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Abstract

Targeting of proteins to their proper location in the cell is crucial to the cell. The
targeting information is provided in form of a signal sequence by the polypeptide itself. In
Escherichia coli, membrane proteins are targeted co-translationally via the signal recognition
particle (SRP) to the membrane whereas secretory proteins follow the post-translational
translocation pathway characterized by the proteins SecB and SecA involved in the targeting
process. Both pathways converge at the protein-conducting channel SecYEG. Interestingly,
SecYEG has the possibility to recruit accessory domains SecDF-YajC and YidC, forming the
holotranslocon (HTL) complex. Current research on protein translocation mostly focuses on
the structure and function of the conserved bacterial heterotrimeric protein conducting
channel SecYEG. Not much is known about the structure and function of the additional
components of the translocation machinery SecD, SecF and YidC which are essential for E.
coli. This is largely due to the lack of a purified, recombinant SecYEG-DF-YidC
holotranslocon (HTL) complex. Accordingly, a thorough biophysical and structural analysis of

this large, seven-membered transmembrane complex is still pending.

Using a new recombineering-based vector system for expression of multi-protein
complexes in E. coli, we successfully over-produced the SecYEG-DF-YajC-YidC
holotranslocon and its subcomplex consisting of SecDF-YajC-YidC (DFYY). We also
succeeded in detergent-solubilising and purifying these complexes. The purified
holotranslocon was used to biochemically characterize the complex and to determine the
structure of the holotranslocon. First of all, the HTL seems to be more competent for co-
translational membrane proteins insertion compared to SecYEG alone. Regarding the post-
translational translocation of a p-barrel outer-membrane protein, driven by SecA and ATP,
the proton-motive force dependence of this process is increased. Furthermore, the presence
of the accessory domains seems to enhance the binding of the ribosome to the translocon.
By using cells depleted of SecDF and YajC, we identified possible HTL-substrates which

have to be confirmed and further analyzed yet by in vitro translocation experiments.

Subsequently, we solved by cryo-electron microscopy (EM) and single particle
analysis the structure of the holotranslocon. By comparing the EM reconstructions of the HTL
complex with the subcomplex of the accessory domains SecDF-YajC-YidC, we were able to
localize the core complex SecYEG. The HTL cryo-EM structure could be refined to a
resolution of 10.5 A. This structure allows the placement of the available high—resolution
crystal structure of SecYEG, SecDF, and YidC to generate a quasi-atomic model of the

holotranslocon.



In order to confirm our quasi-atomic model, we made use of different crosslinking-
and mass spectroscopy-based approaches (CLMS) to characterize the protein-protein
interactions within the holotranslocon complex. These CLMS data sets are large and suffer
from a high rate of ‘false positives’, possibly caused by inter-complex crosslinks. Thus, they
need to be carefully evaluated and interesting fits should be confirmed by an independent
method. In the future, structural studies of the ribosome-HTL complex by cryo-EM together
with reconstitution of the HTL into nanodiscs will be undertaken to reveal the conformation of
the actively translocating HTL in a more physiological environment. Additional biochemical
studies on the molecular mechanism of co- and post-translocation by HTL and its substrate
spectrum are addressing the question about the physiological role of the holotranslocon in
the cell.



Résumé en francais

L’adressage des protéines vers leur correct emplacement est crucial pour la cellule.
L'information d’adressage est fournie sous la forme d'une séquence signale par le
polypeptide lui-méme. Chez Escherichia coli, les protéines membranaires sont adressées
vers la membrane de facon co-traductionnelle via la particule de reconnaissance du signal
(SRP) tandis que les protéines sécrétées suivent la voie de translocation post-traductionnelle
caractérisée par les protéines SecB et SecA qui sont impliqguées dans le processus
d’adressage. Ces deux voies convergent au niveau du canal de translocation des protéines
SecYEG. Chose intéressante, SecYEG a la possibilité de recruter les domaines accessoires
SecDF-YajC et YidC et ainsi former le complexe holotranslocon (HTL). La recherche actuelle
sur la translocation des protéines se concentre principalement sur la structure et fonction du
canal de translocation des protéines hétérotrimérique bactérien SecYEG qui est conserve.
Peu de choses sont connues concernant la structure et la fonction des composants
additionnels SecD, SecF et YidC formant la machinerie de translocation et qui sont
essentiels pour E. coli. Ceci est da principalement a 'absence d’un complexe holotranslocon
SecYEG-DF-YidC (HTL) recombinant purifi€. En conséquence, une analyse biophysique et
structurale minutieuse de ce large complexe transmembranaire composé de sept sous-

unités est toujours en suspens.

En utilisant un nouveau systéme d’expression pour des complexes multi-protéiques
basé sur la recombinaison de vecteur chez E. coli, nous avons avec succés surproduit
I'holotranslocon SecYEG-DF-YajC-YidC et son sous-complexe composé de SecDF-YajC-
YidC (DFYY). Nous avons également réussi a solubiliser avec l'aide de détergents et a
purifier ces complexes. L’holotranslocon purifié a ensuite été utilisé afin de caractériser de
fagon biochimique le complexe et de déterminer la structure de [I'holotranslocon.
Premiérement, le complexe HTL semble étre plus compétent pour [linsertion co-
traductionnelle des protéines membranaires comparé a SecYEG isolé. Concernant la
translocation post-traductionnelle d’'une protéine de la membrane externe a tonneau j,
dépendante de la présence de SecA et I’ATP, I'influence de la force proton motrice sur ce
processus est augmentée. De plus, la présence du domaine accessoire semble améliorer
'attachement du ribosome au translocon. En utilisant des cellules déplétées de SecDF et
YajC, nous avons identifié des substrats possibles de HTL qui doivent maintenant étre
confirmés et analysés maniére plus approfondie par des expériences de translocation in

vitro.

Par la suite, nous avons résolu la structure de I'holotranslocon par cryo-microscopie

électronique (ME) et analyse des particules isolées. En comparant les reconstructions de ME



du complexe HTL avec le sous-complexe de domaine accessoire SecDF-YajC-YidC, nous
avons été capable de localisé le complexe principal SecYEG. La structure de HTL par cryo-
ME a pu étre affinée jusqu’a une résolution de 10.5 A. Cette structure permet le placement
des structures a haute résolution disponibles de SecYEG, SecDF et YidC afin de générer un

modeéle quasi-atomique de I'holotranslocon.

Dans le but de confirmer notre modele quasi-atomique, nous avons fait usage de
différentes approches basées sur la réticulation et la spectrométrie de masse (CLMS) afin de
caractériser les interactions protéine-protéine au sein du complexe holotranslocon. Les jeu
de données ainsi obtenus sont volumineux et souffrent d’'un taux élevé de « faux positifs »,
probablement d0 a des réactions de réticulation inter-complexe. C’est pourquoi ils
nécessitent une évaluation minutieuse et les résultats intéressants devraient étre confirmés
par une méthode indépendante. Dans le futur, des études structurales du complexe
ribosome-HTL par cryo-ME ainsi qu’une reconstitution de HTL dans des nanodisques vont
étre menées pour révéler la conformation de HTL en cours de translocation dans un
environnement plus physiologique. Des études biochimiques complémentaires sur le
mécanisme de co- et post-translocation par HTL et son spectre substrats abordent la
guestion du réle physiologique de I'holotranslocon dans la cellule.
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Résumeé en francais / French summary

L’adressage des protéines vers leur correct lieu de fonction a l'intérieur de la cellule, dans la
membrane ou dans l'espace extracellulaire est crucial pour la cellule. L’information
d’adressage est fournie sous forme de séquence signal par la protéine elle-méme. Chez E.
coli, ce sont principalement des protéines membranaires qui sont adressées de maniére co-
traductionnelle via la particule de reconnaissance du signal (SRP) vers la membrane. SRP et
son récepteur sont tous deux des GTPases qui transferent le complexe ribosome-chaine
naissante au canal de translocation des protéines. Par la suite, le polypeptide naissant est
transloqué dans ou au travers de la membrane. Jusqu’a présent, une quantité de données
biochimiques ainsi qu’un certain nombre de structures de complexes importants le long de
cette voie de translocation sont disponibles ce qui jette un éclairage sur le mécanisme

moléculaire du processus d’adressage et de translocation.
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Targeting of proteins to their proper location inside the
cell, in the membrane or in the extracellular space is cru-
cial to the cell. The targeting information is provided in
form of a signal sequence by the protein itself. In Escher-
ichia coli, mostly membrane proteins are targeted
cotranslationally via the signal recognition particle (SRP)
to the membrane. The SRP and its receptor are both gua-
nosine triphosphatases (GTPases) which handover the
ribosome-nascent chain complex to the protein-con-
ducting channel. Subsequently, the nascent polypeptide
is translocated into or across the membrane. To date, a
host of biochemical data and a number of structures of
important complexes along the pathway are available
which shed light on the molecular mechanism of the tar-
geting and translocation process.

