) = 130.1 Hz, 2 H); 2.28 
(dd,  CH3-13C, 3J(1H-13C) = 1.4 Hz, 2J(1H-13C) = 6.1 Hz, 3H), 
1.30 (t, OCH2–CH3, 3J(1H-1H) = 7.1 Hz, 3H).

Synthesis of  ethyl 1,2,3‑[13C3]‑2‑[13C1H3]‑3‑oxo‑ 
butanoate 13C1H3-I (752 mL, 11.99 µmoles, 1.1 equiv, CIL) 
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was slowly added to a solution of ethyl 1,2,3-[13C3]-3-oxo 
butanoate (1.45 g, 10.90 mmol) in  EtO1H (50 mL) cooled 
to 0 °C before addition of  K2CO3 (1.66 g, 11.99 mmol, 1.1 
equiv.). The resulting suspension was warmed to room tem-
perature then stirred for 18 h. The mixture was concentrated 
to the fifth before addition of a large volume of  Et2O. Excess 
of  K2CO3 was filtered off and the filtrate concentrated under 
vacuum to the fifth before a further addition of  Et2O and a 
second filtration. Concentration under vacuum affords the 
desired product (1.03 g) as a colorless oil which was used in 
the next step without further purification.

1H NMR:  (C2HCl3), δ: 4.21 (dq, O-CH2, 3J(1H-
1H) = 7.1 Hz, 3J(1H-13C) = 3.0 Hz, 2H); 3.50 (dm, 13C-13CH-
13C, 1J(1H-13C) = 129.0 Hz, 1H); 2.24 (dd,  CH3-13C, 3J(1H-
13C) = 1.3 Hz, 2 J(1H-13C) = 6.0 Hz, 3H), 1.36 (dm, 13CH3, 
1J(1H-13C) = 129.0 Hz, 3H), 1.28 (t,  OCH2-CH3, 3J(1H-
1H) = 7.1 Hz, 3H).

Synthesis of ethyl 1,2,3‑[13C3]‑2‑[13C1H3]‑2‑[O1H]‑3‑oxo‑buta
noate To a solution of ethyl 1,2,3-[13C3]-2-[13C1H3]-3-oxo-
butanoate (995 mg, 6.72 mmol) in DMSO (8 mL),  Cs2CO3 
was added (440 mg, 1.35 mmol, 0.2 equiv.). After  O2 bub-
bling for 15 min, P(OEt)3 (233 mL, 1.35 mmol, 0.2 equiv.) 
was added. The resulting solution was stirred under  O2 
atmosphere for 20 h. A large volume of  Et2O was then added 
followed by a saturated NaCl solution. The resulting phases 
were separated and the aqueous one was extracted one more 
time with  Et2O. The organics were combined, dried over 
 Na2SO4 then concentrated under vacuum to obtain ethyl 
1,2,3-[13C3], 2-[13C1H3], 2-[O1H]-3-oxo-butanoate as a yel-
low oil (1.142 g) and pure enough to be used in the next step 
without further purification.

1H NMR:(C2HCl3), δ: 4.25 (dq, O-CH2, 3J(1H-
1H) = 7.1  Hz, 3J(1H-13C) = 3.2  Hz, 2H); 4.17–4.24 (m, 
OH, 1H), 2.27 (dd,  CH3-13C, 3J(1H-13C) = 1.1 Hz, 2J(1H-
13C) = 6.1 Hz, 3H), 1.36 (dm, 13CH3, 1J(1H-13C) = 134.2 Hz, 
3H), 1.28 (t, OCH2–CH3, 3J(1H-1H) = 7.1 Hz, 3H).

Synthesis of  sodium 1,2,3‑[13C3]‑2‑[13C1H3]‑2‑[O2H]‑3‑oxo‑4
,4,4‑[2H3]‑butanoate To a solution of ethyl 1,2,3-[13C3]-
2-[13C1H3]-2-[O1H]-3-oxobutanoate (1.09  g) in 2H2O (4 
mL), 0.4 equivalents of a solution of  NaO2H (2.5  M) in 
2H2O were added dropwise in 40 min, using a syringe pump 
under argon. As soon as the addition was completed, 1H 
NMR was carried out on a sample (few µL) in 2H2O in order 
to calculate the conversion percentage [ratio between the 
amount of hydrolyzed product (quadruplet at 1.60 ppm) and 
the amount of starting material (quadruplet at 1.7 ppm)]. 
1.1 equivalents of a  NaO2H solution (2.5 M) was added over 
30 min with the syringe pump. As soon as the addition was 
completed, an extraction with diethyl ether was carried out 
in order to remove the by-product coming from the previous 
step whose NMR signals prevent a good follow-up of the 

hydrogen/deuterium (1H/2H) exchange on the 4-CH3 (2.2 
ppm). The 1H/2H exchange on 4-CH3 was then monitored by 
1H NMR and carried out by successive addition of  NaO2H 
(2.5 M) until the integral of the doublet corresponding to 
the  CH3 reaches the value of 0.1 when the quadruplet at 1.6 
ppm integrates for 1.5. The reaction was immediately neu-
tralized with a concentrated 2HCl solution to neutral pH and 
then buffered with Tris–1HCl, (1.0 M, pH 7.5 in 2H2O). The 
concentration of the resulting solution was then determined 
by 1H NMR using methanol or acetonitrile as internal refer-
ence. The final product (3.02 mmol) was stored at − 80 °C.

1H NMR:(C2HCl3), δ: 1.37 (dq, 13CH3, 1  J(1H-
13C) = 129.3 Hz, 2 J(1H-13C) = 3.9 Hz, 1 H).

Preparation of isotopically labelled HSP90‑NTD 
samples

Escherichia coli BL21-DE3-RIL cells transformed with a 
pET-28 plasmid encoding the N-Terminal domain of HSP90 
α from Homo Sapiens (HSP90-NTD) with a His-Tag and a 
TEV cleavage site were progressively adapted in three stages 
over 24 h to M9/2H2O. In the final culture, bacteria were 
grown at 37 °C in M9 medium with 99.85% 2H2O (Euriso-
top), 1 g/L 15N1H4Cl (Sigma Aldrich) and 2 g/L d-glucose-d7 
(for U-[2H, 12C, 15N] HSP90-NTD samples) or d-glucose-
13C6-d7 (CIL) (for U-[2H, 13C, 15N] HSP90-NTD samples).

For methyl specifically labelled samples, the methyl 
labelled precursors or amino-acids were added to the media 
when the O.D at 600 nm reached 0.6 (Kerfah et al. 2015c):

• Labelling scheme (A): for production of the U-[2H, 
15N, 13C], Ile-[2,3,4,4-2H4; 1,2,3,4-13C4; 13C1H3]δ1/
[12C2H3]γ2], Leu-[2,3,3,4-2H4; 1,2,3,4-13C4;  [13C1H3]pro-S/
[12C2H3]pro-R], Val-[2, 3-2H2; 1,2,3-13C3;  [13C1H3]pro-S/
[12C2H3]pro-R] HSP90-NTD, a solution containing the 
sodium 1,2,3-[13C3]-2-[13C1H3]-2-[O2H]-3-oxo-4,4,4-
[2H3]-butanoate precursor was added at a concentration 
of 172 mg/L 1 h before induction. 40 min later (20 min-
utes before induction) a solution containing 60 mg/L of 
sodium (S)-2-hydroxy-2-(1′,1′-[2H2], 1′,2′-[13C2])ethyl-
3-oxo-1,2,3-[13C3]-4,4,4-[2H3]butanoate (Kerfah et al. 
2015a) was added to the medium.

• Labelling scheme (B): for production of the U-[2H, 15N, 
12C], Ala-[13C1H3]β, Met-[13C1H3]ε, Leu/Val-[13C1H3]pro-

S, Ile-[13C1H3]δ1, Thr-[13C1H3]γ HSP90-NTD, a HLAM-
AβIδ1MεLVproSTγ kit, purchased from NMR-Bio, was 
added before induction according to the manufacturer’s 
protocol.

• Labelling scheme (C): U-[2H, 15N, 12C] samples labelled 
on a single type of methyl group were produced in small 
scales (21 mL) to identify  Aβ,  Mε,  Tγ methyl type (3 
samples) or to complete assignment using single point 
mutants (Amero et al. 2011) (33 samples, list of mutants 
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presented in the legend of Fig. S4). Single point amino 
acid mutations were generated by GeneCust. For each of 
these samples a single type of methyl groups was labelled 
by addition of the corresponding NMR-Bio kit (SLAM-
Aβ, SLAM-Mε, SLAM-Iδ1, SLAM-Tγ or DLAM-LVproS) 
in M9/2H2O media 1 h before induction.

Protein production was induced by the addition of IPTG 
to a final concentration of 0.5 mM. The cultures were grown 
overnight at 20 °C before harvesting. Cells were collected 
by centrifugation at 5500 g for 20 min at 4 °C then lysed by 
sonication on ice in a buffer containing 20 mM phosphate 
sodium buffer at pH 7.4, 0.5 M NaCl, 0.05% β-ME, antipro-
tease (cOmplete® EDTA free, 1 tablet for 50 mL), 50 µg/mL 
DNAse (Sigma Aldrich), 50 µg/mL RNAse (Euromedex), 
and 0.25 mg/mL Lysozyme (Euromedex). After removal of 
cell debris by centrifugation (45,000×g, 30 min, 4 °C), the 
supernatant was purified using an affinity chromatography 
step (Ni-NTA, Superflow, QIAGEN) (labelling scheme A, 
B and C), followed by a size exclusion chromatography step 
(16/600 Superdex 75 PG, GE Healthcare) (labelling schemes 
A and B only). The gel filtration column was run with an 
isocratic step of the NMR buffer (20 mM Hepes, 150 mM 
NaCl, 1 mM TCEP, pH 7.5).

The HSP90-NTD proteins were concentrated, using an 
Amicon® 4 Centrifugal Filter Unit with a 10,000 MWCO 
(Merck), either in a 90%/10% 1H2O/2H2O or in a 100% 
2H2O buffer containing 20 mM Hepes, 150 mM NaCl, 1 
mM TCEP, pH 7.5. For labelling schemes A and B, samples 
were concentrated to 0.5 mM and 200 µL of each sample 
was loaded in 4 mm shigemi tube. The wild type and sin-
gle point mutants of HSP90-NTD proteins labelled on only 
one methyl type (labelling scheme C) were concentrated at 
[0.1–0.4] mM and 40 µL of each sample was loaded in a 1.7 
mm NMR tube.

NMR Spectroscopy

All NMR experiments acquired on HSP90-NTD samples 
were recorded at 298 K. 2D 1H-13C SOFAST methyl TROSY 
(Amero et al. 2009) experiments to identify each methyl 
type as well as to assign individual methyl signals using sin-
gle point mutants were recorded for an average duration of 
~ 1.5 h each, on a spectrometer operating at a 1H frequency 
of 850 MHz and equipped with a 1.7 mm cryogenically 
cooled, pulsed-field-gradient triple-resonance probe. All 
other NMR experiments were acquired using Bruker Avance 
III HD spectrometers equipped with 5 mm cryogenic probes 
(operating at a 1H frequency of 600 or 950 MHz).

The 3D HCC, HC(C)C and HC(CC)C experiments 
(Tugarinov and Kay 2003; Ayala et al. 2009, 2012; Mas 
et al. 2013) were acquired on a spectrometer operating at 
a 1H frequency of 600 MHz for a total duration of 4 days, 

using a 0.5 mM sample of U-[2H, 15N, 13C], Ile-[2,3,4,4-
2H4; 1,2,3,4-13C4; 13C1H3]δ1/[12C2H3]γ2], Leu-[2,3,3,4-2H4; 
1,2,3,4-13C4;  [13C1H3]pro-S/[12C2H3]pro-R], Val-[2,3-2H2; 
1,2,3-13C3;  [13C1H3]pro-S/[12C2H3]pro-R] HSP90-NTD. The 
interscan delay was adjusted to 0.5–0.6 s, the heteronuclear 
1H -> 13C transfer delay was set to 4 ms (1/(2 × 1JHC)) and 
the homonuclear 13C -> 13C transfer delay was fixed to 12.5 
ms. The acquisition times were adjusted to 8-10.7 ms in the 
13C indirect dimension, and to 70 ms in 1H direct dimension.

For the sequential assignment of backbone resonances, 
a set of 6 BEST-TROSY 3D triple resonance experiments 
(HNCA, HN(CA)CB, HNCO, HN(CA)CO, HN(CO)CA and 
HN(COCA)CB (Favier and Brutscher 2019) were acquired 
on a Bruker Avance III HD spectrometer equipped with a 
cryogenic probe and operating at a 1H frequency of 600 MHz 
for a total duration of 11 days using a 0.5 mM sample of the 
U-[2H, 15N, 13C] HSP90-NTD.

The 3D CCH HMQC-NOESY-HMQC NMR experiment 
(Tugarinov et al. 2005; Törner et al. 2020) was recorded 
over 3 days on a spectrometer operating at a 1H frequency 
of 950 MHz using a 0.5 mM sample of U-[2H, 15N, 12C], 
Ala-[13C1H3]β, Met-[13C1H3]ε, Leu/Val-[13C1H3]pro-S, Ile-
[13C1H3]δ1, Thr-[13C1H3]γ HSP90-NTD. The interscan delay 
was set to 1.1 s. The heteronuclear 1H -> 13C transfer delay 
was set to 4 ms (1/(2 × 1JHC)). The acquisition times in the 
13C indirect dimension were set to 24.6 ms,  (t1max) and to 
18.6 ms  (t2max). In the 1H direct dimension  t3max was fixed to 
80 ms. The NOE mixing period was set to 500 ms to detect a 
maximum number of long-range intermethyl NOEs.

Data processing and analysis

All data were processed and analyzed using nmrPipe/
nmrDraw (Delaglio et al. 1995) and CcpNMR (Vranken 
et al. 2005). Automated methyl assignment was performed 
using MAGIC software (Monneau et al. 2017) using the ref-
erence structure of HSP90-NTD (PDB: 1YES). Input NOE 
lists for MAGIC were created with CcpNMR. MAGIC was 
run with a score threshold factor of 1 and distance thresholds 
of 7–10 Å using all inter methyl NOEs detected (S/N thresh-
old of 5 was used) and given the assignment of isoleucines, 
leucines and valines previously obtained by the three ‘out 
and back’ HCC experiments as well as alanine, methionine 
and threonine methyl groups assigned by mutagenesis as 
additional input.

Results and discussion

To assign methyl groups of large perdeuterated proteins, pre-
viously assigned backbone resonances of these proteins can 
be used (Tugarinov and Kay 2003; Ayala et al. 2012; Mas 
et al. 2013). Nonetheless, to do so, methyl groups need to be 
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connected, via a linear chain of 13C, to the backbone atoms 
in order to be able to apply optimized experiments to high 
molecular weight proteins. Strategies to label stereospecifi-
cally leucine and valine pro-R methyl groups and to con-
nect them to backbone nuclei have already been proposed 
(Mas et al. 2013). However, it has to be noted that pro-S 
methyl groups are often chosen over pro-R methyl groups as 
they are both easier and cheaper to label stereospecifically 
(Gans et al. 2010). In order to simplify assignment of pro-S 
methyl groups using already assigned backbone resonances 
and to avoid the need of an additional sample to link the 
pro-S methyl to the pro-R one, a sample connecting the pro-
S 13C1H3-methyl groups to the backbone atoms by a linear 
13C-chain and labelled with 12C2H3 on pro-R methyl moieties 
to avoid signal loss would be optimal.