Introduction

About one-third of the genome of organisms encodes
membrane proteins. Membrane proteins are involved in
most essential processes of the cell and are at the core of
many diseases and their treatment. In all kingdoms of life,
membrane proteins are inserted cotranslationally in the
lipid bilayer via the signal recognition particle (SRP)
pathway (Walter and Johnson, 1994; Rapoport, 2007). The
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cotranslational insertion is essential as membrane proteins
contain at least one transmembrane segment consisting of
approximately 20 hydrophobic amino acids which would
aggregate in the cytosol. See also: Membrane Proteins;
Protein Translocation across Membranes

The biogenesis of membrane proteins is a multistep
process which is well coordinated in time and space
involving targeting, translocation, folding and assembly of
complexes. During cotranslational targeting, the SRP
recognises and tightly binds hydrophobic signal sequences
of the nascent polypeptide emerging from the ribosomal
tunnel (Figure 1). The interaction of the SRP with its
receptor (FtsY in bacteria) at the membrane allows the
ribosome-nascent chain complex (RNC) to be delivered to
the translocation machinery (Shan and Walter, 2005). In
bacteria, mostly membrane proteins are directed to the
SRP-dependent pathway. In contrast, secreted proteins
favour the posttranslational route which, in bacteria,
requires the chaperone SecB and the motor ATPase SecA
(Figure 1). The posttranslational reaction differs widely
between bacteria and eukaryotes, whereas the cotransla-
tional process is universally conserved. See also: Ribosome
Structure and Shape

Both modes of translocation (co- and posttranslational)
converge at the Sec complex in the membrane (Figure 1).
The Sec translocon allows the passage of hydrophilic
sequences across and the integration of hydrophobic seg-
ments into the lipid bilayer. The energy for translocation is
provided by the binding partner, that is, by the translating
ribosome or by the ATPase SecA. During cotranslational
translocation, the nascent polypeptide is transferred dir-
ectly from the ribosomal tunnel into the protein-con-
ducting channel. The protein-conducting channel is a
heterotrimeric complex consisting of SecY, SecE and SecG
(SecYEG) in bacteria (Rapoport, 2007). Additional factors
associate with the conserved protein-conducting channel to
form the holo-translocon complex. These factors, YidC,
SecD, SecF and YajC, contribute to membrane protein
insertion, folding and assembly and posttranslational
translocation (Xie and Dalbey, 2008). See also: Bacterial

ENCYCLOPEDIA OF LIFE SCIENCES © 2011, John Wiley & Sons, Ltd. www.els.net 1
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Posttranslational
translocation

Vo—

SecYEGDF/YajC/YidC

SecYEGDF/YajC/YidC

Figure 1

SecYEG SecYEG

Protein export and membrane protein insertion. Exported proteins are targeted posttranslationally via the SecB chaperone and the SecA ATPase to

the translocation machinery in the membrane (left). SecA provides the energy for translocation across the membrane. The signal recognition particle (SRP)
and its receptor (FtsY) target nascent membrane proteins cotranslationally to the SecYEG protein-conducting channel (right). Additional proteins (SecD,
SecF, YajC and YidC) can associate with SecYEG and assist in the translocation across or into the membrane.

Cytoplasmic Membrane; Cotranslational Translocation of
Proteins into Microsomes: Methods; Protein Transloca-
tion across Membranes; Signal Peptides

Signal Sequences

To date, it is still poorly understood how the SRP ensures
faithful delivery of the correct RNCs to the translocation
machinery in the membrane. Signal sequences that are
recognised by the SRP lack a consensus motif and are
highly divergent in length, shape and amino acid com-
position like other topogenic sequences responsible for
protein localisation. Consequently, the SRP needs to be
highly adaptable to bind diverse signal sequences. The
primary feature of signal sequences bound by the SRP is a
hydrophobic core. However, the difference between signal
sequences that are targeted via the SRP and signal
sequences that lead to posttranslational translocation is
relatively small. Secreted proteins contain usually shorter
N-terminal signal sequences consisting of 7—12 hydro-
phobic amino acids that are later cleaved off and degraded.
See also: Protein Translocation across Membranes; Signal
Peptides

In the cytosol, the molecular chaperone Trigger Factor
also plays a role in the sorting process: Trigger Factor and
the SRP compete for nascent chain binding at the exit of the
ribosomal tunnel (Eisner ez al., 2006). Less hydrophobic

sequences are bound by Trigger Factor and targeted via
SecA/B to the membrane (Figure 1). Overexpression of
Trigger Factor leads to slower export of secreted proteins
(Lee and Bernstein, 2001). Importantly, the folding of
translocated proteins can be affected by the mode of
translocation: cotranslationally exported proteins fold in a
more vectorial manner than posttranslationally translo-
cated proteins because translation is about 10-fold slower
than translocation (Kadokura and Beckwith, 2009).
See also: Chaperones, Chaperonin and Heat-Shock Pro-
teins; Protein Folding and Chaperones; Protein Folding
In Vivo; Ribosomal Proteins: Role in Ribosomal Func-
tions; Ribosome Structure and Shape

In many inner membrane proteins, the first transmem-
brane helix (TM) is extremely hydrophobic (Lee and
Bernstein, 2001). It serves as the signal sequence which
decides not only the targeting but also the topology of
the membrane protein in the lipid bilayer. Depending on
the orientation of the first TM, the N-terminal region of the
membrane protein remains in the cytosol or is translocated
across the membrane. Accordingly, the orientation of
subsequent TMs is predetermined by the orientation of
the signal sequence. In general, the insertion of the signal
sequence into the membrane follows the ‘positive-inside
rule’: the positively charged end of the hydrophobic signal
sequence remains in the cytoplasm. Several mutations
in SecY have been reported to affect the orientation of
the signal sequence indicating that the Sec translocon is

2 ENCYCLOPEDIA OF LIFE SCIENCES © 2011, John Wiley & Sons, Ltd. www.els.net
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responsible for integration of signal sequences according to
the ‘positive-inside rule’ (Junne et al., 2007).

Signal Recognition Particle

In the cytosol, the SRP binds to the ribosome and screens
the emerging nascent chain for the presence of a signal
sequence. Upon signal sequence recognition, the SRP
binds the ribosome with high affinity (I nM or less). The
Escherichia coli SRP represents a minimal functional
version: it is a RNA—protein complex consisting of one
4.5S RNA and one 48 kDa protein (Ffh, the homologue
of the eukaryotic SRP54 protein) (Poritz et al., 1990;
Romisch ef al., 1989). Both components are conserved in
all kingdoms of life and essential for viability. The 4.5S
RNA is 114 nucleotides long and forms a stable hairpin

with bulges. The Ffh protein consists of three domains:
the N, G and M domain (Figure 2). The N-terminal
four-helix bundle (N domain) is responsible for ribosome
binding via ribosomal protein L23 which is located at
the exit of the ribosomal tunnel (Gu et al., 2003). The N
domain tightly packs against the central GTPase G domain
forming a structural and functional unit (NG domain).
The G domain is homologous to the classical Ras GTPase
fold. The Ffh GTPase contains an additional ‘Insertion
Box Domain’ (IBD) which is unique to the SRP-type
GTPases and critical for activating GTP hydrolysis upon
formation of the SRP—FtsY complex. The methionine-rich
M domain is flexibly linked to the NG domain. It contains
the binding site for the SRP RNA and for the signal
sequence (Figure 2; Doudna and Batey, 2004; Keenan et al.,
2001). See also: Ribosomal Proteins: Role in Ribosomal
Functions

rh - ™

FtsY A

(@)

(b)

cargo-

(d) Early

Closed

cargo-
release

Activated

Figure 2 Cotranslational targeting. (a) Scheme of the domain architecture of E. coli Ffh (the SRP protein) and FtsY (SRP receptor). (b) Atomic model of the

E. coli SRP in the extended conformation which is observed when the SRP binds the translating ribosome (2)28.pdb) (Halic et al., 2006). The Ffh N domain is
depicted in red, the GTPase domain in orange, the M domain in yellow, the signal sequence in green and the 4.5S RNA in dark red. (c) Co-crystal structure of
the NG domains of Ffh and FtsY from Thermus aquaticus (10KK.pdb) (Egea et al., 2004; Focia et al., 2004). The two GTPase domains form a composite active
site. The two GTP analogues are shown as green spheres. The FtsY NG domain is depicted in blue. (d) Model of the SRP and FtsY conformational states
during cotranslational targeting (adapted from Zhang et al., 2009). First, the ribosome nascent chain complex (cargo) is recognised and tightly bound by the
SRP. The cryo-EM structure of the RNC-SRP (filtered to 15 A resolution, Halic et al., 2006) is depicted with the same colour coding as the cartoon drawings of
the other complexes. Subsequently, the SRP and FtsY form a GTP-independent early intermediate. In the presence of GTP, the early intermediate rearranges
into the closed conformation. Rearrangements in the catalytic loops of the GTPase domains activate GTP hydrolysis (activated state). This leads to
cargo-release, that is, handover of the RNC to the SecYEG translocon and dissociation of the SRP—FtsY complex.

ENCYCLOPEDIA OF LIFE SCIENCES © 2011, John Wiley & Sons, Ltd. www.els.net 3
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The most important contact between the Ffh N domain
and ribosomal protein L23 is also formed with non-
translating ribosomes and ribosomes displaying a nascent
chain which is scanned by the SRP (Gu et al., 2003;
Schaffitzel et al., 2006). Further ribosomal contacts are
only formed upon recognition of the signal sequence. Then,
the SRP binds close to the exit of the ribosomal tunnel and
adopts an elongated structure (Halic et al., 2006; Schaffitzel
et al., 2006; Figure 2). The four ribosomal contacts observed
in cryo-electron microscopy structures (cryo-EM) explain
the high affinity of the SRP to the RNC. In the RNC-SRP
complex, the signal sequence is tightly bound at the inter-
face between the M domain and the ribosome. See also:
Single Particle EM

The eukaryotic SRP is much larger than the E. coli SRP
consisting of 7S RNA and six proteins (Nagai et al., 2003).
Importantly, the eukaryotic SRP contains an Alu domain
which is absent in E. coli. The Alu domain arrests trans-
lation and thus ensures that the RNC stays in a translo-
cation-competent state. The cryo-EM structure of the
eukaryotic RNC—SRP complex reveals the mechanism of
the translation arrest: the Alu domain blocks access of the
aminoacyl-tRNAs to the active site (Halic et al., 2004).
Efficient eukaryotic targeting is incompatible with normal
cellular translation rates due to rate-limiting concen-
trations of the SRP receptor (Lakkaraju et al., 2008);
therefore, the translation arrest is essential. In contrast, the
E. coli SRP is too small to arrest translation by a related
mechanism and most likely, translation continues during
cotranslational targeting. See also: Cotranslational Trans-
location of Proteins into Microsomes: Methods; Protein
Translocation across Membranes; Signal Peptides

SRP Receptor FtsY

The bacterial SRP receptor consists of a single protein FtsY
(Luirink et al., 2005). FtsY exists as a membrane-associ-
ated form and as a cytoplasmic form. The membrane-
associated form is suggested to be the active SRP receptor
that can interact with the phospholipids and the translo-
con. Ffh and FtsY contain homologous NG domains
(Figure 2a) (Keenan et al., 2001). The crystal structure of the
complex of the NG domains of the Thermus aquaticus SRP
and FtsY revealed a heterodimer with a quasi-two-fold
symmetry (Figure 2¢; Egea et al., 2004; Focia et al., 2004). In
the structure, the NG domains of Ffh and FtsY form a
composite active site with two bound nucleotides (non-
hydrolysable GTP analogues) suggesting a mechanism for
the reciprocal GTPase activation upon complex formation.
This mechanism is markedly different from the Ras-like
GTPases which need external factors for activation and
nucleotide exchange to switch between the active and
inactive states. In addition to the NG domain, the E. coli
FtsY contains an acidic, N-terminal A domain that is
unique to bacteria and poorly conserved. The A domain is
involved in the association of FtsY with anionic phos-
pholipids and interaction with the SecYEG translocon

(Weiche et al., 2008). However, FtsY lacking the A domain
is functional in vivo.

During cotranslational targeting, recognition of the
RNC by the SRP (cargo-binding), complex formation with
FtsY and delivery to the translocon (cargo-release) needs
to be tightly regulated to avoid mistargeting. Several dis-
crete conformational states of the SRP and FtsY have been
characterised along the SRP—FtsY binding and activation
cycle leading to the following model (Zhang et al., 2009;
Figure 2d): In the presence of a RNC with a signal sequence,
the SRP and FtsY quickly bind one another adopting an
‘early’ conformation which forms independently of GTP.
The early state is stabilised by the ribosome and most likely
also serves as a checkpoint to reject incorrect cargos (e.g.
RNCs with a weak signal sequence). In the presence of
translocon, the switch from the early to the closed con-
formation of the SRP—FtsY complex is triggered in a step
requiring GTP. The activated state forms by a subsequent
rearrangement of multiple catalytic residues in the active
site of both NG domains. This leads to handover of the
RNC to the translocon, then activates GTP hydrolysis
and finally drives disassembly of the SRP—FtsY complex
(Figure 2d). The crystal structure of the Ffh—-FtsY NG
domains represents the NG domains in the closed/activated
state (Figure 2c).

A recent cryo-EM structure of the nucleotide-inde-
pendent early conformation of the RNC-SRP-FtsY
complex reveals a critical role of the 4.5S RNA in stabil-
ising the complex (Estrozi et al., 2010). The SRP is pre-
positioned by the cargo (RNC) to bind the FtsY NG
domain. The complex is stabilised by a direct interaction
between the FtsY GTPase domain and the SRP RNA. A
clear switch from the cargo-binding mode with four
ribosomal connections in the RNC—SRP complex to the
cargo-release mode with one remaining ribosomal contact
in the RNC-SRP-FtsY complex can be observed in the
respective cryo-EM structures (Schaffitzel et al., 2006;
Estrozi et al., 2010).

The bacterial SRP and FtsY can replace their eukaryotic
homologues to carry out efficient targeting of mammalian
substrates into ER microsomal membranes (Powers and
Walter, 1997) indicating that the targeting process is highly
conserved.

SecYEG Translocon

The translocase is a membrane protein complex consisting
of the conserved, hetero-trimeric Sec protein-conducting
channel (Rapoport, 2007). The crystal structure of the
archaeal SecYEP complex provided important insight
into how protein translocation is achieved (Figure 3a and b;
Van den Berg et al., 2004). The SecY subunit with 10
transmembrane helices forms the pore of the channel
(Figure 3a). SecY has internal symmetry: helices 1-5 form
one half of the channel and helices 610 the other half. The
loop between helices 5 and 6 and one helix of SecE serve as
hinge in the back of the molecule. Thus, the SecY complex

4 ENCYCLOPEDIA OF LIFE SCIENCES © 2011, John Wiley & Sons, Ltd. www.els.net
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©

Periplasm

Cytoplasm

N Periplasm

Cytoplasm

Figure 3 The translocation machinery. The crystal structure of the archaeal SecYEB (top, TRHZ.pdb) (Van den Berg et al., 2004) shown from the cytoplasm
(a) and as a side view (cut in the middle of the protein-conducting channel) (b). SecY is depicted in grey; TM2 and TM7 of SecY that line the lateral gate are
highlighted in blue and green, respectively. The inactive translocation pore is sealed by a small helix on the periplasmic site (the plug, depicted in red). The
ring of hydrophobic amino acids that seals the translocation pore is highlighted in yellow. (c) Topology of the additional translocation factors SecD, SecF,
YajC and YidC. The periplasmic domain of E. coli YidC (3BLC.pdb) (Oliver and Paetzel, 2008) is the only high-resolution structural information of these

proteins currently available.

has the form of a clam-shell that can open laterally at
the front. The interior of the channel is mostly hydrophilic,
but has a constriction in the middle which consists of a ring
of hydrophobic amino acids (Figure 3b; Rapoport, 2007).
This ring is suggested to prevent the passage of ions across
the membrane. On the periplasmic side, the inactive
channel is sealed by a small alpha helix, the plug (Figure 3a).
Biochemical experiments indicate that the plug is displaced
by the nascent polypeptide in the active state (Tam et al.,
2005).

The cotranslational translocation process starts with
binding of the cytosolic loops of SecY to the ribosome. This
seems to induce conformational changes leading to tran-
sient displacement of the translocon plug. Second, the
signal sequence intercalates into the walls of the SecY
channel (the lateral gate) such that the signal sequence
contacts phospholipids and the protein channel. This leads
to opening of the channel and insertion of the nascent
polypeptide as a loop into the channel. The polypeptide
crosses the membrane as an unfolded polypeptide or as an
o helix. The speed of translocation is determined by the rate
of translation, which is approximately 10 times slower than
translocation (Kadokura and Beckwith, 2009).