Synthesis of optimally labelled acetolactate 
precursors and proteins

Taking into account the specificity of leucine/valine meta-
bolic pathway in E. coli, such an optimal labelling scheme 
can be achieved in M9/2H2O medium using 13C/2H glu-
cose (Kerfah et  al. 2015c) as a carbon source together 
with 1,2,3-[13C3]-2-[13C1H3]-2-[O2H]-3-oxo-4,4,4-[2H3]-
butanoate as suitably labelled acetolactate precursor. How-
ever, this latter cannot be synthetized from commercially 
available materials by the traditional route starting from ace-
toacetate (Gans et al. 2010) since the corresponding labelled 
starting material is not commercially available. Indeed, 
acetolactate chemical synthesis is achieved by reaction of 
iodomethane on acetoacetate (Gans et al. 2010). Whilst both 
13C1H3 labelling of the methyl substituent in position 2 and 

deuteration of the methyl group in position 4 can be obtained 
using 13C1H3I as a starting synthesis material and hydrogen/
deuterium exchange in controlled basic conditions (Gans 
et al. 2010), respectively, the 13C labelling of only the first 
three carbons of the main chain using commercially avail-
able labelled acetoacetate materials is not achievable. There-
fore, as acetoacetate can be obtained by condensation of two 
acetate moieties (Epstein et al. 1977), we decided to set up a 
synthesis of dissymmetrically labelled acetoacetate starting 
from commercially available ethyl 1, 2-[13C2]- acetate with 
1-[13C]-acetyl chloride. Based on reported procedures, we 
established a 4-step synthesis (Fig. 1) allowing to prepare 
the desired precursor with an overall yield of 27%. In brief, 
the dissymmetry is achieved by the Claisen condensation of 
ethyl-1,2,[13C2]-acetate with 1-[13C]-acetyl chloride using an 
optimization of a reported procedure (Epstein et al. 1977) 
(a), followed by an alkylation in position 2 using 13C1H3I 
(b) and a subsequent hydroxylation in position 2 (c). Finally, 
the last step combining both saponification of the ester and 
a hydrogen/deuterium exchange in position 4 is performed 
under controlled basic conditions (d). This last step is very 
delicate and requires a fine control of the basic condition as 
a methyl rearrangement above a pH of 13.5 can take place 
resulting in the interconversion of both methyl groups (Gans 
et al. 2010). Steps (b) and (c) are not stereoselective, hence, 
products of these latter steps were produced as racemic mix-
tures. The optimally labelled acetolactate, unstable at room 
temperature, was aliquoted and stored at -80 °C.

The synthetized acetolactate precursor was incorpo-
rated in E. coli. M9/2H2O culture media without any 
further purification steps to label the overexpressed pro-
tein. Frozen acetolactate vials were thawed right before 

Fig. 1  Synthetic scheme for preparation of specifically labelled 
sodium 1,2,3-[13C3]-2-[13C1H3]-2-[O2H]-3-oxo-4,4,4-[2H3]-butanoate. 
a  i—LiHMDS (2.1 equiv.), dry THF, −  78  °C; ii—1,2-[13C2]-ethyl 
acetate (1 equiv.), −  78  °C, 15  min.; iii—1-[13C]-acetyl chloride 

(1.0 equiv.), − 78 °C, 30 min.; iv—1HCl 20%; b  K2CO3 (1.1 equiv.), 
13C1H3-I (1.1 equiv.), 0  °C, 18  h,  EtO1H; c   Cs2CO3 (0.2 equiv.), 
P(OEt)3 (0.2 equiv.),  O2, DMSO, 20 h. d  i—NaO2H (2.5 M), 2H2O; 
ii—2HCl 35%; Tris buffer pH 7.5; 27% overall yield
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addition in the culture medium to avoid degradation or 
methyl rearrangement. It has to be noted that only the 
2-(S) stereoisomer of acetolactate is converted in vivo by 
ketol–acid reductoisomerase (EC1.1.1.86) and dihydroxy-
acid dehydratase (EC 4.2.1.9) to form the stereospecifi-
cally labelled 2-keto-isovalerate. This latter is afterwards 
directly converted into valine or combined with 13C/2H-
pyruvate, derived from the 13C/2H-glucose, to produce 
leucine with the desired labelling pattern. The 2-(R) 
stereoisomer of acetolactate is, itself, not a substrate of 
ketol–acid reductoisomerase and hence, induces no scram-
bling (Gans et al. 2010). The synthetized 1,2,3-[13C3]-
2-[13C1H3]-2-[O2H]-3-oxo-4,4,4-[2H3]-butanoate can be 
mixed with other known precursors allowing also to con-
nect methyl groups, such as Ile-δ1 (Kerfah et al. 2015a, 
b; Törner et al. 2020), Ile-γ2 (Ayala et al. 2012) or Ala-β 
(Ayala et  al. 2009; Kerfah et  al. 2015a; Törner et  al. 
2020), to backbone nuclei using a linear 13C chain. In 
this study, we chose to label our sample on both leucine/
valine pro-S and isoleucine-δ1 methyl moieties, by adding 
Ile-δ1 precursor (sodium (S)-2-hydroxy-2-(1′,1′-[2H2], 1′, 
2′-[13C2])ethyl-3-oxo-1,2,3-[13C3]-4,4,4-[2H3]-butanoate 
– (Kerfah et al. 2015a, b) together with our new optimized 
acetolactate. The isoleucine precursor was added in the 
culture medium 40 min later than the new precursor in 
order to take into account co-incorporation incompati-
bilities between both the leucine/valine precursor and the 
isoleucine one. Indeed, enzymes from ILV-pathway have 
a tendency to process preferentially isoleucine precursor 
instead of leucine/valine precursors (Kerfah et al. 2015b, 
c). Incorporation of both precursors during the protein 
expression did not lead to a significantly different HSP90-
NTD yield with regards to the yields obtained in standard 
M9/2H2O media. No scrambling was detected neither to 
the pro-R methyls groups of leucine and valine nor to the 
isoleucine-γ2 site (Fig. S1a).

Connection of  Iδ1Lδ2Vγ2 methyl groups to  Cα and  Cβ 
atoms

Using this new precursor, it is possible to directly correlate 
pro-S methyl groups of leucine and valine residues to their 
respective  Cα and  Cβ. We decided to apply this strategy to 
the N-terminal domain of human HSP90 (HSP90-NTD), 
an extensively studied protein, whose isoform assign-
ment (α and β), including partial assignment of its methyl 
groups, is available (Jacobs et al. 2006; Elif Karagöz et al. 
2011; Park et al. 2011; Lescanne et al. 2017, 2018). Here, 
we have focused on the N-terminal domain of the α iso-
form, a 29 kDa protein that contains 20 isoleucine, 18 
leucine and 11 valine residues. This dynamic protein is 
particularly challenging to assign using automatic methyl 
assignment methods and reported success rates are ranging 
from 27 to 69% (Pritišanac et al. 2017, 2019, 2020; Mon-
neau et al. 2017). In our hands, only 34% of the methyl 
groups (30/87) could be assigned automatically with (1) a 
single assignment, (2) a high NOE assignment complete-
ness of the strip related to each peak (> 50%) and (3) a 
high total confidence score value (≥ 7) (Table S1) using 
the HSP90-NTD X-ray structure (PDB: 1YES) and experi-
mentally detected NOE network. Therefore, this protein is 
a good candidate to assess our experimental strategy based 
on new precursors.

To do so, 200 µL at 0.5 mM of an optimally labelled sam-
ple was used to acquire three ‘out and back’ HCC, HC(C)
C and HC(CC)C experiments (Tugarinov and Kay 2003; 
Ayala et al. 2009, 2012; Mas et al. 2013) connecting labelled 
 Iδ1Lδ2Vγ2 methyls groups to  Iγ1LγVβ,  IβLβVα and  IαLα reso-
nances. 100 and 94% of the expected  Cβ and  Cα coherences, 
respectively, were observed for the 29 kDa HSP90-NTD at 
298 K (τC ca. 20 ns) (Fig. 2). The three missing  Cα reso-
nances correspond to residues L56, I26 and I110, two of 
them being affected by extensive line broadening due to 
conformational exchange. With such a high percentage of 
observed  Cα and  Cβ resonances we demonstrate the appli-
cability of this method for medium size proteins. In order to 
validate the strategy for larger proteins, the labelling scheme 
was applied to the 87 kDa hetero hexameric protein prefoldin 
from Pyrococcus horikoshii, containing 2α and 4β-subunits. 
Only the β-subunits were labelled with the optimal labelling 
schemes described above, whilst the α-subunits remained 
perdeuterated (Fig. S1b). Three HCC experiments were col-
lected on this 0.2 mM sample of prefoldin at 310 K (τC ca. 
60 ns). 95 and 60% of the expected  Cβ and  Cα coherences, 
respectively, were observed (Fig. S2) despite the high molec-
ular weight of the protein and the presence of doubled peaks 
due to the presence of two inequivalent β-subunits in the 
α2β4 hexameric prefoldin (Ohtaki et al. 2008). Such HCC 
experiments were also acquired at 343 K (τC ca. 30 ns) on 
this hyperthermophilic prefoldin sample, enabling transfer 

Fig. 2  Assignment transfer from the backbone to  Leupro-S,  Valpro-S 
and Ile-δ1 methyl groups of HSP90-NTD. Examples of 2D-extracts 
from 3D ‘out and back’ HCC (i), HC(C)C (a, d, f and j) and HC(CC)
C (b, e and g) experiments correlating 1H  (F3) and 13C  (F2) methyl 
resonances with 13Cβ (blue) or 13Cα (red) in  F1 dimension. Pan-
els c and h display the corresponding 2D HNCA and HN(CA)
CB extracts for Ile-81 (c) and Ile-151 (h) allowing to connect Leu-
80-δ2 (pro-S), Ile-81-δ1, Val-150-γ2 (pro-S), Ile-151-δ1 methyl 
groups to previously assigned backbone atoms. 3D spectra were 
recorded on an NMR spectrometer operating at a proton frequency of 
600 MHz using the U-[2H, 15N, 13C], Ile-[2,3,4,4-2H4; 1,2,3, 4-13C4; 
13C1H3]δ1/[12C2H3]γ2], Leu-[2,3,3,4-2H4; 1,2,3,4-13C4;  [13C1H3]pro-S/
[12C2H3]pro-R], Val-[2,3-2H2; 1,2,3-13C3;  [13C1H3]pro-S/[12C2H3]pro-R] 
labelled sample or U-[2H, 15N, 13C] labelled sample (3D HNCA and 
HN(CA)CB). k  and l represent magnetization transfer schemes cor-
relating with the strips (a, b, c, d, e) and (f, g, h, i, j), respectively. 
Except when specified, all hydrogen atoms are 2H

◂
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of assignment between backbone atoms and methyl groups 
(Törner et al. 2021).

Application to the sequence specific assignment of  Iδ1Lδ2Vγ2 
methyl groups of HSP90‑NTD

Backbone sequential assignment was performed using 6 
‘BEST-TROSY’ triple resonance experiments (Favier and 
Brutscher 2019).  Cα and  Cβ resonances were assigned for 
89% and 80% of the residues of HSP90-NTD respectively, 
excluding the loosely structured N-terminal [1–16] and 
C-terminal [225–236] regions. The segment L103-T115, 
that covers the ligand binding site, is invisible by NMR due 
to dynamics in the µs-ms timescale. Transfer of sequentially 
assigned backbones resonances to isoleucine-δ1, leucine-δ2 
and valine-γ2 methyl groups was achieved using ‘out and 
back’ HCC experiments acquired on a U-[2H, 15N, 13C], 
Ile-[2,3,4,4-2H4; 1,2,3,4-13C4; 13C1H3]δ1/[12C2H3]γ2], Leu-
[2,3,3,4-2H4; 1,2,3,4-13C4;  [13C1H3]pro-S/[12C2H3]pro-R], Val-
[2,3-2H2; 1,2,3-13C3;  [13C1H3]pro-S/[12C2H3]pro-R] labelled 
HSP90-NTD sample. 2D extracts from the HCC experi-
ments were compared with the corresponding ones from 
the 3D HNCA and HN(CA)CB experiments and using  Cα 
and  Cβ resonances, all the  Iδ1Lδ2Vγ2 methyl groups could be 
unambiguously connected to previously assigned backbone 
atoms (Fig. 2). The assignment was transferred in one step, 
very simply and efficiently without having to correct for the 
isotopic shifts (Kerfah et al. 2015a). One must note that the 
methyl-δ1 of Ile-33 and Ile-128 are superimposed in the 2D 
methyl-TROSY spectrum, but were unambiguously con-
nected to the  Cα resonances of both amino acids (Fig. S3). 
Remained unassigned only methyl groups of L103, I104, 
L107 and I110 for which backbone atoms are NMR-invisible 
due to extensive conformational exchange. Therefore, single 

point mutagenesis was used to assign three of these last four 
 Iδ1 or  Lδ2 resonances (I104, L107 and I110) (Fig. 3). The 
remaining residue, L103, was assigned by a careful re-analy-
sis of both HCC and backbone triple resonance experiments 
performed after the assignment of I104.

Sequence specific assignment of  Aβ  Mε  Tγ methyl groups 
of HSP90‑NTD

In the previous U-[2H, 15N, 13C], Ile-[2,3,4,4-2H4; 1,2,3,4-
13C4; 13C1H3]δ1/[12C2H3]γ2], Leu-[2,3,3,4-2H4; 1,2,3,4-
13C4;  [13C1H3]pro-S/[12C2H3]pro-R], Val-[2,3-2H2; 1,2,3-13C3; 
 [13C1H3]pro−S/[12C2H3]pro−R] HSP90-NTD sample, only 
 Iδ1Lδ2Vγ2 methyl groups were connected to backbone by a 
linear 13C-chain. We did not incorporate labelled alanine 
in HSP90-NTD culture for the sample used to acquire the 
HCC experiments although it is commercially available with 
an optimal labelling pattern (1,2,3-13C3, 2-2H-Ala). We rec-
ommend for future studies to incorporate labelled alanine 
in the culture medium to decrease the numbers of mutants 
required to complete the assignment. Regarding methionine 
and threonine residues, their assignment cannot be under-
taken using HCC experiments. Indeed, the sulfur atom 
present on methionine residues prevents the use of HCC 
experimens to assign methionine methyl moieties from avail-
able backbone assignment and the Thr-[1,2,3-13C, 2,3-2H2, 
13C1H3-γ] labelled amino acid is not commercially available 
impeding the use of HCC 3D experiments to transfer assign-
ment from backbone to threonine methyl groups in large 
proteins. Therefore, in order to assign the remaining 38  Aβ 
 Mε and  Tγ methyl groups, we decided to use a combination 
of both single point mutations and through space intermethyl 
NOE correlation peaks. To assign the remaining  Aβ,  Mε and 
 Tγ methyl groups using inter-methyl NOE-connectivities a 

Fig. 3  Assignment of HSP90-NTD methyl groups belonging to the 
flexible loop covering ATP binding site. The 2D SOFAST methyl 
TROSY spectra were recorded using either the isoleucine to valine 
mutant samples using U-[2H, 12C, 15N]-Ile-[13C1H3]δ1 labelling 
scheme, or the leucine to alanine mutant sample using U-[2H, 12C, 

15N]-Leu/Val-[13C1H3]pro-S labelling scheme. Spectra were recorded 
at 298 K on a NMR spectrometer operating at a proton frequency of 
850 MHz. a The HSP90-NTD mutant spectra of I104V. b L107A. c 
I110V. Each mutant spectrum extract (dark blue) was superimposed 
with the wild type protein extract (black)
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U-[2H, 15N, 12C], Ala-[13C1H3]β, Met-[13C1H3]ε, Leu/Val-
[13C1H3]pro−S, Ile-[13C1H3]δ1, Thr-[13C1H3]γ HSP90-NTD 
sample was required. Indeed, intermethyl NOE connectivi-
ties between previously assigned isoleucine, leucine and 
valine residues and unassigned  Aβ,  Mε and  Tγ methyl groups 
simplify the assignment of methionine, threonine and ala-
nine methyl moieties.

First small-scale samples with only one type of methyl 
group labelled  Aβ,  Mε or  Tγ were prepared to identify the 
amino acids type corresponding to each correlation remain-
ing to assign in the 2D methyl-TROSY spectrum. Then, we 
overexpressed and purified in small scale 30 single point 
13C1H3-labelled mutants. In order to minimize secondary 
chemical shifts replacement amino acids that were struc-
turally similar to the substituted amino acid were chosen 
(Crublet et al. 2014) (Fig. S4).

Each of these samples containing 100 to 500  µg of 
13C1H3-labelled single point mutant of HSP90-NTD were 
used to acquire a 2D SOFAST-methyl-TROSY spectrum 
(Amero et al. 2009, 2011) on a NMR spectrometer operating 
at a 1H frequency of 850 MHz and equipped with a sample 
changer and a 1.7 mm cryogenic probe head. This mutant 
library allowed us to assign unambiguously 27 methyl 
groups. Three spectra of single point mutants were more 
complex to analyze due to chemical shift perturbations that 
result from the introduced mutation (Fig. S5). Out of the 38 
 Aβ,  Mε and  Tγ methyl groups, eleven remained unassigned 
after the first analysis of the mutant library, among them 
eight methyls (one  Mε

, two  Aβ and five  Tγ methyl groups) for 
which mutants were not available and three  Tγ methyl groups 
whose mutant spectra were challenging to analyze. The sole 
unassigned methionine methyl signal was unambiguously 
assigned as the last remaining methionine residue (M98).

To complete the assignment for the last 10 methyl groups, 
a 0.5 mM sample of U-[2H, 15N, 12C], Ala-[13C1H3]β, 
Met-[13C1H3]ε, Leu/Val-[13C1H3]proS, Ile-[13C1H3]δ1, Thr-
[13C1H3]γ labelled HSP90-NTD was prepared to acquire 
a 3D HMQC-NOESY-HMQC. A total of 344 intermethyl 
NOEs cross peaks with a S/N ≥ 5 were detected between 
methyls distant by up to 10 Å. Examples of intermethyl 
NOE and a matrix presenting all the observed NOEs are 
displayed in Fig. 4. To assign the remaining 2 alanines and 
8 threonines, the NOE connectivities and the previously 
assigned methyls (49  Iδ1Lδ2Vγ2 and 28  Aβ  Mε and  Tγ methyl 
groups) were used as input for the program MAGIC. Six 
methyl groups [2 alanines (A141 and A145) and 4 thre-
onines (T90, T88, T115 and T149)] were unambiguously 
assigned with both a high percentage of NOE correlation 
peaks assigned and a high confidence score. Four threonines 
(T94, T109, T176 and T184) were left either with multiple 
assignments or an assignment with a low confidence score. 
However, taking into account the information obtained from 
the NOE-based assignment, the mutant spectra displaying 
chemical shift perturbations (Fig. S5) were carefully reana-
lyzed allowing us to assign the four remaining threonine 
methyl signals.

Finally, all the 87 methyl groups of HSP90-NTD were 
assigned using both isoleucine precursor and the newly 
labelled acetolactate for isoleucine, leucine and valine 
methyl groups and this mixed NOE/mutants strategy for 
alanine, methionine and threonine methyl moieties (Fig. 5, 
Table S2). It can be noted that, there is, indeed, an overlap of 
two isoleucines (I33/I128) explaining only 86 visible peaks. 
Even though dynamics in the intermediate regime broaden 
the backbone resonances of the segment which is cover-
ing the ATP binding site [103–115] beyond the detection 

Fig. 4  Detected intermethyl NOEs in human HSP90-NTD. a–c 
Examples of 2D extracts of a 3D HMQC-NOESY-HMQC experiment 
recorded using U-[2H, 12C, 15N]-Leu/Val-[13C1H3]pro-S, Ile-[13C1H3]δ1, 
Met-[13C1H3]ε, Ala-[13C1H3]β, Thr-[13C1H3]γ HSP90-NTD sample on 
a NMR spectrometer operating at a proton frequency of 950  MHz. 
The planes were extracted at the methyl proton frequencies of L76 

(a), L56 (b) and I78 (c). The NOEs detected are colored in red, blue 
and green, respectively. d The NOEs detected in 2D extracts pre-
sented in panels a-c are displayed on the 3D structure of HSP90-NTD 
(PDB: 1YES) by lines (red for L76, blue for L56 and green for I78). 
e 2D matrix representing all the HSP90-NTD methyl residue pairs for 
which NOE cross-peaks have been detected
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threshold, the according methyl probes are visible. The 
assignment of L103, I104, L107, T109, I110, A111 and 
T115 render this previously invisible region amenable to 
NMR studies.

Conclusion

This research reports the synthesis of a new dissymmetric 
13C/2H-labelled acetolactate, a precursor that allows to con-
nect directly, via linear 13C chains, backbone atoms to the 
pro-S methyl groups of leucine and valine residues. This 
optimized precursor can be combined with isoleucine pre-
cursor and 2H/13C-alanine to enable the transfer of assign-
ment from backbone to methyl groups with only one sample 
without requiring the correction of 1H/2H isotopic chemical 
shift for the 13C resonances. We expect that this new pre-
cursor will ease the assignment of leucine and valine pro-S 
methyl groups of proteins using already assigned backbone 
resonances as it simplifies the analysis of the NMR experi-
ments. This innovative labelling scheme was applied to the 

29 kDa N-terminal domain of human HSP90 protein and to 
the 87 kDa hetero hexameric prefoldin complex. Using both 
isoleucine precursor and the newly labelled acetolactate, 
we managed to simply and efficiently transfer the backbone 
sequential assignment to all the isoleucine-δ1, leucine and 
valine pro-S methyl moieties of HSP90-NTD. This allowed 
us to confirm or correct the residue specific assignment of 
most isoleucine, leucine and valine methyl groups (2 assign-
ments were corrected for the 49 ILV residues—Table S2) 
and the stereospecific assignment of prochiral methyl groups 
(5 stereospecific assignments were inverted for the 29 leu-
cine and valine residues—Table S2). In addition to the full 
assignment of  Iδ1Lδ2Vγ2 methyl groups, we have used a 
mixed strategy based on mutagenesis and intermethyl NOEs 
to assign 38 new methyl resonances corresponding to the 
 AβMεTγ methyl moieties of HSP90-NTD. Hence, we show 
that, despite extended conformational exchange that impedes 
the complete backbone assignment, we managed to detect 
and assign signals for all methyl probes including the ones 
belonging to the segment covering HSP90 ATP binding site.

Fig. 5  Assigned 2D 1H-13C SOFAST methyl TROSY spectrum of 
apo HSP90-NTD. Human HSP90-NTD was perdeuterated and specif-
ically 13C1H3-labelled on Leu/Val-[13C1H3]pro-S, Ile-[13C1H3]δ1, Met-
[13C1H3]ε, Ala-[13C1H3]β, Thr-[13C1H3]γ methyl groups. Each signal is 
annotated with the corresponding residue number. The spectrum was 
recorded on a NMR spectrometer operating at a proton frequency of 

950 MHz. On the bottom left side an insert represents the 3D struc-
ture of human HSP90-NTD (PDB: 1YES). The methyl groups are 
represented by spheres. Alanines, isoleucines, valines, leucines, thre-
onines and methionines are depicted in red, dark blue, black, orange, 
light green and purple, respectively
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Fig. S1 2D 1H-13C SOFAST methyl TROSY spectrum of U-[2H, 15N, 13C], Ile-[2, 3, 4, 4-2H4; 

1, 2, 3, 4-13C4; 
13C1H3]

δ1/[12C2H3]
γ2], Leu-[2, 3, 3, 4-2H4; 1, 2, 3, 4-13C4; [

13C1H3]
pro-S/[12C2H3]

pro-

R], Val-[2, 3-2H2; 1, 2, 3-13C3; [13C1H3]
pro-S/[12C2H3]

pro-R] HSP90-NTD a)  and prefoldin b) 

samples (labelling scheme A applied to prefoldin β subunit only), recorded before the HCC 

experiments to check the sample quality. The labelling strategy used Ile-δ1 precursor: sodium 

(S)-2-hydroxy-2-(1’,1’-[2H2], 1’, 2’-[13C2]) ethyl-3-oxo-1,2,3-[13C3]-4,4,4-[2H3]-butanoate) 

and the suitably labelled acetolactate precursor: 1, 2, 3-[13C3]-2-[13C1H3]-2-[O2H]-3-oxo-4, 4, 

4-[2H3]-butanoate for the labelling of Leu and valine pro-S methyl groups. No additional peaks 

were detected neither to the pro-R methyls groups of leucine and valine nor to the isoleucine-

γ2 site, confirming the absence of isotopic scrambling. The peaks are splitted in the carbon 

dimension due to the presence of 1JCC coupling as expected from the labelling scheme of the 

produced samples.  
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Fig. S2 Application to the 87 kDa prefoldin from Pyrococcus horikoshii. Examples of 2D-

extracts from 3D ‘out and back’ HCC , HC(C)C and HC(CC)C experiments correlating 1H (F3) 

and 13C (F2) methyl resonances with 13Cγ
 (green) 13Cβ (blue) or 13Cα (red) in F1 dimension of 

Leu-24, Val-25 and Ile-26 of Pyrococcus horikoshii prefoldin subunit β. Spectra have been 

recorded at 310 K using 0.2 mM U-[2H, 15N, 13C], Ile-[2, 3, 4, 4-2H4; 1, 2, 3, 4-13C4; 

13C1H3]
δ1/[12C2H3]

γ2], Leu-[2, 3, 3, 4-2H4; 1, 2, 3, 4-13C4; [
13C1H3]

pro-S/[12C2H3]
pro-R], Val-[2, 3-

2H2; 1, 2, 3-13C3; [13C1H3]
pro-S/[12C2H3]

pro-R] sample of prefoldin on an NMR spectrometer 

operating at a proton frequency of 950 MHz. The acquisition parameters were similar to that 

used for HSP90-NTD, described in Materials and Methods section. Prefoldin was expressed 

and purified according to the protocol described in Törner et al. (2020) and labelled on the β 

subunit only using labelling scheme A, described in Materials and Methods section of the 

present manuscript. 
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Fig. S3 Assignment transfer from the backbone to the Ile-δ1 methyl groups of Ile-33 and Ile-

128 of HSP90-NTD. Examples of 2D-extracts from 3D ‘out and back’ HC(C)C (b and e) and 

HC(CC)C (c and f) experiments correlating 1H (F3) and 13C (F2) methyl resonances with 13Cβ 

(blue) or 13Cα (red) in F1 dimension. Panels a and d display the corresponding 2D HN(CO)CA 

and HN(COCA)CB extracts for Ile-128 (a) and Ile-33 (d) allowing to connect Ile-33-δ1 and Ile-

128-δ1 methyl groups to previously assigned backbone atoms. 3D spectra were recorded on an 

NMR spectrometer operating at a proton frequency of 600 MHz using the U-[2H, 15N, 13C], Ile-

[2, 3, 4, 4-2H4; 1, 2, 3, 4-13C4; 
13C1H3]

δ1/[12C2H3]
γ2], Leu-[2, 3, 3, 4-2H4; 1, 2, 3, 4-13C4; 
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[13C1H3]
pro-S/[12C2H3]

pro-R], Val-[2, 3-2H2; 1, 2, 3-13C3; [13C1H3]
pro-S/[12C2H3]

pro-R] labelled 

sample or U-[2H, 15N, 13C] labelled sample (3D HN(CO)CA and HN(COCA)CB).  

 
 

 

Fig. S4 Assignment of methyl groups using mutagenesis. Examples of 2D 1H-13C SOFAST 

methyl TROSY spectra of HSP90-NTD mutants, for which no or minor chemical shift 

perturbations are observed. Spectra were acquired on an NMR spectrometer operating at a 

proton frequency of 850 MHz. Each mutant spectrum extract (colored) is superimposed with 

the corresponding spectra acquired using wild type HSP90-NTD methyl labelled spectra 

(black). The signal corresponding to each mutant is annotated in color. List of the mutants 

produced for this study: M12L, M30L M119L, M130L, M180L, A21S, A24S, A27S, A55S, 
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A101S, A111S, A117S, A121S, A124S, A126S, A161S, A166S, A235S, T19S, T36S, T65S, 

T99S, T109S, T115S, T152S, T171S, T174S, T184S, T195S, T219S, I104V, L107A, I110V. 

 

 

 

 

 

 

 

Fig. S5 Assignment of methyl groups using mutagenesis. Examples of 2D 1H-13C SOFAST methyl 

TROSY spectra of HSP90-NTD mutants, for which chemical shift perturbations. Spectra were acquired 

on an NMR spectrometer operating at a proton frequency of 850 MHz. Each mutant spectrum extract 

(colored) is superimposed with the corresponding spectra acquired using wild type HSP90-NTD methyl 

labelled spectra (black). The signal corresponding to each mutant is annotated in color. Black arrows 

represent secondary chemical shifts. 
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Table S1: Output file from MAGIC software for the assignment of HSP90-NTD methyl groups. 

 

The 1st column displays the best assignment. The 2nd and 3rd columns give the 13C and 1H chemical shifts, 

respectively. The 4th column represents the sum of all peak-peak connection confident scores for each 

peak. The 5th column shows the NOE assignment completeness of the strip related to each peak and the 

6th column displays the list of all possible assignment with their scores (Monneau et al. 2017). 

 

The automated methyl assignment was performed using the reference structure of HSP90-NTD (PDB: 

1YES). MAGIC was run with a score threshold factor of 1, distance thresholds of 7–10 Å and using the 

344 inter methyl NOE cross peaks (S/N ≥ 5) detected (Fig. 4e). In addition, MAGIC was given the 

methyl type for each methyl group, previously identified using specific methyl labelling. In blue are the 

methyl groups assigned automatically by MAGIC that have 1) a single assignment, 2) a high NOE 

assignment completeness of the strip related to each peak (> 50 %) and 3) a high total confidence score 

value (≥ 7). 