During the synthesis of membrane proteins, all helices
have to move from the interior of the SecY channel into
the lipid bilayer. The lateral gate is formed by SecY

transmembrane helices at the front of the two SecY halves
(Figure 3a and b). The lateral gate is suggested to open and
close during translocation and thus to expose hydrophobic
helices to the lipid bilayer. It seems that such protein—lipid
interactions of the hydrophobic helices are critical during
membrane protein insertion allowing the partitioning of
TMs into the membrane (Hessa et al., 2007; Rapoport,
2007). In general, TMs seem to mirror the physical prop-
erties of the lipid bilayer and the statistical distribution of a
given amino acid in the membrane correlates well with its
hydrophobicity (Hessa et al., 2007).

Positive charges and folded N-terminal domains are
retained in the cytosol. In this case, the nascent polypeptide is
inserted as a loop as it is the case for secreted proteins.
Alternatively, the TM can flip across the channel such that
the N-terminus is located in the periplasm. The translocation
of alarge periplasmic loop or domain of a membrane protein
requires SecA ATPase (Neumann-Haefelin ez a/., 2000). The
following TM after a periplasmic loop then acts as a stop-
transfer sequence. Cytosolic loops can probably move
through the gap between the ribosome and the translocation
channel which has been visualised in cryo-EM structures
of the RNC-SecYEG complex (Menetret et al., 2007; Mitra
et al., 2005). See also: Ribosome Structure and Shape

In bacteria, most exported proteins are translocated
posttranslationally. After completion of protein synthesis,
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the preproteins with a cleavable, moderately hydrophobic
signal sequence remain unfolded with the help of the
chaperone SecB (Figure 1). The energy for translocation is
provided by the ATPase SecA (Rapoport, 2007) which
associates with SecYEG. The substrate is translocated by a
pushing mechanism, where SecA binds first the signal
peptide and triggers the translocon channel to open (Simon
and Blobel, 1992). In an ATP driven cycle, SecA pushes the
polypeptide chain into the channel, releases the chain and
then grabs a new part of the polypeptide (Economou et al.,
1995). However, the clear discrimination between co- and
posttranslational translocation is questionable since SecA
was crosslinked to nascent polypeptide chains (Eisner ez al.,
2006) and is required for the insertion of membrane pro-
teins with a large periplasmic loop (Neumann-Haefelin
et al., 2000). In fact, it is more likely that protein secretion
and membrane protein folding share similar translocation
mechanisms. See also: Cotranslational Translocation of
Proteins into Microsomes: Methods; Protein Transloca-
tion across Membranes

The crystal structure of the Sec translocon and bio-
chemical experiments indicate that translocation is medi-
ated via a single SecYEG that forms the channel
(Rapoport, 2007). However, in the membrane the Sec
complex has a tendency to oligomerise (Breyton et al.,
2002; Snapp et al., 2004). In E. coli SecY EG dimers appear
to be the preeminent version, in both post- and cotransla-
tional reactions (Osborne and Rapoport, 2007; Mitra et al.,
2005). In such an oligomer, only one copy could be active at
any given time in the SecYEG oligomer. Similarly, the
mitochondrial transporters Tom40 and Tim22 which are
responsible for protein translocation across the outer and
inner mitochondrial membrane, respectively, exist as
oligomers and only one pore is active (Rehling ez al., 2003).

SecYEG-independent Translocation
by YidC

The energy-transducing membranes of bacteria, mito-
chondria and chloroplasts have a high demand for the
insertion and assembly of respiratory complexes and ATP
synthases. The ATPase and respiratory chain complexes
depend on the function of YidC which in E. coli is essential
for vitality (Samuelson ez al., 2000). YidC works in con-
junction with the SecYEG translocon in the holo-translo-
con complex (below) and as a Sec-independent insertase.
YidC and its mitochondrial and chloroplast homologues
Oxal and Alb3 are responsible for the integration of an
important subset of inner membrane proteins (Luirink
etal., 2005; Kiefer and Kuhn, 2007; Xie and Dalbey, 2008).
Well-characterised substrates of YidC include the Fyc
subunit of the essential F;Fy-ATPase, CyoA (subunit IT of
the cytochrome 0 oxidase) and the mechanosensitive
channel MscL. These YidC substrates have in common
that they are rather small and often consist of two TMs
connected via a short hairpin. Biochemical data indicate

that the YidC substrates are targeted via the SRP pathway
to the YidC insertase and inserted cotranslationally into
the membrane. Cryo-EM of YidC in the membrane and of
YidC in complex with a translating ribosome suggests that
YidC functions as a dimer and forms a second protein-
conducting channel in the membrane (Kohler ef al., 2009).
To date, only the nonessential periplasmic domain of YidC
has been solved at high resolution (Figure 3¢) (Oliver and
Paetzel, 2008). The conserved core of the C-terminal five
TMs remains unknown. The N-terminal extension con-
sisting of an additional TM and the large periplasmic
domain of YidC are likely to play a role in the function of
YidC in the Sec-dependent translocation pathway. In fact,
a mutation in the periplasmic loop of YidC has been
described to impair only the Sec-dependent function of
YidC (Xie and Dalbey, 2008). See also: ATPases: lon-
motive; Bacterial Cytoplasmic Membrane

Interestingly, it has been reported that YidC depletion
had no effect on the membrane insertion of the mechan-
osensitive channel MscL, but the formation of the penta-
meric MscL complex was almost completely abolished
indicating a novel role for YidC in the assembly of mem-
brane proteins (Pop ez al., 2009). In the membrane, YidCis
much more abundant than SecYEG. Therefore, it is likely
that it exists both as a complex with SecY EG-SecDFYajC
and in an unbound form (Nouwen and Driessen, 2002).

Holo-translocon Complex

The SecYEG translocon can associate with further mem-
brane proteins to form the holo-translocon complex con-
sisting of at least seven members (Arkowitz and Wickner,
1994; Luirink et al., 2005). The additional constituents of
the holo-translocon YidC, YajC, SecD and SecF also
contribute to the secretion and insertion reaction by a yet
unknown mechanism.

In the Sec-dependent pathway, YidC has been suggested
to be involved in membrane protein folding, assembly and
quality control (Beck ez al., 2001; Nagamori et al., 2004;
van Bloois et al., 2008). Biochemical experiments suggest
that some nascent membrane proteins first interact with the
SecY channel and are later transferred to YidC to prevent
aggregation. In fact, several consecutive TMs could all be
crosslinked to YidC after leaving the SecY channel (Beck
etal.,2001). Therefore, YidC has been suggested to act as a
membrane chaperone mediating the formation of helix
bundles before their release into the lipid bilayer. Fur-
thermore, YidC interacts with the FtsH/HfIK/C complex
suggesting a direct link between membrane protein inte-
gration, folding and quality control (van Bloois et al.,
2008). FtsH is an ATP-dependent protease that dislocates
membrane proteins from the lipid bilayer to the cytoplasm
where they are degraded. See also: Protease Complexes

The interaction of YidC with the SecYEG translocon is
thought to be mediated via the accessory complex SecD-
FYajC (Nouwen and Driessen, 2002). YajC, SecD, SecF
and YidC form a complex that appears to be associated
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with SecYEG at least transiently (Luirink ez al., 2005).
Thereis no evidence that SecDF and YajC contribute to the
protein-conducting channel or interact with the translo-
cated polypeptide. Deletion of SecD and SecF results in a
severely defective phenotype (Pogliano and Beckwith,
1994). In contrast, YajC is not needed for functionality in
E. coli. SecDF-YajC have been implicated in the regu-
lation of an activated or inserted state of SecA, and are
required for a high capacity of protein translocation
through SecYEG (Duong and Wickner, 1997). SecD and
SecF seem to enforce the posttranslational translocation
reaction by coupling it to the proton-motive force (PMF)
(Arkowitz and Wickner, 1994). Both SecD and SecF are
highly conserved in bacteria and archaea, and each protein
contains six transmembrane helices and a large periplasmic
domain (Figure 3c). Structurally, SecDF have been sug-
gested to be related to the resistance-nodulation-division
(RND) efflux super-family that includes the multidrug
transporter AcrB, another proton-driven membrane
transporter. Other protein translocation systems in mito-
chondria and thylakoids have also been shown to require
the PMF. However, in contrast to the primary energy
(ATP/GTP)-coupled translocation reaction, the PMF-
driven activity has until now not been reconstituted from
purified components and therefore the mechanism remains
unknown. See also: Bacterial Cytoplasmic Membrane

Membrane Protein Folding

The simplest model for membrane protein folding is
exclusively cotranslational (Skach, 2009; Xie and Dalbey,
2008). It requires that all TMs are recognised as signal
anchor or as stop-transfer sequences. The former induce
loop insertion and translocation across the membrane. The
stop-transfer sequence replaces the TM in the lateral gate,
terminates translocation and directs the following poly-
peptide into the cytosol until a new signal anchor sequence
reinitiates translocation. Thus, to integrate a polytopic
membrane protein the translocation must be highly
dynamic to be able to change the direction of the peptide
movement in a rapid succession. However, biochemical
data indicate that the folding of polytopic membrane
proteins does not occur exclusively cotranslational.
Instead, less hydrophobic helices can be integrated in a
subsequent step, in a process called topological maturation
(Skach, 2009). It is likely that the nonmature membrane
proteins remain associated with the holo-translocon com-
plex and that the holo-translocon assists in the maturation
by reducing the energy barrier for membrane insertion and
by providing a folding interface.