  

 

Predicted 

Assignment 

13
C 

ppm 

1
H 

ppm Score 

% 

NOE Possible Assignment   

V144CG*-HG* 15.487 -0.566 31.48 0.86 {'V144CG': 215.504} 
  

L56CD*-HD* 26.036 0.428 9.0 1.0 {'L56CD': 215.504} 
  

L89CD*-HD* 25.59 1.159 26.22 1.0 {'L89CD': 215.504} 
  

L45CD*-HD* 25.544 0.731 36.08 1.0 {'L80CD': 207.896 'L45CD': 215.504} 

L80CD*-HD* 25.474 0.86 33.17 1.0 {'L80CD': 215.504 'L45CD': 207.896} 

L198CD*-HD* 24.747 0.717 15.0 1.0 {'L198CD': 215.504} 
  

L32CD*-HD* 24.451 0.802 13.67 0.8 {'L32CD': 215.504} 
  

L143CD*-HD* 24.158 1.061 13.0 1.0 {'L143CD': 215.504 'L122CD': 206.867} 

L76CD*-HD* 23.647 0.605 9.0 1.0 {'L70CD': 207.413 'L76CD': 215.504} 

T94CG2-HG2 23.292 1.157 7.0 1.0 
{'T184CG2': 206.767 'T152CG2': 207.402 

'T94CG2': 215.504}     

T115CG2-HG2 23.566 1.118 24.6 1.0 {'T115CG2': 215.504} 
  

M130CE-HE 17.026 2.213 5.0 0.25 {'M130CE': 215.504} 
  

V207CG*-HG* 23.223 0.91 27.69 1.0 {'V207CG': 215.504} 
  

V172CG*-HG* 23.024 1.257 3.0 0.5 {'V172CG': 215.504} 
  

L190CD*-HD* 22.76 0.615 33.53 1.0 {'L190CD': 215.504} 
  

V148CG*-HG* 22.646 0.178 24.0 0.83 {'V148CG': 215.504} 
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L48CD*-HD* 22.527 0.93 19.5 0.67 {'L48CD': 215.504} 
  

T19CG2-HG2 22.331 1.204 2.0 0.0 
{'T19CG2': 215.504 'T176CG2': 215.504 

'T174CG2': 215.504 'T171CG2': 215.504} 

V92CG*-HG* 22.125 0.946 27.35 1.0 {'V92CG': 215.504} 
  

L70CD*-HD* 22.186 0.801 10.39 1.0 {'L70CD': 215.504 'L76CD': 207.413} 

I214CD1-HD1 10.135 0.86 13.38 1.0 {'I78CD1': 207.021 'I214CD1': 215.504} 

I26CD1-HD1 11.564 0.908 14.0 1.0 {'I26CD1': 215.504} 
  

I110CD1-HD1 11.885 0.831 2.0 1.0 {'I110CD1': 215.504} 
  

I151CD1-HD1 12.894 0.916 15.0 0.57 {'I151CD1': 215.504} 
  

I33CD1-HD1 13.355 0.661 36.6 1.0 {'I33CD1': 215.504} 
  

I203CD1-HD1 13.467 0.874 33.35 1.0 {'I203CD1': 215.504} 
  

I49CD1-HD1 13.848 0.775 34.45 0.86 {'I49CD1': 215.504} 
  

I34CD1-HD1 14.091 0.859 2.0 1.0 {'I34CD1': 215.504} 
  

I187CD1-HD1 14.32 0.88 12.37 1.0 {'I187CD1': 215.504} 
  

I59CD1-HD1 14.25 0.89 8.37 0.75 {'I96CD1': 207.538 'I59CD1': 215.504} 

I131CD1-HD1 14.458 0.688 23.0 0.86 {'I131CD1': 215.504} 
  

I78CD1-HD1 14.622 0.779 24.0 1.0 
{'I218CD1': 207.374 'I78CD1': 215.504 

'I214CD1': 207.021}     

M119CE-HE 16.667 2.047 26.67 0.71 {'M119CE': 215.504} 
  

I218CD1-HD1 14.66 0.916 22.0 0.8 
{'I218CD1': 215.504 'I78CD1': 207.374 

'I214CD1': 206.692}     

I104CD1-HD1 14.808 0.565 4.0 1.0 {'I104CD1': 215.504} 
  

I81CD1-HD1 14.949 0.733 42.89 0.45 {'I81CD1': 215.504} 
  

I43CD1-HD1 15.1 0.714 10.0 1.0 {'I43CD1': 215.504 'I128CD1': 208.077} 

I96CD1-HD1 15.467 0.865 5.92 0.67 {'I96CD1': 215.504 'I59CD1': 207.538} 

I206CD1-HD1 15.535 1.076 28.33 0.83 {'I206CD1': 215.504} 
  

I91CD1-HD1 16.128 0.832 77.51 0.81 {'I91CD1': 215.504} 
  

A124CB-HB 16.617 1.357 6.0 0.67 
{'A121CB': 215.504 'A126CB': 207.223 

'A124CB': 215.504}     

A166CB-HB 16.771 1.262 2.0 1.0 {'A166CB': 215.504} 
  

A27CB-HB 17.326 1.486 2.0 1.0 {'A27CB': 215.504 'A24CB': 215.504} 

V136CG*-HG* 17.675 0.576 19.67 1.0 {'V136CG': 215.504} 
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A101CB-HB 17.824 1.225 3.0 1.0 {'A101CB': 215.504} 
  

A141CB-HB 18.538 0.827 15.0 1.0 {'A145CB': 207.062 'A141CB': 215.504} 

A121CB-HB 18.655 1.528 4.33 1.0 
{'A121CB': 215.504 'A117CB': 207.058 

'A126CB': 207.223 'A124CB': 215.504} 

A111CB-HB 18.69 1.429 5.0 1.0 
{'A111CB': 215.504 'A27CB': 207.455 

'A24CB': 207.059}     

A24CB-HB 18.812 1.5 2.0 1.0 {'A27CB': 215.504 'A24CB': 215.504} 

A126CB-HB 19.272 1.272 9.83 1.0 {'A121CB': 207.223 'A126CB': 215.504} 

M180CE-HE 16.604 1.829 29.55 0.64 {'M180CE': 215.504} 
  

T152CG2-HG2 19.402 1.427 3.23 0.4 {'T152CG2': 215.504} 
  

V222CG*-HG* 20.053 0.894 5.0 1.0 {'V222CG': 215.504} 
  

T36CG2-HG2 20.646 1.008 8.0 1.0 {'T36CG2': 215.504} 
  

T88CG2-HG2 20.629 0.675 8.0 0.75 {'T88CG2': 215.504 'T195CG2': 207.358} 

T99CG2-HG2 20.83 0.676 2.0 0.33 {'T99CG2': 215.504} 
  

L220CD*-HD* 26.75 0.906 12.31 1.0 {'L220CD': 215.504} 
  

V186CG*-HG* 20.862 1.1 19.26 0.57 {'V150CG': 207.024 'V186CG': 215.504} 

T176CG2-HG2 21.263 1.172 2.0 0.0 
{'T171CG2': 215.504 'T176CG2': 215.504 

'T174CG2': 215.504 'T19CG2': 215.504} 

T149CG2-HG2 21.331 1.498 9.0 1.0 {'T149CG2': 215.504} 
  

A145CB-HB 21.67 0.932 16.27 1.0 {'A145CB': 215.504 'A141CB': 207.062} 

T90CG2-HG2 21.638 1.078 29.0 0.71 {'T90CG2': 215.504} 
  

T195CG2-HG2 21.988 1.34 5.0 1.0 {'T195CG2': 215.504 'T88CG2': 207.358} 

L188CD*-HD* 26.645 0.575 38.1 0.78 {'L188CD': 215.504} 
  

T109CG2-HG2 22.02 1.444 3.0 1.0 {'T109CG2': 215.504} 
  

L122CD*-HD* 22.419 0.431 8.1 0.75 {'L143CD': 206.867 'L122CD': 215.504} 

L103CD*-HD* 24.974 0.797 2.73 1.0 
{'L103CD': 215.504 'L107CD': 207.733 

'L64CD': 207.687}     

A161CB-HB 21.9 1.327 7.0 0.67 {'A161CB': 215.504} 
  

L29CD*-HD* 26.252 0.89 27.0 1.0 {'L29CD': 215.504} 
  

A55CB-HB 19.402 1.427 3.23 0.0 

{'A24CB': 208.147 'A166CB': 208.147 

'A21CB': 215.504 'A111CB': 207.455 

'A27CB': 208.147 'A117CB': 215.504 
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'A235CB': 215.504 'A55CB': 215.504 

'A124CB': 207.058} 
 

  

T65CG2-HG2 20.867 0.944 2.0 0.0 

{'T171CG2': 215.504 'T176CG2': 215.504 

'T174CG2': 215.504 'T65CG2': 215.504 

'T19CG2': 215.504 'T219CG2': 215.504} 

T184CG2-HG2 21.357 1.117 2.0 1.0 

{'T171CG2': 207.047 'T152CG2': 207.267 

'T94CG2': 206.547 'T176CG2': 207.047 

'T174CG2': 207.047 'T65CG2': 207.047 

'T19CG2': 207.047 'T219CG2': 207.047 

'T184CG2': 215.504} 
 

  

T219CG2-HG2 21.756 1.216 3.0 0.0 

{'T171CG2': 215.504 'T152CG2': 208.147 

'T94CG2': 207.402 'T176CG2': 215.504 

'T174CG2': 215.504 'T65CG2': 215.504 

'T19CG2': 215.504 'T219CG2': 215.504 

'T184CG2': 207.267}     

 

 

Not 

Assigned 

13
C 

ppm 

1
H 

ppm 
   

3 16.949 2.087 NotAss ['M30CE' 'M98CE' 'M12CE'] 

5 17.58 1.732 NotAss ['M30CE' 'M98CE' 'M12CE'] 

49 16.898 1.43 NotAss ['M30CE' 'M98CE' 'M12CE'] 

53 18.034 1.659 NotAss ['A21CB' 'A117CB' 'A235CB'] 

58 18.938 1.694 NotAss ['A21CB' 'A117CB' 'A235CB'] 

60 19.325 1.362 NotAss ['A21CB' 'A117CB' 'A235CB'] 

64 20.266 0.959 NotAss ['V17CG' 'V150CG' 'V230CG'] 

67 20.699 0.9 NotAss ['V17CG' 'V150CG' 'V230CG'] 

73 21.392 -0.838 NotAss ['L64CD' 'L107CD']   

75 21.709 0.974 NotAss ['T171CG2' 'T174CG2'] 

80 21.965 0.865 NotAss ['L64CD' 'L107CD']   

82 22.208 0.844 NotAss ['V17CG' 'V150CG' 'V230CG'] 

86 22.86 1.022 NotAss ['T171CG2' 'T174CG2'] 
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Table S2: Assignment of HSP90-NTD methyl groups 

 

 

Met H(ε) C(ε) 

M12 2.117 16.889 

M30 1.426 16.886 

M98 1.741 17.594 

M119 2.035 16.644 

M130 2.210 17.000 

M180 1.818 16.593 

 

Thr H(γ2) C(γ2) 

T19 0.942 20.832 

T36 1.002 20.622 

T65 1.205 21.746 

T88 0.664 20.605 

T90 1.07 21.611 

T94 1.144 23.293 

T99 0.667 20.819 

T109 1.437 22.033 

T115 1.104 23.567 

T149 1.492 21.304 

T152 1.430 19.470 

T171 1.111 21.333 

T174 1.199 22.314 

T176 1.169 21.250 

T184 1.036 22.863 

T195 1.326 21.960 

T219 0.973 21.686 

 

Ala H(β) C(β) 
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A21 1.356 19.310 

A24 1.489 18.799 

A27 1.476 17.297 

A55 1.696 18.870 

A101 1.211 17.806 

A111 1.419 18.635 

A117 1.654 18.031 

A121 1.353 16.570 

A124 1.514 18.640 

A126 1.265 19.266 

A141 0.819 18.528 

A145 0.917 21.654 

A161 1.318 21.910 

A166 1.257 16.777 

A235 1.415 19.384 

 

Ile H(δ1) C(δ1) 

I26b 0.899 11.547 

I33/I128a 0.647 13.317 

I34a 0.842 14.078 

I43a 0.702 15.097 

I49a 0.765 13.830 

I59a 0.876 14.287 

I78a 0.771 14.631 

I81a 0.729 14.935 

I91a 0.818 16.139 

I96a 0.850 15.440 

I104a 0.585 14.778 

I110b 0.821 11.783 

I131a 0.675 14.498 

I151a 0.910 12.853 
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I187a 0.876 14.287 

I203a 0.861 13.455 

I206a 1.069 15.528 

I214a 0.853 10.015 

I218a 0.909 14.670 

 

Leu H(δ2) C(δ2) 

L29c 0.876 26.240 

L32c 0.786 24.429 

L45d 0.719 25.537 

L48c 0.918 22.526 

L56c 0.411 26.037 

L64c 0.853 21.951 

L70c 0.787 22.168 

L76c 0.594 23.642 

L80c 0.846 25.472 

L89c 1.149 25.579 

L103c 0.798 25.037 

L107d -0.851 21.374 

L122c 0.411 22.329 

L143d 1.056 24.148 

L188d 0.565 26.652 

L190c 0.601 22.739 

L198c 0.702 24.73 

L220c 0.898 26.742 

 

Val H(γ2) C(γ2) 

V17d 0.892 20.658 

V92c 0.936 22.102 

V136c 0.570 17.586 

V144c -0.582 15.446 
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V148c 0.168 22.630 

V150c 0.839 22.084 

V172c 1.251 23.028 

V186c 1.085 20.870 

V207c 0.899 23.183 

V222c 0.884 20.037 

V230 0.949 20.244 

 

 

 

a Residues assigned by (Park et al. 2011) and confirmed by this study. 
b Assignment was inverted for these two residues in our study compared to (Park et al. 2011). 
c Residues stereospecifically assigned by (Lescanne et al. 2018) and confirmed by this study. 
d Stereospecific assignment was inverted compared to (Lescanne et al. 2018). 
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Abstract: 

 
Chaperones, as modulators of protein conformational states, are key cellular actors to prevent the 

accumulation of fibrillar aggregates. Here, we integrated kinetic investigations with structural 

studies to elucidate how the ubiquitous co-chaperonin prefoldin (PFD) inhibits diabetes 

associated islet amyloid polypeptide (IAPP) fibril formation. We demonstrated that both human 

and archaeal PFD interfere similarly with the IAPP fibril elongation and secondary nucleation 

pathways. Using archaeal prefoldin model, we combined NMR spectroscopy with EM to 

establish that the inhibition of fibril formation is mediated by the binding of prefoldin’s coiled-

coil helices to the flexible IAPP N-terminal segment accessible on the fibril surface and fibril 

ends. AFM demonstrates that binding of prefoldin to IAPP leads to the formation of lower 

amounts of aggregates, composed of shorter fibrils, clustered together. Linking structural models 

with observed fibrillation inhibition processes opens new perspectives for understanding the 

interference between natural chaperones and formation of disease-associated amyloids. 

 

 

 

 

 

 

 

 

 

 
key words: Amylin; IAPP; chaperone; prefoldin; fibril formation; amyloid; protein 

structure. 
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Introduction 

 

 To date there are about 50 proteins or peptides identified which are implicated in 

amyloid diseases1. The hallmark of these pathologies is the formation of thermodynamically 

highly stable fibrils with a characteristic β-cross structure1,2 from native monomeric proteins. 

Most studied amyloidogenic proteins are involved in neurodegenerative diseases such as 

Alzheimer’s or Parkinson’s disease3. However, the cell-toxic formation of fibrillar aggregates 

can also be of systemic nature or localized in peripheral organs and can be associated with very 

different diseases such as arthritis or diabetes4. The 37 amino-acids long intrinsically 

disordered peptide hormone islet amyloid polypeptide (IAPP)5, also known as amylin, is found 

as amyloid aggregates surrounding β-cells in the pancreas in 90% of type II diabetes cases6,7. A 

variety of ways have been identified how amyloids can confer toxic activities, as for example 

the increase of the permeability of cell membranes by oligomers of amyloidogenic proteins8, 

and formation of porous structures9. Likewise, in the case of IAPP, not mature fibrils but small 

oligomeric species formed as intermediates during the fibrillation process have been observed 

to be the most toxic for β-cells10. Nevertheless, the mature amyloid fibrils, whose structures 

have recently been elucidated for IAPP11–15 are not innocuous as they can sequester proteins of 

the cell machinery16,17, exert mechanical stress on the cell1, and play a significant catalytic role 

during the fibril formation process18.  

The fibrillation process starts with an oligomerization event, where a nucleus is formed, 

which rapidly elongates by templated incorporation of monomers. As soon as nucleation has 

occurred, the fibril growth proceeds exponentially since not only elongation occurs, but also 



4 
 

secondary processes, such as fibril fragmentation or secondary nucleation on fibril surfaces, 

which increase the rate of the fibrillation process19. In vivo, under normal conditions, the 

protein quality control machinery composed of chaperone systems, ubiquitin-proteasome 

systems, and autophagy-lysosomal systems is able to prevent the formation of aggregates20,21. 