In summary, while the process of cotranslational tar-
geting and insertion is comparatively well understood, the
determinants for membrane protein folding, quality con-
trol and assembly are still enigmatic. Future in vitro and
in vivo biochemical as well as structural work has to reveal
the underlying principles of this vital biological process.

ENCYCLOPEDIA OF LIFE SCIENCES © 2011, John Wiley & Sons, Ltd. www.els.net
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Résumeé en francais / French summary

Les voies d’adressage des protéines membranaires et des protéines sécrétées
convergent a la membrane au niveau du translocon SecYEG. Les protéines membranaires
utilisent principalement la voie d’adressage et de translocation co-traductionnelle afin de
rallier leur bonne localisation. Au contraire, les protéines sécrétées sont principalement
adressées via SecA and SecB, i.e. la voie d’adressage post-traductionnelle. Ces deux voies
se différencient par les acteurs protéiques impliqués et par les protéines « moteur »
fournissant I'énergie requise pour le processus de translocation. La voie de sécrétion est
initiée aprés la terminaison de la traduction. Les preprotéines ont besoin d’étre gardées sous
une forme dépliée par la protéine chaperonne SecB afin d’étre compétente pour la
translocation. Le transfert de la preprotéine depuis SecB vers SecA induit I'attachement du
complexe SecA-preprotéine au canal de translocation des protéines SecYEG. Cette
interaction est cruciale étant donné que SecA est une ATPase qui fournit 'énergie pour le
processus de translocation. Pour la voie de translocation co-traductionnelle, le ribosome lui-
méme s’amarre a SecYEG et utilise I'énergie de la traduction afin de diriger le processus
d’insertion des protéines membranaires. Les deux voies peuvent recruter des domaines
accessoires composés de SecD, SecF, YajC et YidC au niveau du translocon principal
SecYEG, formant ainsi le complexe holotranslocon (HTL). Il a été proposé que SecDF
puisse accélérer le processus de translocation avec l'aide de la force proton motrice, tandis
que YidC est requis par certaines protéines membranaires pour l'insertion et le repliement
correct du domaine transmembranaire de ces protéines. Beaucoup d’informations
structurales sont disponibles sur les différentes sous-unités de HTL, mais l'architecture
moléculaire et l'interaction des sous-unités au sein de I'holotranslocon est énigmatique. C’est
pourquoi, un apergu structural de I'architecture du complexe HTL approfondira grandement

notre compréhension du processus de translocation.
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In this part of the introduction, we will describe in more detail the post-translational
translocation pathway. Moreover, every subunit of the SecYEG-SecDFYajC-YidC
holotranslocon will be analyzed in more detail in terms of structure and function to shed light

on their possible role in the holotranslocon complex.

1-1. The post-translational translocation pathway

In bacteria, two main targeting routes exist that converge at the SecYEG translocon
(Valent et al., 1998): the co- and the post-translational pathway (Chapter 1 - part 1). The
main difference which characterizes these two pathways is the destination of the preprotein.
The co-translational translocation is mostly used for insertion of membrane proteins into the
lipid bilayer (Ulbrandt et al.,, 1997). The post-translational pathway is mainly used to
translocate secretory proteins across the membrane (H. G. Koch et al., 1999). The two
targeting pathways use different cytosolic components to drive the translocation process. In
E. coli, the post-translational translocation pathway is energized by the motor protein SecA,
whereas the cytosolic chaperone SecB keeps the preprotein in a translocation-competent
state (Hartl et al., 1990).

1-1-1. SecB, the cytosolic chaperone

SecB is a cytosolic protein of 17 kDa, which forms a homotetramer [Fig. 1-1].

al

A.
a2
N C
B2
83 Figure 1-1. Structure of SecB from
i B1 Haemophilus influenzae at 2.5 A

resolution. A. Structure of a
monomer of SecB. The N- and C-
terminus are labeled respectively N
and C. B. Structure of a SecB
tetramer. Each molecule in the
tetramer is colored differently. (PDB
code: 1FX3; (Xu et al., 2000)).
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The monomer of SecB folds into two antiparallel a-helices and a B-sheet formed by four
strands [Fig. 1-1.A]. The interface of a homodimer is mainly mediated by the interaction
between the B-strand 1 and the a-helix 1. To stabilize the tetramer, polar interactions
between the 4 helices « 1 form the tetramerisation interface of the SecB multimer [Fig. 1-
1.B].

SecB has two functions: it binds preproteins in the cytosol and keeps them in a partly
unfolded, translocation-competent state. Second, it hands over the preprotein to SecA for
subsequent translocation (Hartl et al., 1990). Based on the crystal structure, a peptide
binding site has been suggested [Fig. 1-2] (Xu et al., 2000).

A.

Figure 1-2. Functional sites of the SecB tetramer from Haemophilus influenzae. A. Peptide
binding site. Neutral residues are colored in white; noncharged polar and charged residues are
colored in blue and hydrophobic residues are colored in red. B. Residues in the SecB tetramer
involved in binding to SecA are colored in red (PDB code: 1FX3; (Xu et al., 2000)).

A groove formed by the helix o2 and the strand 52 of one SecB shows the expected
properties of a peptide binding site [Fig. 1-2.A]. This groove is at the surface of the tetramer
and accessible for binding of an unfolded polypeptide. The hydrophobic nature of the groove
allows the chaperone to stabilize the unfolded preprotein by hydrophobic interactions.
(Randall & Hardy, 2000; Randall et al., 1998). The groove of one subunit fuses with the
groove of the neighboring subunit to form a 70 A long binding site. A tetramer contains two
binding sites, one on each sides of the oligomer. In addition to the chaperone function of
SecB, it has been suggested that SecB could also be involved in the targeting process of the
preprotein to the SecYEG channel (Hartl et al., 1990). Through a high affinity binding of SecB
to the C-terminus of SecA, the preprotein could be transferred to the SecYEG-SecA

translocation complex (Fekkes et al., 1998; Kimsey et al., 1995). Upon mutagenesis studies,
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several research groups highlighted the residues which are involved in binding to SecA [Fig.
1-2.B] (Fekkes et al., 1997; Woodbury et al., 2000).

1-1-2. SecA, the motor protein

The motor protein SecA can be located either in the cytosol or as a membrane-bound
protein (Cabelli et al., 1991) via binding to negatively charged phospholipids (Lill et al., 1990).
SecA is an ATPase of the RecA family with a molecular weight of 100 kDa [Fig. 1-3].

SecA
monomer

Figure 1-3. Structure of SecA. A. Crystal structure of a SecA dimer from Escherichia coli solved at 2
A. The two monomers are represented in red and blue (PDB code: 2FSF, Papanikolau, Y. et al., J Mol
Biol 366 (2007)). B. Crystal structure of a SecA monomer from Bacillus subtilis at 2.9 A. The NBD1
domain is colored in dark blue, the NBD2 domain in light blue, the PPXD domain in red, the HSD
domain in green, the HWD domain in orange and the two-helix finger motif in yellow. (PDB code:
1TF2, (Osborne et al., 2004)).

The crystal structure of SecA was solved in different functional states: with ADP, ATP or
nucleotide analogues (Hunt et al., 2002; Osborne et al., 2004; Papanikolau et al., 2007), with
a peptide (Zimmer & Rapoport, 2009) and in complex with SecYEG (Zimmer et al., 2008).
Dimeric forms of SecA have been proposed, one is shown in figure 1-3.A. To date, no
function could be assigned to dimeric SecA; structural and biochemical data indicate that the
functional form is the SecA monomer (Osborne & Rapoport, 2007; Zimmer et al., 2008). A
monomer of SecA is composed of 6 distinct domains, the nucleotide binding domains 1 and
2 (NBD1 and NBD2), the preprotein crosslinking domain (PPXD), the helical scaffold domain
(HSD), the helical wing domain (HWD) and the C-terminal linker (CTL) [Fig. 1-3.B]
(Papanikolau et al., 2007). The NBD domains contain the Walker A and B motifs and their

interface forms the binding site for the ATP molecule. ATP hydrolysis takes place at the
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same NBD1 / NBD2 domain interface. Preprotein binding is mediated by the PPXD and the
NBD2 domains, which form a substrate binding clamp, together with the HSD domain
(Cooper et al., 2008; Zimmer & Rapoport, 2009). The hydrophobic properties of the surface
of the clamp confirm this hypothesis. As mentioned earlier, the CTL is important for SecB
binding and for membrane localization. Notably, all the domains of SecA are shown to
interact with the SecYEG complex except for the HWD domain (Das & Oliver, 2011; Mori &
Ito, 2006; Zimmer et al., 2008).

As pointed out previously, SecA has been crystallized in different states. In the major
part of the crystals, SecA was found to be a homodimer organized in an antiparallel manner.
The question whether the dimer is the functional state of SecA is still unresolved even though
the crystal structure of the SecA in complex with the SecYE translocon shows only one
monomer of SecA [Fig. 1-4] (Zimmer et al., 2008).

Figure 1-4. Structure of the SecA-SecYEG complex from Thermotoga maritima at 4.5 A. View of
the SecA-SecYEG complex from the plane of the membrane (left) and from the cytoplasmic side
(right). The SecY is represented in light blue, SecE in dark blue, SecG in cyan and SecA in red. The
two-helix finger domain of SecA is represented in yellow (PDB code: 3DIN; (Zimmer et al., 2008)).

This crystal structure reveals the binding interface of the SecA/SecY complex. The main
interaction between SecA and SecYEG consists of the PPXD domain of SecA interacting
with the cytoplasmic loops C4, C5 and C6 of SecY. Another contact is mediated by the HSD
domain of SecA with the C-terminal tail of SecY. Interestingly, the binding surfaces for SecB
and SecYEG are located on opposite sides of SecA. The crystal structures of SecA provided

detailed mechanistic insight into its function during post-translational translocation.
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1-1-3. The protein-conducting channel SecYEG

As mentioned in chapter 1 — part 1, the first detailed structure of the SecYEG
complex was obtained by a crystal structure from an archeal homologue, Methanococcus
jannaschii, which was solved at 3.2 A resolution [Fig. 1-5] (Van den Berg et al., 2004).

Constriction
ring

Membrane

180°

Periplasm

Figure 1-5. Structure of the SecYEB complex from Methanococcus jannaschii at 3.2 A.
Cytoplasmic view (top-left), periplasmic view (top-right), front view (bottom-left) and back view
(bottom-right). SecY is represented in blue, SecE in dark blue and the B subunit in cyan. Residues
involved in the constriction ring are represented in yellow. The plug domain is represented in red. The
transmembrane helices involved in the lateral gate are represented in green. The membrane bilayer
is represented by the black lines. (PDB code: 1RHZ; (Van den Berg et al., 2004)).

In E. coli, SecYEG is composed of 15 transmembrane helices. The core protein SecY
consists of 10 helices which are organized pseudo-symmetrically with transmembrane
helices 1-5 on one side and transmembrane helices 6-10 on the other. As a channel, SecY

needs to be sealed when translocation is not occurring to avoid leakage of ions and water.
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By looking at the crystal structure from the membrane plane, SecYEG has an hourglass
shape [Fig. 1-5]. The channel is closed in the middle by a constriction ring formed by
hydrophobic residues. These residues are well conserved and their side chains are
protruding into the center of the channel thus sealing it. Additionally, SecY contains a plug
which blocks the periplasmic side of the channel [Fig. 1-5]. This plug domain is a short a-
helix which is a part of the transmembrane domain 2a of SecY. Crosslinking of the plug
domain to SecE which results in a translocon complex incapable of blocking the periplasmic
side of the funnel, has been shown to be toxic for the cell (Harris & Silhavy, 1999). Based on
electrophysiology experiments plug deletion also shows a leakage of ions (Saparov et al.,
2007). Cysteine crosslinking experiments on the plug domain show movement of the plug
domain away from the center of the channel during translocation of a polypeptide (Tam et al.,
2005).

SecY is organized as a clamshell-like structure [Fig. 1-5]. This allows the complex to
open laterally to the lipid bilayer in order to allow the insertion of a transmembrane segment.
This was confirmed by crosslinking the signal sequence to lipids (Martoglio et al., 1995). The
lateral gate is formed by the transmembrane segments 2b, 3, 7 and 8 [Fig. 1-5]. The
segments 2 and 7 have been shown by crosslinking studies to interact with the signal
sequence (Plath et al., 1998). Because 2 of the residues which form the constriction ring
belong to transmembrane segments of the lateral gate, opening of the lateral gate is
accompanied with widening of the channel. More recently, a structure was determined by
electron crystallography of SecYEG which actually shows a sighal sequence in the lateral
gate (Hizlan et al., 2012). Molecular dynamics simulation suggests an additional role for the
plug domain (Zhang & Miller, 2010). Zhang et al. suggested that the plug domain would stay
close to its closed-state position and serve as a sensor to determine the hydrophobicity of
the preprotein. Therefore, if a preprotein is highly hydrophobic the plug would remain close to

guide the preprotein to the lateral gate for insertion into the lipid bilayer.

To stabilize the structure, SecE is thought to support the clamshell structure at the
“back” of the channel formed by SecY (the “front” referring to the lateral gate) [Fig. 1-5]. The
amount of transmembrane helices displayed by SecE varies from one to three
transmembrane helices in different organisms, with a conserved domain corresponding to
the linker region between the C-terminal transmembrane helix and the amphipathic helix
which serves as a hinge (Murphy & Beckwith, 1994). Even though SeckE is highly variable in
size, the conserved domain of SecE is essential for the viability of the cell. It was shown by
depleting SecE or by overexpressing SecY that SecY alone is unstable and degraded by the
protease FtsH (Kihara et al., 1995).
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SecG is not essential for the function of the translocon and its depletion is not lethal
for the cell even though it inhibits the translocation efficiency. Reconstitution studies showed
that the minimal complex required for translocation was composed of SecY and SecE
(Brundage et al., 1990). In addition, crystal structures of the protein conducting channel often
contain only SecY and SecE (Tsukazaki et al., 2008; Zimmer et al., 2008). However, SecG
has been shown to speed up the translocation, especially at low temperature or when the
proton motive force was disrupted (Hanada et al., 1993; Nishiyama et al., 1994; Nishiyama et
al.,, 1993). Moreover, several studies suggest that the topological inversion of SecG
(Nishiyama et al., 1996) would improve translocation by stimulating SecA (Matsumoto et al.,
1998; Nagamori et al., 2002; Sugai et al., 2007). However crosslinking of SecG to SecY
resulted in the same translational activity compared to a wild-type SecYEG translocon (van
der Sluis, van der Vries, et al., 2006). Therefore the exact role of SecG in translocation

remains unclear.