However, in cases of misfolding diseases, these systems are either weakened due to a decrease 

of capacity during aging16 or overwhelmed due to increased concentrations or more-

aggregation prone mutants of amyloidogenic proteins in hereditary conditions4. A detailed 

mechanistic understanding of this natural quality control machinery allows for targeting its 

processes for medical intervention, either by targeted upregulation of its components or via 

functional replacement with small molecules22. Chaperone molecules as modulators of protein 

conformational states are key factors acting on proteins during their transition from native state 

to the amyloid fold20,23,24. Interacting with a multitude of species, chaperones are able to alter 

the fibrillation process by inhibition of aggregation, disaggregation, or detoxification25–28. For 

instance, fibrillation inhibition can be mediated via interaction with misfolded monomers29 or 

small oligomers, which prevents the formation of seeding competent nuclei, but also interaction 

with fibril ends30 or decoration of the fibril surface31 is possible, which inhibits elongation and 

secondary nucleation processes respectively. Treatment of the diseases associated with 

amyloidogenic proteins whose native state is intrinsically disordered remains an important 

challenge for modern medicine, so a better understanding of the modulation of such 

amyloidogenic proteins by chaperones is of paramount interest. 

Here we report the mechanistic study of IAPP fibrillation inhibition by the HSP60 type 

II co-chaperonin prefoldin (PFD). Homologues of this co-chaperonin are found in the cytosol 
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of archaeal and eukaryotic cells. The heterohexameric PFD is a holdase with a characteristic 

“jellyfish” architecture, consisting of a β-barrel body and coiled-coil α-helix tentacles32. 

Prefoldin binds substrates via a clamp-like mechanism and delivers it to HSP60 for refolding33. 

PFD has previously been shown to interact with different disease-relevant amyloidogenic 

substrates and to inhibit their aggregation34–37, however no structural or mechanistic insights in 

this process have been described heretofore. We have integrated kinetic investigations with 

structural studies using atomic force microscopy (AFM), electron microscopy (EM) and 

nuclear magnetic resonance (NMR) spectroscopy to elucidate the different inhibition pathways 

and to provide a structural understanding of the prefoldin-amyloid interaction. The study of the 

highly dynamic complex between the 90 kDa PFD and intrinsically disordered 4 kDa IAPP 

enabled us to obtain insights into the chaperoning process at sub-molecular level. We show that 

inhibition of elongation and secondary nucleation is achieved by the interaction of PFD with 

IAPP fibril ends and surface, which subsequently leads to lower fibrillation rates and to the 

formation of clustered aggregates instead of individual fibrils.   
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Results 

 

PFD impedes IAPP aggregation. IAPP aggregation kinetics in presence of PFD show a strong 

inhibitory effect of PFD on IAPP fibril formation in vitro (Fig. 1a and Supplementary Fig. 

S1a). For both Pyrococcus horikoshii and human PFD (denoted as PhPFD and hPFD, 

respectively), the overall tendencies are highly similar. The aggregation process is affected at 

low sub-stoichiometric PFD concentrations, suggesting an interaction between PFD and IAPP 

oligomers or fibril states, rather than a simple sequestration of IAPP monomers by PFD. In de 

novo aggregation assays monitored by thioflavin T (ThT) fluorescence, starting from 

monomeric IAPP without addition of any pre-formed aggregates, progressive addition of PFD 

slightly increases the duration of the lag phase (during which no aggregation is detectable by 

ThT fluorescence) and strongly reduces the fluorescence intensity (FI) in the final plateau 

phase. In addition, increased PFD concentrations result in a significant reduction of fibril 

growth rates associated with increased durations of the growth phase (the time span between 

lag phase and plateau phase) by more than an order of magnitude (Fig.1a and Supplementary 

Fig. S1a). 

In order to further investigate the inhibitory effects of both human and archaeal PFD on 

different processes contributing to IAPP aggregation, secondary nucleation and elongation 

assays were performed. Absence of agitation and addition of non-sonicated pre-formed fibrillar 

seeds enable observation of the surface-catalysed secondary nucleation process as the dominant 

contributor to the growth of fibrillar mass. Maximal growth rate drastically decreases for 

[PFD]:[IAPP] molar ratios above 1:113, and drops to almost zero for molecular ratios larger 
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than 1:17. For observation of PFD’s effect on elongation of IAPP fibrils, sonicated, short, pre-

formed IAPP fibrils were added to IAPP monomers, offering a high number of fibril ends. The 

very first phase of linear growth reflects the pure elongation process, as it is the dominating 

mechanism of aggregation under this condition. Addition of PFD results in a distinct decrease 

of the initial growth rate (Fig. 1a). While the described effects on IAPP fibrillation are present 

for both archaeal and human PFD, the inhibitory effects of hPFD are more pronounced. The 

kinetic study of different modes of IAPP aggregation in presence of PFD shows that PhPFD 

and hPFD affect various steps of the fibrillation process. Sub-stoichiometric inhibition of both 

elongation and secondary nucleation implies interaction of PFD with IAPP fibrils, at the fibril 

ends and also along the fibril surface. Moreover, the final plateau values in all the kinetic 

experiments become significantly lowered if PFD is present.  

 

PFD induces formation of compact aggregates. Atomic force microscopy (AFM) of the 

IAPP species present after the aggregation kinetics experiment showed changes in the 

appearance and the amount of IAPP aggregates in the presence of PFD (Fig. 1b and 

Supplementary Fig. S2). IAPP aggregation in absence of PFD results in a large amount of long, 

individually distinguishable fibrils (Fig. 1b left). In comparison, IAPP aggregates in presence 

of PFD are rare and rather clustered. The increase of PFD concentration lowers the overall 

amount of IAPP aggregates. Although the clustering gives rise to bigger assemblies of IAPP, 

some single fibrils are clearly visible at their perimeters (marked with arrows in Fig. 1b). 

Hence, this suggests that the observed clusters are not amorphous, but they represent rather 

bundles of shorter IAPP fibrils. 
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IAPP binds PFD cavity in a dynamic manner. In order to determine the binding site of IAPP 

on the PFD surface, NMR binding studies were performed with PhPFD, whose NMR 

assignment of backbone and methyl groups is available38 (Supplementary Fig. S3). 

Structurally, hPFD and PhPFD are similar39,40, but whilst hPFD is composed of six different 

subunits, the PhPFD complex contains 2 α- and 4 β-subunits, which simplifies the investigation 

of this 86.4 kDa protein heterohexamer by solution NMR. The similar results obtained by AFM 

and ThT assays for the investigation of the effects of hPFD and PhPFD on IAPP fibril 

formation support the choice of this hyperthermophilic model system, which was used for all 

subsequent structural studies.  

For the NMR investigation of the PhPFD-IAPP interaction, we have prepared highly 

deuterated complexes of PhPFD, selectively labelled on backbone (15N-1H probes) or end of 

side chains (13CH3 probes) on either α- or β-subunit. To determine the binding surface of IAPP 

on PhPFD, we prepared a spin-labelled IAPP construct, which allowed us to map the binding 

interface via paramagnetic relaxation enhancement (PRE)41–43. The disulfide bridge between 

cysteines two and seven on IAPP forbids spin labelling using standard thiol-reactive nitroxy 

derivatives, therefore, we linked a DOTA-cycle to the N-terminus using a two-β-alanine linker. 

The DOTA-functionalized IAPP was loaded with paramagnetic Gd3+ (Gd-IAPP) or 

diamagnetic Lu3+ cations (Lu-IAPP) (Supplementary Fig. S4). Labelled PhPFD was incubated 

at 30°C with either paramagnetic Gd-IAPP or diamagnetic Lu-IAPP reference (Fig. 2a-e). The 

residues involved in binding with IAPP were identified by comparing the intensities of PFD’s 

NMR signals in presence of Gd-IAPP or Lu-IAPP, respectively (Supplementary Fig. S5). 
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Mapping of the paramagnetically-broadened residues on the surface of PhPFD (PDB: 2ZDI, 

Fig. 2f) allows to locate the binding interface between IAPP and PhPFD (Fig. 2g-j). Whilst no 

PRE-broadening is observed for residues which are located on the top of the β-barrel body, 

broadening inside the cavity and along the sides of coiled-coil helices is detected. More 

specifically, strong interaction is observed in the middle part of the coiled-coil helices 

corresponding to residues 8-31 and 118-135 of the α-subunit. On the β-subunits the first 32 N-

terminal residues are the most strongly broadened by the Gd-IAPP. These two regions face 

each other in the complex. All coiled-coil regions are especially enriched with glutamine. 

Interestingly, the regions strongly affected by IAPP paramagnetic relaxation present a globally 

negatively charged surface (-2) which can complement the net positive charge (+2) of the IAPP 

sequence. Also analysis of PFD’s electrostatic surface indicates that the regions strongly 

affected by IAPP paramagnetic relaxation are predominantly negatively charged or neutral 

(Supplementary Fig S6), suggesting that the electrostatic interaction may complement 

hydrophobic interactions, which presumably remain the main driving force for PFD-IAPP 

interactions. The large binding interface determined from the PRE-data suggests avidity-based 

binding to many lower affinity sites, which gives rise to the observed affinity. The NMR study 

suggests that monomeric IAPP is being incorporated in the chaperone cavity whilst binding and 

releasing the available interaction surfaces in a dynamic manner, as already observed for 

complexes involving unstructured proteins bound to other molecular chaperones41,44–46. 

 

IAPP binds PFD with two binding segments. To determine IAPP residues involved in 

binding of PhPFD, we recorded 2D NMR 15N-1H-correlation spectra of U-[15N]-labelled IAPP 
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at 30°C after addition of increasing ratios of PFD. Quantifications of the IAPP backbone amide 

signal broadening and chemical shift perturbations (CSPs) in the NMR titration experiment 

were used to map the binding sequence (Fig. 3a-d). Strong CSPs were observed for IAPP 

residues 10-19 and 24-28 (Fig. 3e). Peak broadening, resulting from apparent decreased 

tumbling rates upon binding of the 86.4 kDa prefoldin complex to small flexible IAPP, was 

located towards the N-terminus (Fig. 3d). C-terminal residues 34-37 are almost not impacted by 

interaction with PFD and are therefore most likely not involved in direct binding. Interestingly, 

binding is not restricted to the region 20-29, which is strongly involved in fibril formation and 

found buried in recently elucidated cryo-EM structures11–15. The spectral distribution in the 

proton dimension remains narrow, which suggests that IAPP does not fold upon binding, but 

remains essentially disordered. This confirms the PRE-results obtained upon monitoring the 

interaction of paramagnetically tagged IAPP on PFD which show an extended binding surface 

(Fig. 2). More quantitative analysis of binding strength was performed with the TITAN 

lineshape fitting program47, assuming a 1:1 stoichiometry. Line-shapes and change of signal 

frequencies were fitted for Ala13, Val17, His18, Ser19, Leu27, Phe23, Ala25, and Ser28, as 

these residues are important for the binding and analysis is not hampered by peak overlap. The 

apparent koff rate was estimated by line shape fitting to be in the order of 6000 s-1, 

corresponding to a residence time of IAPP on PFD in the order of 100-200 µs. The apparent 

dissociation constant KD (61 ± 3.2 µM - error determined by bootstrap analysis) shows that 

IAPP has an affinity for PFD in the low to medium range. Estimation of the dissociation 

constant KD by biolayer interferometry (BLI), for which monomeric biotinylated IAPP was 
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immobilized on a streptavidin sensor, gave a result in the same order of magnitude (16 ± 2.4 

µM) (Fig. 3f). 

 

Inhibition is mediated by PFD binding to IAPP fibril ends and surface. To understand the 

observed effect of substoichiometric inhibition of elongation and secondary nucleation 

observed in the fibrillation assays, we have investigated PFD binding to IAPP fibrils by 

electron microscopy (EM). The major polymorph of IAPP fibrils used for this study has a pitch 

of ~48 nm (Fig. 4a-c), consistent with previous cryo-electron microscopy (cryo-EM) structure 

determination of IAPP fibrils (polymorph 1 in Röder et al. 2020, Fig 4d). Preformed IAPP 

fibrils were incubated with PFD for 30 min, transferred to a carbon grid, stained with SST and 

then visualized by electron microscopy. In the electron micrographs, strong decoration of the 

fibril with PFD is observed (Fig. 4 e-h). Visual analysis shows that on the fibril surface 

approximately every 80 nm one PFD molecule is found, that is about 10% of the surface (Fig. 

4e). Upon investigation of the fibril ends, a density was repeatedly observed towards the end of 

the fibrils (Fig. 4h), which suggests a binding of PFD also to the fibril termini - about 40% of 

ends are accompanied by a density. 

To characterize this interaction further at a sub-molecular level, we have docked PFD 

(PDB: 2ZDI) on the previously determined cryo-EM structure of IAPP fibrils, based on 

experimental PRE-broadening on PFD and chemical shift perturbation detected by solution 

NMR between PFD and IAPP (Fig. 5d,e), using the software HADDOCK48,49. The docking 

procedure was either directed to the fibril surface or to the fibril ends, thereby creating two 

representative complex-models (Fig. 5d,e). Analysis of these models indicates that IAPP-PFD 
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binding is strongly mediated by the N-terminal part of IAPP, which remains flexible and 

solution-exposed also in the fibrillar state, and that protruding N-termini of several 

neighbouring IAPP molecules can interact with the same prefoldin (up to six). This model 

rationalizes the pattern observed in the negative stain micrographs, as well as the inhibitory 

effect of PFD on IAPP fibrillation in the kinetic assays. 
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Discussion 

 Previously, the co-chaperonin prefoldin was reported to inhibit the fibrillation of highly 

toxic amyloidogenic proteins in vivo and in vitro34–37, but no mechanistic or structural 

information was obtained so far. Here we show that prefoldin inhibits IAPP fibrillation at 

substoichiometric concentrations and interacts with multiple IAPP species, such as monomers 

and mature fibrils, and propose models for these interactions. We gained structural and 

mechanistic insights into the interaction of PFD with two different states of amyloidogenic 

IAPP (monomeric and fibrillar) by combining solution NMR, EM, AFM, and kinetic 

measurements.  

NMR interaction studies report on binding between monomeric IAPP and PFD by 

chemical shift perturbations and peak broadening on IAPP. Analysis of these effects allowed us 

to identify two segments on IAPP, one towards the N-terminus (10-19) and one in the middle 

segment (24-28) to be important for the interaction (Fig. 3). Extensive deuteration and methyl 

labelling enabled us to study the interaction from the perspective of the 86.4 kDa PhPFD. PRE-

mapping with a paramagnetic-labelled IAPP construct on PFD allowed to determine the sites 

involved in IAPP binding (Fig. 2). As it has been previously observed for chaperone-client 

complexes, such as the one between Hsp90 and tau protein, the complex is characterized by a 

broad interaction surface46. IAPP induced PRE-broadening effects are observable inside the 

whole PFD cavity. Especially strong broadening is observed towards the middle of the coiled-

coil helices of the α-subunit, suggesting that this is an important region for binding. The 

apparent KD was determined to be of intermediate strength (between 16 and 61 µM, according 

to BLI and NMR investigation). The extensive binding interface and multiple binding regions 
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on IAPP suggests avidity-based binding to multiple lower affinity contacts which can be 

sampled by IAPP. The spectra are characteristic of fast exchange between bound and free form 

with an apparent lifetime of the bound state on the order of 100 to 200 µs. As typical for 

chaperone-client complexes45, the interaction between monomeric IAPP and prefoldin cannot 

be described as one static complex, but as a structural ensemble where IAPP dynamically binds 

and unbinds the available interaction sites inside the prefoldin cavity. Possible representative 

models of this complex were obtained by docking of IAPP on PFD driven by NMR derived 

structural restraints (one of the computed models is shown in Fig. 5a,b). De novo ThT-

fluorescence assays show that this interaction between IAPP monomers and prefoldin does 

only lead to a weak effect on the lag-time. Probably, neither restructuring effects on IAPP, nor 

sequestration of enough IAPP monomers in PFD cavity occurs, to strongly impact the primary 

nucleation step, and therefore the PFD-monomer interaction would play a minor role in the 

inhibition mechanism of IAPP fibril formation. However, the NMR studies between 

monomeric IAPP and PFD bring important information about residues of IAPP and PFD 

susceptible to be involved in the interaction with different species during the IAPP fibrillation 

pathway.  

The ThT-fluorescence assays (Fig. 1) show inhibition of IAPP fibrillation at 

substoichiometric PFD ratios, which suggests interaction between PFD and high molecular 

weight IAPP species (e.g., oligomers or fibrils). Further investigation of fibrillation pathways 

by seeded ThT assays showed that both elongation and secondary nucleation pathways were 

inhibited by the presence of PFD (both human and archaeal). The subsequently performed EM 

analysis allowed to image PFD bound to ends and surface of IAPP fibrils (Fig. 4), which 
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reveals that the observed inhibition of the elongation and secondary nucleation pathways is 

achieved by these interactions (Fig. 5c). Only a low sub-stoichiometric PFD:IAPP ratio is 

required to obtain a major effect on the fibrillation kinetics, when inhibition is mediated by 

binding to fibrillar species50. The structures of fibrillar IAPP were elucidated recently by cryo-

EM11–15 One major polymorph observed contains two protofilaments with three β-strands each 

and has a pitch of 48 nm13–15. The fibril core is composed of residues 13-37 with residues 1-12 

protruding from the fibril core which are therefore not resolved in the cryo-EM map due to 

their dynamic behaviour. This polymorph (PDB: 6Y1A) was used to model the PFD-IAPP-

fibril interaction as observed by EM, utilizing interacting IAPP and PFD residues identified by 

NMR to dock PFD and the fibril. This allowed us to get a sub-molecular insight into the 

interaction observed at low resolution by negative stain EM. From the fibril structure, it is clear 

that only the N-terminal binding epitope determined on IAPP is available for PFD binding 

when a fibril is formed. The PFD-IAPP fibril interaction through the N-terminal epitope was 

confirmed by the model obtained by NMR-guided docking48,49 (Fig. 5d,e). Yet, ca. up to six N-

termini of IAPP in its fibrillar state can fit into the PFD cavity when PFD is binding to the fibril 

surface or end, possibly leading to a higher affinity as compared to monomer binding. On the 

fibril end, the second binding site in the middle IAPP segment is additionally available to 

stabilize the interaction. According to EM, the PFD density at the fibril end was higher than on 

the lateral fibril surface. This suggests that the fibril end has a particularly high affinity for 

PFD, which can be explained by the fact that both IAPP segments important for interaction are 

exposed at the fibril end. The preference of PFD to bind to fibril ends correlated with the strong 

inhibition of fibril elongation observed in IAPP aggregation assays (Fig. 1). 
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A striking effect of PFD on the IAPP fibrillation curves monitored by ThT FI was a 

decrease of the plateau height with addition of PFD (Fig 1). This could be due to a change in 

the fibrillar structure of IAPP leading to different binding of ThT molecules and subsequently 

decreased ThT FI, shielding of the surface due to PFD decoration, or due to the formation of 

less IAPP fibrils. A control experiment revealed that pure shielding of the ThT-IAPP fibril 

surface interaction by PFD is not sufficient to explain the amplitude of the observed effect (see 

material and methods section). However, AFM samples taken directly after termination of 

fibrillation assays show indeed decreased amounts of fibrils, but simultaneously, a 

morphological change in the observed aggregates is noticed. The fibrils which have formed in 

presence of PFD are shorter and cluster together, forming larger aggregates. The height profile 

and observed pitch, which can be measured on fibrils protruding from these aggregates in the 

AFM images, however are similar to the major polymorph formed in the absence of PFD. It 

seems that both decreased formation of aggregates and the formation of bigger clusters of 

aggregates, possibly also decorated by PFD molecules, lead to the observed effect in the ThT 

assays. The presence of PFD changes the amount and the length of fibrils and leads to their 

clustering. It is beyond the scope of this work to study changes in the toxicity of the aggregates 

formed in the presence of PFD, but it is worth noting that in the literature reduction of toxicity 

was observed upon decrease of the total exposed hydrophobicity by increase of aggregate size 

and surface shielding51,52.  

 

In conclusion, in this study we demonstrated that both human and archaeal PFD are able 

to inhibit fibril formation of the amyloidogenic protein IAPP. Solution NMR enabled us to 



17 
 

identify two binding regions on IAPP (from residues 10 to 19 and 24 to 28), and to map the 

corresponding binding sites within the PhPFD cavity. We established, using IAPP fibrillation 

assays and electron microscopy, that the sub-stoichiometric inhibition of IAPP fibrillation by 

PFD is mainly due to binding to fibril surface and ends, thereby inhibiting both secondary 

nucleation and elongation. Binding to the fibril is mediated by the N-terminal regions of IAPP 

of which up to six can be enclosed in the PFD cavity, interacting with PFDs coiled-coil helices. 

Binding to fibril ends is possibly supported by the second binding region, located in the middle 

segment of IAPP. The presence of PFD leads to the formation of lower amounts of aggregates, 

composed of shorter fibrils and clustered into formations of bigger size, which could be a 

potential detoxifying mechanism. 
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Material and Methods 

 

Protein preparation 

IAPP. Human IAPP (H-KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY-NH2; 

molecular mass 3903.4 Da; purity 93.2%), biotinylated IAPP (biotinyl-[β-Ala]-[β-Ala]-

KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY-NH2; molecular mass 4271.9 

Da; purity 99.2%), and DOTA (2,2′,2′′,2′′′-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetrayl)tetraacetic acid) labelled IAPP (DOTA-[β-Ala]-[β-Ala]-KCNTATCATQ 

RLANFLVHSS NNFGAILSST NVGSNTY-NH2; molecular mass 4432.4 Da; purity 95.9%), 

all with an amidated C terminus and a disulfide bond between Cys2 and Cys7 were custom 

synthesized (Pepscan, Lelystad). Identity and purity were confirmed by RP-HPLC and mass 

spectrometry. 

For kinetic experiments, to ensure monomeric starting material, the IAPP peptide powder was 

dissolved at 2 mg ml-1 in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), incubated at room 

temperature for 1 h and lyophilized. Then 1 mg peptide powder was dissolved in 0.5 ml 

aqueous 6 M guanidine hydrochloride solution, and size-exclusion chromatography was 

performed on a Superdex 75 Increase 10/300 column (GE Healthcare) equilibrated with 10 mM 

2-(N-morpholino)ethanesulfonic acid (MES)/NaOH buffer, pH of 6.0 using an NGC liquid 

chromatography system (Bio-Rad). The monomer peak fraction was collected, aliquoted, flash 

frozen in liquid nitrogen, stored at −80 °C, and thawed on ice straight before further use. 
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DOTA-functionalized IAPP was loaded with either paramagnetic Gd3+ or diamagnetic Lu3+ 

cations, respectively. Lyophilised DOTA-[ß-Ala]-[ß-Ala]-IAPP-NH2 (400 µg, 90.2 nmol) was 

dissolved in 500 µl 20 mM sodium acetate/acetic acid buffer pH 4.53 and 18 µl 500 mM 

aqueous GaCl3 solution was added (9 µmol, i.e., a 100-fold molar excess). The solution was 

incubated at 25 °C and 300 rpm shaking. Time dependent Gd3+ loading was monitored by 

analysing the reaction mixture from withdrawn 10 µl aliquots at different time points by RP-

HPLC on a 9.4 mm x 250 mm Zorbax 300SB-C8 column connected to a 1260 HPLC system 

(both Agilent) operated at a column temperature of 80 °C, a flow rate of 4 ml ml-1 and UV 

absorbance monitoring at 214 nm. A linear gradient from aqueous 8% (v/v) acetonitrile (ACN), 

0.1% (v/v) trifluoroacetic acid (TFA) to 60% (v/v) ACN, 0.1% (v/v) TFA within 40 min was 

applied. Gd3+ loading was completed after ~2 h and the remaining reaction mixture was 

subsequently purified by two to three consecutive preparative RP-HPLC runs (each 30 to 50 

nmol Gd3+-DOTA-IAPP) under elution conditions described above. 

Time dependent RP-HPLC analytics are shown in Supplementary Fig. 4a. Loading of DOTA-

IAPP with Lu3+ was performed in an analogous way (Supplementary Fig. 4b). 

U-[15N]- or U-[15N, 13C] isotopically labelled human IAPP was recombinantly expressed in 

Escherichia coli in M9 medium supplemented with either 2 g l-1 15N-NH4Cl and 3.2g l-1 

nonlabeled glucose or with 2 g l-1 15N-NH4Cl and U-[13C] glucose and purified according to 

established protocols53. Purified recombinant IAPP from preparative RP-HPLC as final 

purification step was batch lyophilized, dissolved in HFIP, aliquoted and lyophilized again. 

Identity and purity (93%) were confirmed by analytical RP-HPLC under isocratic conditions 

with 28.5% (v/v) ACN, 0.1% (v/v) TFA as mobile phase on a 4.6 mm x 250 mm Zorbax 
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300SB-C8 column (Agilent) at 80 °C column temperature and 1 ml min-1 flow rate 

(Supplementary Fig. S4c). For quality control a 2D 15N-TROSY spectrum of U-[15N]-IAPP 

was recorded at 10 °C on a NMR spectrometer with a 1H frequency of 850 MHz 

(Supplementary Fig. S4d). 

Human Prefoldin (hPFD – 97.0 kDa). E. coli Rosetta2 (DE3) pLysS cells (Novagen) were 

transformed with pET-21a plasmids encoding for PFD1, PFD3, PFD5 and PFD654 or pET-41 

(Genecust) encoding for PFD2 and PFD4 subunits of hPFD. The N-terminal 37 residues of 

PFD3 and four residues of PFD4 were deleted54, PFD2 and PFD4 contained N-terminal 

hexahistidine tags followed by a thrombin cleavage site (Supplementary Fig. S7a). Bacteria 

were either transformed with the plasmids for PFD1, PFD3, PFD5 and PFD6 individually or 

co-transformed with the plasmids for PFD2 and PFD3. The cells were grown at 30 °C in LB-

medium with the required antibiotics (Chloramphenicol, Ampicillin, or Kanamycin). At 

OD600nm of 0.6 protein production was induced by IPTG (1 mM) and the expression was 

performed at 20 °C for 8 h (PFD1, PFD5), 30 °C for 4 h (PFD2, PFD3, PFD4) or 30 °C for 2 h 

(PFD6). All purification steps were carried out at 4 °C. Cells expressing the different subunits 

were mixed (100 ml for PFD1, PFD5 or PFD2/PFD3, 150 ml for PFD6 and 200 ml for PFD4). 

Cells were sonicated in 50 ml of 50 mM sodium phosphate buffer (pH 7), containing 300 mM 

NaCl, 5 mM β-mercaptoethanol and complemented with 0.025 mg/ml RNAse (Euromedex), 

0.025 mg/ml DNAse (Sigma Aldrich) and 1 anti-protease tablet (cOmpleteTM). Affinity 

purification, his-tag removal, cation exchange and size exclusion chromatography were 

performed as previously described.54 SEC-MALS and SDS-PAGE followed by Coomassie 

staining was used to monitor the purification process (Supplementary Fig. S6b,c). 
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Prefoldin from Pyrococcus horikoshii (PhPFD – 86.4kDa). E. coli BL21 (DE3) cells 

transformed with pET23c plasmids encoding either for the α- or β-subunit of PFD from 

Pyrococcus horikoshii (point mutation on α-subunit S98G) were used for protein expression 

(Supplementary Fig. S8a). To obtain unlabelled subunits, cells were grown at 37 °C in LB-

medium, at OD600nm of 0.8 protein production was induced by IPTG (1 mM) and the expression 

was performed at 37 °C for 3 h. For production of U-[2H, 13C, 15N]-PhPFD samples, cells were 

progressively adapted to M9/2H2O media in three stages over 24 h. In the final culture the 

bacteria were grown at 37 °C in M9 media prepared with 99.85% 2H2O (Eurisotop), 2 g/l of 

U-[2H,13C] D-glucose and 1 g/l 15NH4Cl (Cambridge Isotope Laboratories). For production of 

U-[2H, 12C, 15N], A-[13CH3]β, I-[13CH3]δ1, L-[13CH3]δ2, V-[13CH3]γ2, T-[13CH3]γ2 labelled 

subunits, 2 g/l of U-[2H] D-glucose (Sigma Aldrich) was used as carbon source. When the 

OD600nm reached 0.7, a solution containing 240 mg/l of 2-[13C]methyl-4-[2H3]-acetolactate 

(NMR-Bio) was added in M9/2H2O media for the stereoselective labelling of pro-S Leuδ2 and 

Valγ2 methyl groups55. 40 min later 3-[13C]-2-[2H]-L-Alanine, (S)-2-hydroxy-2-(2’-[13C],1’-

[2H2])ethyl-3-oxo-4-[2H3]-butanoic acid (NMR-Bio) and 2,3-(2H) 4-(13C)-L-Threonine (NMR-

Bio) were added to a final concentration of 250 mg/l, 100 mg/l and 50 mg/l respectively56,57 for 

the simultaneous labelling of Ileδ1, Alaβ, Thrγ2 methyl groups. Protein production was induced 

by IPTG (1 mM) and protein expression was performed at 37 °C for 3 h. With such protocol, 

the level of deuteration of protein is higher than 97%, while selectively labelled methyl probes 

are estimated to be protonated at more than 95%. 
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The purification protocol of archaeal prefoldin subunits was adapted from Okochi and 

coll.58 as previously published38. SDS-PAGE followed by Coomassie staining, SEC-MALS and 

cryo-EM was used to control purity and homogeneity of produced samples (Supplementary 

Fig. S7b-d). Mass spectrometry was performed on the α-subunits (data not shown). For 

interaction studies, the buffers of PhPFD-α2β4 samples were exchanged for 25 mM MES/NaOH 

buffer (pH 6.5), 25 mM of MgCl2 using Amicon Centrifugal Filter Units (Merck).  

 

Thioflavin T (ThT)-fluorescence assays 

IAPP aggregation kinetics were monitored by ThT fluorescence intensity (FI). All the 

experimental solutions contained 5 µM monomeric IAPP, 10 µM ThT, and 6 mM NaN3 in 50 

mM MES/NaOH (pH 6.5), 25 mM MgCl2. Each assay contained a row of IAPP:PFD ratios: a 

sample without PFD and 10 samples with different PFD concentrations corresponding to 

logarithmically equidistant molar ratios PFD:IAPP between 1:5000 and 1:1. De novo assays 

had no additional components. For seeded assays, pre-formed mature IAPP fibrils were added 

(8 to 9% of overall IAPP concentration in monomer equivalent): either non-sonicated in the 

secondary nucleation assay, or sonicated (Sonopuls MS 72 microtip sonotrode, Bandelin; 10% 

amplitude, 4 cycles of 1 s pulse and 5 s break) in the elongation assay. For all assays, the 

samples were prepared as triplicates in protein LoBind tubes (Eppendorf) on ice and then 

transferred into a 96-well half-area polystyrene non-binding surface (NBS) microplate (3881, 

Corning). ThT FI values were recorded in a BMG FLUOstar Omega microplate reader (BMG 

LABTECH, Ortenberg) using excitation wavelengths of 448-10 nm and emission of 482-10 

nm, each data point corresponds to an orbitally averaged value over 3 mm with 20 flashes per 
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well. In the de novo assays, 20 s orbital shaking at 300 rpm before each cycle was applied as 

additional agitation. 