1-1-4. Mechanism of the post-translational translocation

After binding of a preprotein to SecB, the preprotein/SecB complex binds SecA and
transfers the preprotein to SecA [Chapter 1 — part 1, figure 1].
Crystal structures of this intermediate complex are not available, but it was suggested that
two subunits of one SecB tetramer could bind to one molecule of SecA (Xu et al., 2000).
Subsequently, binding of ATP to the SecA/SecB complex destabilizes the complex and leads
to release of SecB (Fekkes et al., 1997). Subsequently, the SecA/preprotein complex binds
to SecYEG. During that step, the signal sequence of the bound preprotein adopts an a-
helical shape (Chou & Gierasch, 2005) which is thought to bind to the substrate binding
clamp of SecA [Fig. 1-6] (Zimmer et al., 2008). In subsequent events, the signal sequence of
the preprotein is placed in proximity of the SecYEG pore. The crystal structure of
SecA/SecYEG which corresponds to the state where the preprotein is bound to the clamp of
SecA shows that the PPXD and the NBD2 domains place the preprotein right above the pore
of SecYEG [Fig. 1-4] (Zimmer et al., 2008). After ATP hydrolysis, the signal sequence is
likely transferred to SecYEG and inserted into the lateral gate of SecYEG (du Plessis et al.,
2009; Egea & Stroud, 2010; Zimmer et al., 2008). This interaction causes an opening of the
channel by displacement of the plug domain and an increase of the pore-ring diameter of
SecY (Tam et al., 2005). The open state is stabilized by insertion of the following polypeptide
segment into the pore (Zhang & Miller, 2010).
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Figure 1-6. The clamp movement of SecA during translocation of a preprotein. Different crystal
structures of SecA reflect the conformational states of the clamp of SecA, open (left) (PDB code:
1M74 Hunt et al., 2002), partially closed (middle) (PDB code: 1TF2, Osborne et al., 2004) and closed
(right) (PDB code: 3DIN, Zimmer et al., 2008). SecA is represented in blue except for the PPXD
domain which is represented in red. The black triangles represent the opening of the clamp. The red
arrows show the movement of the PPXD domain during the closure of the clamp (adapted and
modified from (Park & Rapoport, 2012)).

The following ATP hydrolysis cycle has been shown to allow the passage of
approximately 30 to 40 amino acids through the channel (Schiebel et al., 1991). Several
models are currently debated regarding the active translocation of the polypeptide through
the pore. In the first model, the so-called “power-stroke model” (Erlandson et al., 2008),
preprotein translocation is mediated by ATP binding to the NBD domains of SecA, followed
by opening of the clamp [Fig. 1-6] and conformational change of the two-helix finger of the
HSD domain of SecA which will push it into the channel. In agreement with this model, it has
been shown that the tip of the two-helix finger was indeed binding to the preprotein
(Erlandson et al., 2008). This is further supported by the crystal structure of the
SecA/SecYEG complex, where the two-helix finger is inserted into the cytoplasmic funnel of
the channel and the tip is directly located above the translocation pore [Fig. 1-4]. After ATP
hydrolysis, the two-helix finger would reset its position, and the clamp would capture the
polypeptide again and prepare for the next cycle of ATP hydrolysis. More recently,
crosslinking of the SecA two-helix finger to SecY by a disulfide bond indicated that the
movement of the SecA two-helix finger is not crucial for the preprotein translocation
(Whitehouse et al., 2012).

The second model is the “Brownian ratchet model” (Tomkiewicz et al., 2007).
According to this model, the role of the SecA ATPase activity is to avoid any backward
movements of the preprotein which is translocated by Brownian motion through SecY. SecA

traps the preprotein within the “clamp” and allows the movement only in one direction.
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However, this model cannot explain the step-wise translocation mechanism observed

previously (Schiebel et al., 1991).

1-2. YidC acts as a Sec-independent translocase and as a molecular chaperone
in complex with SecYEG

As mentioned in chapter 1 — part 1, YidC can work in two contexts, either in a Sec-
independent or in a Sec-dependent pathway. YidC is composed of six transmembrane
helices and a large periplasmic loop (called P1 domain) connecting the transmembrane helix
1 and the transmembrane helix 2. Interestingly, even though the P1 domain represents more
than 50% percent of the protein and is conserved in gram negative bacteria, the function of
this large periplasmic domain remained enigmatic. It has been shown that if 90% of this
domain is deleted, the membrane insertion of proteins and the cell growth are not affected in
E. coli (Jiang et al., 2003; Xie et al., 2006). Therefore, the insertase activity of YidC seems to
be located in the transmembrane helices 2 to 6 including 20 amino acids from the C-
terminal part of the P1 domain. In fact, this part of YidC is conserved in mitochondria and
chloroplasts (A. Kuhn et al., 2003). More recently, it has been shown by disulfide crosslinking
that YidC transmembrane helices 2, 3 and 5 are responsible for the substrate binding in the
context of membrane insertion (Klenner & Kuhn, 2012).

YidC can interact with a lot of partners. Firstly, YidC is able to dimerize (Lotz et al.,
2008) but whether the dimer or the monomer is the active form is still under debate. Second,
co-purification studies showed that YidC is forming a complex with SecDF-YajC (Nouwen &
Driessen, 2002). Deletion constructs indicate that this interaction is mediated by SecF and
that the residues 215-265 of the periplasmic loop of YidC are crucial for binding to SecF (Xie
et al., 2006). It has been suggested that this interaction between YidC and SecDF-YajC is
required to associate YidC with SecYEG (Chen et al., 2005; Nouwen & Driessen, 2002; Xie
et al., 2006). More recently, Sachelaru et al. showed that YidC was not only interacting with
SecDF but also directly contacts the core translocon SecYEG (Sachelaru et al., 2013).
Crosslinking experiments indicate that YidC interacts with several residues located in the
lateral gate of SecY. Furthermore, these contacts were not dependent on the presence of
SecDF-YajC, even though they were weaker in the absence of SecDF-YajC (Sachelaru et
al., 2013). Moreover, the SecYEG-YidC contacts seem to become dynamic upon binding of
70S or ribosome-nascent-chain complex. Additional crosslinking experiments showed direct
interactions of YidC with substrates when associated with SecYEG (Urbanus et al., 2001).
The crosslinks showed that YidC was interacting with transmembrane segments of
translocated proteins at the exit from the lateral gate of SecY. This finding suggests that YidC

plays a role in the release of the preprotein from the lateral gate to the lipidic environment
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and could play a role as chaperone by ensuring the correct topology and the correct
assembly of multi-spanning membrane protein (Beck et al.,, 2001; Wagner et al., 2008).
Furthermore, based on crosslinking and co-purification results which showed that YidC was
interacting with FtsH, it has been suggested that YidC could also be implicated in the quality
control of membrane protein (van Bloois et al., 2008). Taken together, these results indicate
that YidC despite its relatively small size (63 kDa) is a very dynamic membrane protein that

can act alone or in complex with numerous factors exerting different functions.

Oxal in mitochondria, which is homologous of YidC can form a complex with the
ribosome via its C-terminal domain (Jia et al., 2003). By single particle cryo-EM, Kohler et al.
were able to determine the structure of YidC bound to a ribosome nascent chain complex
(RNC) [Fig. 1-7] (Kohler et al., 2009).

30S Figure 1-7. Structure of
subunit YidC bound to a translating
ribosome from Escherichia
coli at 14.4 A resolution.
The large subunit of the
ribosome is represented in
blue, the small subunit in
yellow and the dimer of YidC
in red. The membrane bilayer
is represented by the black
lines. (image taken and
adapted from the EMDB
Cytopiasm z b, website; EMDB code: EMD-
Membrane e 1615; (Kohler et al., 2009)).

Periplasm 3 YidC

50S
subunit

Thus, YidC can associate with the ribosome to act as a translocase in a co-translational
manner (Kohler et al., 2009; Sachelaru et al., 2013).

1-2-1. Structure of the YidC periplasmic domain

The only high resolution information available for YidC is the crystal structure of the
periplasmic domain P1 of YidC [Fig. 1-8] (D. C. Oliver & Paetzel, 2008; Ravaud et al., 2008).
The periplasmic loop is organized in a beta-sandwich motif constituted of 2 beta-sheets (18
beta-strands in total) and of 3 alpha-helices. Many conserved residues are involved in the
interaction between alpha-helix 3 and beta-sheet 2 suggesting that this interaction may have

a functional or structural role (D. C. Oliver & Paetzel, 2008).
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beta-sheet 1 beta-sheet 2

Figure 1-8. Structure of the periplasmic domain of YidC from Escherichia coli solved at 1.8 A.
alpha-helices and the beta-strands forming the beta-sheet 1 (left) and the beta-sheet 2 (right) are
labeled. The N- and C-terminus are labeled respectively N and C. (PDB code: 3BS6; (Ravaud et al.,
2008)).

In addition, the structure allows the localization of the important areas identified in
biochemical analysis. The C-terminal part of the P1 domain which was characterized by Xie
et al. as important for cell viability and insertase activity corresponds to the alpha-helix 3
(Ravaud et al., 2008; Xie et al., 2006). beta-strand 11-15 and alpha-helix 1 are the residues
likely to be responsible for the binding to SecF [Fig. 1-9] (Xie et al., 2006).

Figure 1-9. Map of the SecF interaction
with the periplasmic domain of YidC.
Residues which are involved in the
binding of SecF are represented in red
and the beta-strands and the alpha-helix
are labeled (PDB code: 3BS6; (Ravaud et
al., 2008)).