Kinetic analysis was performed and parameters such as growth rate and growth acceleration 

were extracted by numerical approximation of first and second derivatives with respect to time 

of the ThT FI curve (Fig. 1a, Supplementary Fig. S1a). For the analysis of the elongation 

assays only the first linear parts of the curves were considered, since under the chosen 

conditions other aggregation mechanisms besides elongation start contributing to IAPP 

fibrillation from relatively early time-points.  

Since in all kinetic assays the resulting final ThT FI plateau values were significantly lowered 

upon increasing PFD concentration, a control experiment was performed: after the completion 

of an aggregation assay, PFD concentrations were equalized in all the wells and then ThT FIs 

were re-measured. The difference in the plateau heights was preserved as before this 

manipulation. Hence, the change in the final plateau values cannot be simply attributed to PFD 

preventing ThT alignment on the fibrillar surface and its following fluorescence enhancement, 

but it rather reflects the amount of available fibrillar IAPP in solution (data not shown). For this 

reason, the kinetic analysis shown in Fig. 1a was performed on non-normalized data. However, 

the comparison of the changes in kinetic parameters extracted from normalized and non-

normalized data showed highly similar tendencies (Supplementary Fig. S1a), indicating the 

reliability of the conclusions on PFD inhibitory effects on IAPP aggregation. 

Experimental data shown in Fig.1 for de novo and secondary nucleation assays were lag-time-

corrected before averaging over the triplicates. Lag time, defined as the time before the first 

order time derivative reaches its 5th percentile, varied in triplicates on average about 6%. 
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Exemplary comparison of modified and non-modified data is shown in Supplementary Fig. 

S1b. 

 

AFM imaging 

For the AFM imaging, after recording de novo aggregation assays, the samples were taken out 

of the plate (96-well Half Area Black/Clear Flat Bottom Polystyrene NBS Microplate, 

Corning). The solution was extensively mixed in order to include the aggregates potentially 

sticking to the walls of the well. 2 µl of each sample were put onto a freshly cleaved muscovite 

mica surface and dried during the incubation over 10 minutes under the clean bench. 

Subsequently, the samples were washed 3 times with 100 µl Milli-Q H2O and dried with a 

steam of N2 gas. Imaging was performed in intermittent contact mode (AC mode) in a JPK 

NanoWizard 3 atomic force microscope (JPK, Berlin) using a silicon cantilever with silicon tip 

(OMCL-AC160TS-R3, Olympus) with a typical tip radius of 9 ± 2 nm, a force constant of 26 

N/m and resonance frequency around 300 kHz. The images were processed using JPK DP Data 

Processing Software (version spm-5.0.84). For the presented height profiles a polynomial fit 

was subtracted from each scan line first independently and then using limited data range. For 

each sample a net area of 2500-18400 µm2 was scanned for the overview, while part of it was 

additionally imaged with a higher resolution. 

 

Biolayer interferometry (BLI) 

The BLI measurements were conducted using BLItz-System (FortéBio, Sartorius), at room 

temperature. Super Streptavidin (SSA) biosensors (Sartorius) were hydrated in 50 mM 
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MES/NaOH (pH 6.5), 25 mM MgCl2 buffer, loaded with biotinyl-[β-Ala]-[β-Ala]-IAPP-NH2, 

quenched with biotin to eliminate the nonspecific binding of PhPFD to biosensors, and 

equilibrated in buffer. The sensors were plunged in solutions containing different 

concentrations of PhPFD from 0.5 µM to 150 µM and the association curves were recorded 

over 180 s, followed by the dissociation in the according buffer for 240 s. The resulting binding 

kinetics were corrected using the blank reference, then a steady state analysis was performed 

using 𝑅"# = 𝐴 𝑅&'( 𝐴 + 𝐾+  fitting equation, where 𝑅"# and 𝑅&'( stay for equilibrium 

and maximum responses, and 𝐴  is analyte (PhPFD) concentration. 

 

NMR spectroscopy  

IAPP-PFD titration. The NMR titration samples were prepared by adding unlabelled PhPFD 

into solutions of U-[15N]-labelled IAPP. Lyophilized, purified monomeric IAPP was suspended 

in an ice-cold buffer (25 mM MES/NaOH (pH 6.5), 25 mM MgCl2) at a concentration of 64 

µM and aliquoted. The aliquots were flash-frozen in liquid nitrogen and stored at -80 °C. For 

every titration point the aliquots were thawed on ice; different amounts of PFD, buffer and 4 µl 

of 2H2O were added, so that the final concentration of IAPP was set to 29 µM (total volume 44 

µl). The ratios: 1:0 (apo), 1:0.4, 1:0.75, 1:1, 1:1.25, 1:2, 1:3, 1:4 and 1:8 were tested. Each 

sample was transferred into a 1.7 mm NMR tube and 2D 15N-SOFAST-HMQC spectra59 were 

acquired at 30 °C on a Bruker Avance III HD spectrometer equipped with a 1.7 mm cryogenic 

probe and operating at a 1H frequency of 850 MHz. Data were processed using 

nmrPipe/nmrDraw60 and the KD and koff were extracted using TITAN global lineshape fitting47 
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using NMR signals of residues A13, V17, H18, S19, F23, A25 and L27, assuming a 1:1 

stoichiometry, therefore using the two-state binding model. 

PhPFD assignment. Backbone atoms and methyl groups resonances of both α- and β-PhPFD 

subunits were previously assigned38, using a combination of (i) 3D BEST-TROSY HNCO, 

HNCA, HN(CA)CB, HN(CO)CA, HN(COCA)CB and HN(CA)CO experiments61; (ii) 

structure-based analysis of inter-methyl NOEs62; (iii) mutagenesis63 and (iv) 3D HCC-relay 

experiments64,65 connecting backbone to methyl moieties. List of assigned chemical shifts is 

available online (BMRB accession code 50845) and annotated 2D 13CH3- and 15N-TROSY 

spectra (70°C in 50 mM Tris (pH 8.5), 100mM NaCl) are presented on Supplementary Fig. S3. 

PRE-experiments. 200 µM 15N- or 13CH3-labelled U-[2H]-PhPFD sample was combined at a 

ratio of 1:1 (or 1:2 (for methyl labelled samples) with DOTA-modified IAPP loaded with Lu3+ 

(diamagnetic) or Gd3+ (paramagnetic) and transferred in 4 mm Shigemi tubes (200 µl)). For 

each sample 2D 15N-BEST-TROSY66 or 2D SOFAST-METHYL-TROSY spectra63 were 

recorded at 30 °C for ~0.5 day/sample on a Bruker Avance III HD spectrometer equipped with 

a cryogenic probe and operating at a 1H frequency of 950 MHz. As a control experiment to 

exclude false positive interaction of PFD with the DOTA-cycle, we verified that addition of 

Gd3+-loaded DOTA to methyl-labelled PFD does not lead to specific residue broadening 

(Supplementary Fig. S9). 

 

Electron microscopy (EM) 

IAPP fibrils were formed by incubation of 64 µM monomeric IAPP at room temperature for a 

minimum of one week in 10 mM MES/NaOH (pH 6.0). Concentrated purified PFD in 25 mM 
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MES/NaOH (pH 6.5) 25 mM MgCl2 was added in a ratio of 1:100 (PFD:IAPP-monomer 

concentration) and incubated for 30 min. Samples were adsorbed to the clean side of a carbon 

film on mica, stained with sodium silicotungstate (SST) Na4O40SiW12 at 1% (w/v) in distilled 

water (pH 7-7.5) and transferred to a 400-mesh copper grid67. The images were taken under 

low dose conditions (<30 e-/Å2) with defocus values between -1.2 and -2.5 µm on a FEI Tecnai 

12 LaB6 electron microscope at 120 kV accelerating voltage, 30,000x nominal magnification 

using CCD Camera Gatan Orius 1000 and analysed with Gwyddion software68. 

For cryo-EM imaging of PhPFD, 3.5µl of PFD solution in 50 mMTris, 100 mM NaCl pH=8.5 

buffer at 100µM was blotted on a Quantifoil R2/2300 mesh gold grid coated with 

carbon and ionized by glow discharge. A FEI Vitrobot (automated vitrification 

machine) MARK IV was used at 6.5 sec blotting time, 100% humidity at 20 °C. 

About 1000 movies were recorded with a Thermo Scientific GLACIOS 200kV FEG 

with a Falcon II electron counting direct detection camera with EPU (automatic 

data collection) with a pixel size of 1.206 Å. About 700 000 particles were extracted 

using guided particle picking, using the PhPFD crystal structure (PDB: 2ZDI).  

2D classification was performed using relion standard procedures69. 

 

Modelling of IAPP-PhPFD complexes  

Interaction models were created by HADDOCK rigid model docking48, using the HADDOCK 

2.4 web server49. For the model of the complex between monomeric IAPP and PhPFD, the 

basic docking protocol was used with the interaction residues on IAPP defined as the residues 

which showed above average chemical shift displacement upon PFD addition for most of the 
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ratios (residues 6, 10-13, 17-19, 24, 26-28). The PhPFD interaction site was defined as residues 

which showed more than 50% of signal intensity loss upon interaction with paramagnetic-

labelled IAPP (α-subunit: 8, 9, 12, 20, 22, 24, 26, 29, 31, 37, 41, 65, 118, 125, 129, 132, 135, 

146; β-subunit: 4, 12, 15, 17, 22, 24, 26, 34, 46, 58, 81; β’-subunit: 4, 12, 15, 17, 22, 24, 26, 34, 

58, 61, 81, 107; Supplementary Fig. S5). The solution structure of IAPP in SDS micelles (PDB: 

2L86) determined by NMR70 was used as the starting IAPP monomer conformation. Residues 

on the N-terminus of β-subunits missing in the PhPFD crystal structure (PDB: 2ZDI)71 were 

obtained from molecular modelling (MODELLER72). For the complex involving PhPFD and 

IAPP fibril, the cryo-EM structure of the polymorph 1 of IAPP fibrils (PDB: 6Y1A)13 was 

used. The 12 missing N-terminal residues were added using molecular modelling 

(MODELLER72), whereby a disulfide bond between residue two and seven was enforced. The 

same residues in PhPFD-IAPP monomer docking were used as restraints in PhPFD-IAPP fibril 

docking. For the fibril end interaction model, an IAPP fibril construct of 16 chains was used, 

and all the according residues on all the chains were given as docking restraints. To direct the 

docking towards the middle of the fibril, a longer IAPP fibril construct of 26 chains was used, 

and the interaction restraints were only set on the 18 chains in the middle of the construct.  
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Figures Legends: 

 

Figure 1. Inhibition of IAPP aggregation by Prefoldin. 

a) IAPP aggregation kinetics in absence and presence of various concentrations of PhPFD (left 

column) and hPFD (middle column) with [PFD]:[IAPP] molar ratios ranging from 1:5000 to 

1:1, followed by ThT fluorescence intensity (FI). Top row: de novo aggregation assay, where 

the aggregation starts from monomeric IAPP only, in presence of agitation. Middle row: 

secondary nucleation assay, where the aggregation starts from the mixture of monomeric IAPP 

and non-sonicated preformed IAPP fibrils (seeds), with no agitation. Bottom row: elongation 

assay, showing non-agitated aggregation of monomeric IAPP in presence of shorter sonicated 

seeds, where the initial linear parts of the curves (inset) are reflecting pure elongation of fibril 

seeds. The right column shows extracted kinetic parameters of changes in IAPP aggregation 

assays: growth phase duration, maximal growth rate, and initial growth rate for the according 

aggregation assays. Further kinetic analysis is presented in Supplementary Fig. S1a. b) AFM 

images of the samples at the end of the aggregation kinetic assays shown in section a (top row). 

Fibrils of IAPP (5 µM) aggregated in absence of PFD, rare clustered aggregates of IAPP 

formed in presence of 0.76 µM and 5 µM of PhPFD or hPFD (1:6.6 and 1:1 [PFD]:[IAPP] 

ratios accordingly). Each square image represents an area of 2x2 µm2. In order to visualize 

objects decidedly differing in height, two colour code scales were used: the gradient from dark 

brown to white represents either 0 nm to 60 nm height, or 0 nm to 1 nm (highlighted in grey). 

The full AFM overview is presented in Supplementary Figure S2, including inter alia the 

control sample containing PFD alone and illustrating that the carpet-like coverage of the 
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surface with small roundish particles at increased PFD concentration is the appearance of PFD 

itself.  

 

Figure 2: Binding sites of IAPP on PhPFD structures 

a) PRE-labelled IAPP was obtained by fusion of a DOTA-macrocycle to the N-terminus of 

IAPP and subsequent loading of DOTA with Lu3+ (diamagnetic control) or Gd3+ 

(paramagnetic). Line broadening resulting from the proximity of Gd-IAPP (red spectra), 

compared to the control Lu-IAPP (blue spectra), is visible in 2D 15N-TROSY spectrum of β-

subunit (b), 2D 13CH3-TROSY spectrum of β-subunit (c), 2D 15N-TROSY spectrum of the α-

subunit (d), and 13CH3-TROSY spectrum of the α-subunit of PFD (e). A partial peak doubling 

is observed for the β subunits, due to their position in the PFD heterohexameric complex, some 

of which could be assigned to β and β’38(panels b and c), while the two α-subunits are 

spectroscopically equivalent (panels d and e). f) Model of PhPFD (PDB: 2zdi) with α-subunits 

in blue, β-subunits in green. g) No line-broadening was observed for residues on the top of the 

PFD complex. Conversely a strong effect was observed inside the cavity (j) and along the 

elongated coiled-coil helices of (h) β/β’-subunits (two views related by 180° rotation) and (i) α-

subunits dimer (side view). 

 

Figure 3: Interaction of monomeric IAPP with Prefoldin 

a) Extracts of 2D 15N-SOFAST-HMQC spectra of IAPP titration by addition of PhPFD. 

[PhPFD]:[IAPP] molar ratios ranging of 0, 0.3, 0.75, and 1.25 are shown. b) Fit of KD signals 

of A13, V17, H18, S19, F23, A25 and L27. c) Summary of detected chemical shift 
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perturbations (CSPs) Δδ (calculated as Δ𝛿 = Δ𝑁/+Δ𝐻/ ) induced by addition of a two-fold 

excess of PFD on uniformly 15N-labelled sample of IAPP. d) Peak broadening of IAPP signals 

upon addition of PhPFD, calculated as the intensity ratio of NH signals in IAPP/PhPFD 

complex (I) and in absence of PhPFD (I0). Asterisk denotes values obtained at 10°C due to 

peak overlap at 30 °C. e) IAPP sequence with colour coding of detected CSPs at ratio 1:2 

(residue with above average Δδ, that is ≥ 0.12 ppm in red) and line broadening at ratio 1:2 

(residue with I/I0≤ 0.26 in yellow). f) Steady state analysis of biolayer interferometry (BLI) 

experiment on PhPFD binding to monomeric IAPP: measured values (dark blue) and fit (light 

blue 

 

Figure 4: EM images of PhPFD bound to IAPP fibrils 

a) Electron microscopy images of IAPP fibrils, stained with sodium silicotungstate (SST) at 

30,000x magnification. b-c) Close up of main fibril species. d) Molecular model of polymorph 

1 of the IAPP fibril (PDB: 6Y1A)13. e) Preformed fibrils (67 µM) were incubated with PhPFD 

in a ratio of 100:1 (IAPP monomer equivalent concentrations) for 30 min and imaged under the 

same conditions as IAPP fibrils (a). Decoration of the fibril surface with PhPFD is observed, 

remaining PhPFD particles are observed in the background. f-h) Close-ups of the fibrils show 

the decoration of the fibril surface (pink arrows) and end (white arrows). i) Molecular model 

corresponding to the observed fibril decoration. Horizontal white and black bars correspond to 

a length of 100 nm and 10 nm, respectively. Simulated TEM images of (d) and (i) are shown in 

Supplementary Fig. S10. 
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Figure 5: Structural Model of inhibition of IAPP fibril formation by PFD 

Schematic model describing the inhibition mechanism of PFD on IAPP fibril formation. PFD 

interacts with monomeric IAPP but this transient interaction does not lead to a significant 

decrease of the lag-phase. (a) and (b) present docking models of the complex between 

monomeric IAPP (PDB: 2L86) and PhPFD (PDB: 2ZDI) based on NMR derived interaction 

information (Fig. 2, 3). c) Inhibition of secondary nucleation and elongation results from 

coverage of fibril surface and ends by PFD (Fig. 4). The presence of PFD leads to a decreased 

steady phase fibril mass (Fig. 1a), which results from the formation of less aggregates with an 

altered morphology (Fig. 1b). The inset zoom represents a model of IAPP fibril structure with 

unfolded residues 1 to 12 in yellow and the structured fibril core is represented in purple (from 

residues 13 to 37). (d) and (e) present docking models of PhPFD (PDB: 2ZDI) on IAPP fibril 

(PDB: 6Y1A) surface and extremities, respectively, integrating structural information obtained 

by NMR (Fig. 2, 3) and EM (Fig. 4); the black arrows indicate the fibril axis with the tips 

pointing towards the fibril ends.  
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Supplementary Figure S1. ThT assay kinetic analysis. a) Comparison of kinetic parameters 

obtained for non-normalized (left) and normalized (right) data. The following parameters were 

extracted: growth phase duration, maximal growth rate, average growth rate, acceleration 

maximum, and final plateau height. The analysis illustrates that the concentration dependency 

trends are independent of data normalization, confirming the inhibitory effect of PFD on IAPP 

aggregation. b) Exemplary demonstration of raw triplicates and their appearance after the lag 

time correction (averaged curves along with error shades are shown in green). The presented 

analysis in (a) and (b) was done on the de novo IAPP aggregation kinetic assay in presence of 

PhPFD (also shown in Fig. 1a). 
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Supplementary Figure S2. Overview of IAPP aggregate morphology in presence of PFD. 

AFM images of the samples after IAPP de novo aggregation assays in absence and presence of 

different concentrations of PhPFD (a) and hPFD (b) (respective kinetics are shown in Figure 

1a, top). Left to right: IAPP aggregated in absence of PFD; IAPP aggregates formed in 

presence of different concentrations of either PhPFD (a) or hPFD (b); prefoldin alone. The 

images show the close-ups of 2x2 µm2 (top row) and overviews of 5x5 µm2 (bottom row). For 

visualizing objects of diverse heights, two different colour code scaling were used: the gradient 

from dark brown to white represents either 0 nm to 60 nm height, or 0 nm to 1 nm (highlighted 

in grey). The arrows in magenta highlight individual fibrils sticking out of the bigger IAPP 

assemblies.
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Supplementary Figure S3. Assigned 2D 15N- and 13CH3-TROSY spectra of PhPFD. NMR 

data were recorded at 70 °C on a NMR spectrometer operating at a 1H frequency of 850 MHz. 

Assigned signals are annotated with corresponding residue numbers and residues which could 

be assigned unambiguously to β/β’ are annotated in red38. a) 2D 15N-TROSY spectrum of 

α−subunit. b) 2D 13CH3-TROSY spectrum of α-subunit. c) 2D 15N-TROSY spectrum of 

β−subunit. d) 2D 13CH3-TROSY spectrum of β-subunit.  
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Supplementary Figure S4. IAPP quality control. Loading of DOTA-[β-Ala]-[β-Ala]-IAPP 

with Gd3+ (a) or Lu3+ (b) monitored by RP-HPLC at indicated incubation times. c) Purity of 

recombinant U-[15N]-IAPP by RP-HPLC. d) 2D 15N-TROSY spectrum of U-[15N]-IAPP at 

10°C. 
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Supplementary Figure S5. Interaction between paramagnetically labelled IAPP and 

PhPFD. Histograms depicting Ipara/Idia intensity ratios of PhPFD signal detected using labelled 

PhPFD samples in presence of Gd-IAPP or Lu-IAPP, respectively. Reconstituted PhPFD with 

β subunits (a,b) and α subunits (c,d) labelled on 13CH3 groups (a,c) or 15NH-backbone groups 

(b,d) were mixed with Lu/Gd-loaded IAPP in a ratio of 1:2 (13CH3-labeling) or 1:1 (15N-

labeling). No values indicate missing assignment38 or absence of methyl-groups. 
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Supplementary Figure S6. Comparison of PRE-mapping and electrostatic surface on 

PhPFD. The interaction surface mapped on PhPFD by paramagnetic relaxation enhancement 

juxtaposed with the theoretical electrostatic surface computed by APBS electrostatics 

implemented in pymol73. 
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Supplementary Figure S7. Production of hPFD samples and quality control. a) Summary 

of information on hPFD subunit sequences (PFD2 and PFD4 include polyhistidine tag 

sequences) and plasmids used in this study. b) SEC-MALS analysis of heterohexameric hPFD 

sample. SEC-MALS analysis showed two species, a minor species at about 170 kDa (~5%) and 

a major one at about 90 kDa (~95%). The formation of two species, the hexameric complex 

and a complex of double size was already observed by Aikawa et al.54  c) SDS-PAGE of 

sample after purification. On the SDS-PAGE six bands appear, confirming the formation of a 

pure hPFD complex. 
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Supplementary Figure S8. PhPFD production and quality control. a) Summary of 

information on PhPFD α and β subunits sequences and plasmids used in this study. b) SEC-

MALS analysis of α2β4–PhPFD sample. The mass of PhPFD was estimated to be 82 kDa. c) 

SDS-PAGE analysis and subsequent mass spectrometry analysis (not shown) indicated the 

presence of a partial cleavage on the C-terminal residues 145-148 of the α-subunit. This 

cleavage located in the unstructured C-terminal sequence does not hinder the formation of the 

complex, as can be observed from (d) the 2D classes obtained from cryo-EM analysis. 

Formation of the β-barrel structures with the six pairs of protruding helices can be clearly seen 

from the top view. Formation of the β-coiled coil α-helices is also observed in the side view. 

The other side view is missing due to preferential orientation hampering determination of 3D 

structures from cryo-EM images. In (e) the according views of the molecular model are shown. 
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Supplementary Figure S9. Interaction between paramagnetically labelled IAPP and 

PhPFD. a) Reference 13CH3-TROSY spectrum of PhPFD labelled on methyl residues on the β 

subunits at 30 °C in 25mM MES/NaOH (pH 6.5), 25mM MgCl2. b) PhPFD control spectra in 

presence of 1:1 of Lu3+-loaded DOTA (blue) or Gd3+-loaded DOTA (red). c) PRE effect 

detected on 13CH3-labelled PhPFD in presence of diamagnetic Lu-IAPP (blue) or paramagnetic 

Gd-IAPP (red).
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Supplementary Figure S10. Simulated EM images of PhPFD bound to IAPP fibrils. 

Transmission electron microscopy images were simulated with TEM-simulator74 (http://tem-

simulator.sourceforge.net/), using the model shown in Fig. 4i. a) Structure of the ordered part 

(residues 13-37) of polymorph 1 IAPP fibril. b) Simulated TEM image of IAPP fibrils 

according to the structure depicted in (a). c) Model of interaction between IAPP fibril and 

PhPFD. d) Simulated TEM image of IAPP fibril decorated with PhPFD. Horizontal black and 

white bars correspond to a length of 10 nm and 50 nm, respectively.  
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Pratibha Kumari, Dhiman Ghosh, Adam Mazur, Emelie E. Aspholm, Darius
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amyloid-β(1–42) by cryo–electron microscopy. Science, 358(6359):116–119, oct

2017. ISSN 10959203. doi: 10.1126/science.aao2825. URL https://pubmed.

ncbi.nlm.nih.gov/28882996/.

Ricardo Guerrero-Ferreira, Nicholas M.I. Taylor, Daniel Mona, Philippe Ringler,

Matthias E. Lauer, Roland Riek, Markus Britschgi, and Henning Stahlberg. Cryo-

EM structure of alpha-synuclein fibrils. eLife, 7, jul 2018. ISSN 2050084X. doi:

10.7554/eLife.36402.

Inaki J. Guijarro, Margaret Sunde, Jonathan A. Jones, Iain D. Campbelli, and

Christopher M. Dobson. Amyloid fibril formation by an SH3 domain. Proceedings

of the National Academy of Sciences of the United States of America, 95(8):4224–

4228, apr 1998. ISSN 00278424. doi: 10.1073/pnas.95.8.4224. URL https:

//www.ncbi.nlm.nih.gov/pmc/articles/PMC22470/.

Jurre Hageman, Maria A. Rujano, Maria A.W.H. van Waarde, Vaishali Kakkar,

Ron P. Dirks, Natalia Govorukhina, Henderika M.J. Oosterveld-Hut, Nicolette H.

Lubsen, and Harm H. Kampinga. A DNAJB Chaperone Subfamily with HDAC-

Dependent Activities Suppresses Toxic Protein Aggregation. Molecular Cell, 37

(3):355–369, feb 2010. ISSN 10972765. doi: 10.1016/j.molcel.2010.01.001. URL

https://pubmed.ncbi.nlm.nih.gov/20159555/.

Lin HAI, RAJINDER Bhatia, RATNESHWA Lal, and R. Amyloid β protein

forms ion channels: implications for Alzheimer’s disease pathophysiology. The

255

https://pubmed.ncbi.nlm.nih.gov/16469881/
https://pubmed.ncbi.nlm.nih.gov/17185366/
https://pubmed.ncbi.nlm.nih.gov/17185366/
https://pubmed.ncbi.nlm.nih.gov/28882996/
https://pubmed.ncbi.nlm.nih.gov/28882996/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC22470/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC22470/
https://pubmed.ncbi.nlm.nih.gov/20159555/


FASEB Journal, 15(13):2433–2444, nov 2001. ISSN 0892-6638. doi: 10.1096/fj.

01-0377com. URL https://pubmed.ncbi.nlm.nih.gov/11689468/.

James D. Harper, Stanislaus S. Wong, Charles M. Lieber, and Peter T. Lansbury.

Observation of metastable Aβ amyloid protofibrils by atomic force microscopy.

Chemistry and Biology, 4(2):119–125, 1997. ISSN 10745521. doi: 10.1016/

S1074-5521(97)90255-6. URL https://pubmed.ncbi.nlm.nih.gov/9190286/.

Celia J. Harrison, Manajit Hayer-Hartl, Maurizio Di Liberto, F. Ulrich Hartl, and

John Kuriyan. Crystal structure of the nucleotide exchange factor GrpE bound

to the ATPase domain of the molecular chaperone DnaK. Science, 276(5311):

431–435, apr 1997. ISSN 00368075. doi: 10.1126/science.276.5311.431. URL

https://pubmed.ncbi.nlm.nih.gov/9103205/.

Martin Haslbeck, Nathalie Braun, Thusnelda Stromer, Bettina Richter, Natascha

Model, Sevil Weinkauf, and Johannes Buchner. Hsp42 is the general small heat

shock protein in the cytosol of Saccharomyces cerevisiae. EMBO Journal, 23

(3):638–649, feb 2004. ISSN 02614189. doi: 10.1038/sj.emboj.7600080. URL

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1271810/.

Melvin R Hayden. Islet amyloid, metabolic syndrome, and the natural progressive

history of type 2 diabetes mellitus. Journal of the Pancreas, 3(5):126–138, 2002.

ISSN 15908577. URL http://www.joplink.net.

Lichun He, Timothy Sharpe, Adam Mazur, and Sebastian Hiller. A molecular mech-

anism of chaperone-client recognition. Science Advances, 2(11):e1601625, nov

2016. ISSN 23752548. doi: 10.1126/sciadv.1601625. URL http://advances.

sciencemag.org/.

James A. Hebda and Andrew D. Miranker. The interplay of catalysis and toxicity

by amyloid intermediates on lipid bilayers: Insights from type II diabetes, 2009.

ISSN 1936122X. URL https://pubmed.ncbi.nlm.nih.gov/19416063/.

Katrin Heinitz, Martin Beck, Reinhard Schliebs, and J. Regino Perez-Polo. Toxic-

ity mediated by soluble oligomers of β-amyloid(1-42) on cholinergic SN56.B5.G4

cells. Journal of Neurochemistry, 98(6):1930–1945, jul 2006. ISSN 00223042.

doi: 10.1111/j.1471-4159.2006.04015.x. URL http://doi.wiley.com/10.1111/

j.1471-4159.2006.04015.x.

Linda M. Hendershot and Neil J. Bulleid. Protein-specific chaperones: The role

of hsp47 begins to gel, dec 2000. ISSN 09609822. URL http://www.cell.com/

article/S0960982200008502/fulltext.

256

https://pubmed.ncbi.nlm.nih.gov/11689468/
https://pubmed.ncbi.nlm.nih.gov/9190286/
https://pubmed.ncbi.nlm.nih.gov/9103205/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1271810/
http://www.joplink.net
http://advances.sciencemag.org/
http://advances.sciencemag.org/
https://pubmed.ncbi.nlm.nih.gov/19416063/
http://doi.wiley.com/10.1111/j.1471-4159.2006.04015.x
http://doi.wiley.com/10.1111/j.1471-4159.2006.04015.x
http://www.cell.com/article/S0960982200008502/fulltext
http://www.cell.com/article/S0960982200008502/fulltext


Faustine Henot, Rime Kerfah, Ricarda Törner, Pavel Macek, Elodie Crublet,

Pierre Gans, Matthias Frech, Olivier Hamelin, and Jérôme Boisbouvier. Op-
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Hartl. The formation, function and regulation of amyloids: insights from struc-

tural biology. Journal of Internal Medicine, 280(2):164–176, aug 2016. ISSN

09546820. doi: 10.1111/joim.12500. URL http://doi.wiley.com/10.1111/

joim.12500.

Andrew T. Large, Martin D. Goldberg, and Peter A. Lund. Chaperones and protein

folding in the archaea. Biochemical Society Transactions, 37(1):46–51, 2009. ISSN

03005127. doi: 10.1042/BST0370046. URL https://pubmed.ncbi.nlm.nih.

gov/19143600/.

Hilal A. Lashuel and Peter T. Lansbury. Are amyloid diseases caused by protein

aggregates that mimic bacterial pore-forming toxins?, may 2006. ISSN 00335835.

URL https://pubmed.ncbi.nlm.nih.gov/16978447/.

Hilal A. Lashuel, Dean Hartley, Benjamin M. Petre, Thomas Walz, and Peter T.

Lansbury. Neurodegenerative disease: Amyloid pores from pathogenic mutations.

Nature, 418(6895):291, jul 2002. ISSN 00280836. doi: 10.1038/418291a. URL

https://pubmed.ncbi.nlm.nih.gov/12124613/.

Donghan Lee, Christian Hilty, Gerhard Wider, and Kurt Wüthrich. Effective rota-
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