B12 B11 B14 B13 P15

This surface is composed of a negatively charged patch next to a positively charged patch,
indicating that the interaction between SecF and YidC may be electrostatic. However, this
could not be observed by NMR titration or isothermal titration calorimetry experiments
suggesting that this interaction might be transient and might have a low affinity binding
(Ravaud et al., 2008; Xie et al., 2006).

The presence of a PEG molecule bound to an elongated cleft in the YidC periplasmic

domain suggests a possible binding pocket for an elongated peptide or acyl chain in P1 [Fig.
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1-10] (Ravaud et al., 2008). This cleft is formed by 22 residues on the surface of beta-sheet
1. The cleft is predominantly hydrophobic and formed by conserved residues located in the
center of the binding cleft. This finding implicates that the P1 domain of YidC could interact

directly with the periplasmic parts of the translocated substrates.

Binding cleft
—
PEG

molecule

Figure 1-10. Binding cleft of the periplasmic domain of YidC. The PEG molecule is shown
in a stick representation. (PDB code: 3BS6; (Ravaud et al., 2008)).

One region of the P1 domain (residues 323-346) is suggested to link the periplasmic loop to
the membrane and has been shown to be crucial for cell viability and the insertase function
(Jiang et al., 2003; Xie et al.,, 2006). Furthermore, bioinformatics analyses gave more
information about the residues 330-346: the alpha-helix 3 seems to be composed of 9
additional residues (residues 323-338) and seems to have a hydrophobic C-terminus which
will allow interaction with the membrane. In addition, the following amino acids (residues 340-
355) are predicted to be an amphipathic helix which could interact or insert into the
membrane. The orientation of the P1 domain and how it is exactly connected to the

membrane part is still enigmatic.

1-3. The accessory domain SecDFYajC

1-3-1. Structure/function of SecDF

The structural and biochemical characterization of SecDF provided detailed insight in
the function of this accessory membrane complex. The crystal structure of Thermus
thermophilus SecDF was solved at 3.3 A resolution and structure based mutations were
used to understand the role of SecDF in the translocation event [Fig. 1-11] (Tsukazaki et al.,
2011).
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' Figure 1-11. Structure of SecDF
{ B from Thermus thermophilus at

{ ,{V‘N\ P4 3.3 A. The part corresponding to
Periplasm SecD is represented in dark green

g . and the part corresponding to

‘ Y & E— SecF domain in light green. The
membrane bilayer is represented

by the black lines. (PDB code:
Membrane 3AQP; (Tsukazaki et al., 2011)).
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Contrary to E. coli where SecD and SecF are composed as a heterodimer containing 6
transmembrane segments each, T. thermophilus SecDF is composed of a single chain
containing 12 transmembrane helices. The interface between SecD and SecF is formed by
the transmembrane helices 4 and 10. The complex contains two large periplasmic domains
called P1 (SecD periplasmic domain) and P4 (SecF periplasmic domain). Previous
experiments indicated that that the SecDF complex accelerates translocation by SecYEG by
using the proton motive force (PMF) (Arkowitz & Wickner, 1994; Duong & Wickner, 1997a).
Furthermore, it was suggested that SecDF could play a role in the late stage of the
translocation when the preprotein interacts with the periplasmic domains of SecD and SecF
(Matsuyama et al., 1993; Nouwen et al., 2005; Schiebel et al., 1991). The structure of the
isolated P1 domain indicated that the SecD periplasmic domain was composed of a base
and a head subdomain (Tsukazaki et al., 2011). The P1 base has a similar structure to the
SecF P4 domain. Superposition of the P1 domain alone and the SecDF structure indicated
that this P1 domain can rotate 120 degrees around the hinge region between the head and
base and thus adopt at least two different conformations called F and | [Fig. 1-12]. These
conformations were confirmed by crosslinking experiments and complementation analyses
indicated that the two forms were present in vivo. Thus, this conformational change is likely

to be crucial for the function of SecDF (Tsukazaki et al., 2011).
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Periplasm
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Figure 1-12. Conformational change of the P1 head domain of SecDF. Movement between the F
form (left) and | form of SecDF (right) are represented by the red arrows. The SecD domain is
represented in dark green and SecF domain in light green. The membrane bilayer is represented by
the black lines. (PDB code: 3AQP and 3AQO; (Tsukazaki et al., 2011)).

Furthermore, Tsukazaki et al. analyzed the role of SecDF in the translocation
process. They confirmed that in in vitro translocation experiments, SecDF is required as well
as the proton motive force for ATP-independent translocation (Schiebel et al., 1991;
Tsukazaki et al.,, 2011). SecDF belong to the resistance nodulation and cell division
superfamily (RND). In fact in the crystal structure, the transmembrane domains of SecD and
SecF are assembled pseudo-symmetrically like in AcrB (Tsukazaki et al., 2011). Mutation of
conserved SecDF residues which are important for function of AcrB resulted in SecDF
variants which were inactive in patch clamp experiments (Tsukazaki et al., 2011). These
residues are located at the interface of SecD and SecF and are thought to be involved in the
proton transport through the membrane.

Previously it was suggested that the periplasmic domain P1 of SecD could bind an
unfolded protein like the preprotein which would come out of the translocon (Matsuyama et
al., 1993; Tsukazaki et al., 2011). In patch clamp experiments, a mutant which lacked the
head domain of P1 was inactive in proton transport (Tsukazaki et al., 2011). This finding is
supported by Matsuyama et al. who showed that pretreating spheroplasts with anti-SecD IgG
was blocking the secretion of proOmpA and preMBP (Matsuyama et al., 1993). Furthermore,

based on time course experiments they showed that SecD was involved in late stage of the
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release of the preprotein. Taken together, these results suggest that SecD is involved in the
release of the preprotein as soon as it crosses the SecYEG channel and that the proton
motive force may be the energy source for the conformational change occurring in the head

domain of P1.

These findings allowed to suggest a possible model of the translocation process by
the SecYEG-SecDF complex in the presence of a proton motive force [Fig. 1-13] (Tsukazaki
et al., 2011). In that model, after binding of SecA or the RNC on the holotranslocon, the
translocation of the protein will start with the binding of the signal (anchor) sequence to the
lateral gate inducing its opening and the enlargement of the central pore of the channel. The
translocation of the protein in the channel will continue until the nascent chain/preprotein
interacts with the periplasmic domain of SecD preventing any backward movement. In a
second step, by using the proton motive force as energy, SecD will undergo a conformational
change [Fig. 1-12] where its periplasmic domain will pull the substrate. If a second
hydrophobic sequence is detected as a possible transmembrane domain, the initial signal
sequence could be transferred to YidC and the next transmembrane segment could stabilize
the opening of the gate. After that, SecD could return to its F form and wait for another round
of interaction with the translocation substrate.

YidC

Periplasm
2900099000000000

O

Nascent
chain

Ribosome nascent

chain complex < tRNA

Figure 1-13. Proposed model of the role of SecDF and the PMF in the translocation process.
The ribosome is colored in light blue, the P-site tRNA and the nascent polypeptide chain in yellow,
YidC in magenta, SecYEG in blue, SecD in dark green, SecF in light green, lipids in orange. The
movement of proton is represented by the white arrow. (adapted and modified from (Tsukazaki et al.,
2011)).

43



Mathieu Botte Thesis Chapter 1

1-3-2. YajC, a single helix membrane-spanning protein

SecDF can form a complex with YajC (Duong & Wickner, 1997a; Nouwen & Driessen,
2002). YajC is a small membrane protein of 110 amino acids. YajC is not needed for the
function of the holotranslocon (Duong & Wickner, 1997a) and the exact role of YajC is not
known. A structure of a part of YajC (residues 19 to 55) has been solved in complex with
AcrB, a homolog of SecDF [Fig. 1-14] (Tornroth-Horsefield et al., 2007).

Figure 1-14. Structure of
YajC in complex with a
monomer of AcrB from
Escherichia coli solved at
3.5 A resolution. YajC is
represented in red and the
monomer of AcrB is
represented in blue. The
membrane bilayer is
represented by the black
lines. (PDB code: 2RDD;
Transmembrane  (Tornroth-Horsefield et al.,

domain 2007)).
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In the AcrB-bound context, YajC forms a long tilted helix in the membrane plane and
interacts with the transmembrane domain of AcrB at the interface with the lipids. As AcrB is a

homolog of SecDF, it is suggested that YajC will bind in the same manner to SecDF.

Recently, based on this structure, Fang and Wei undertook to characterize YajC in
more details (Fang & Wei, 2011). Using secondary structure prediction tools and circular
dichroism spectroscopy, they determined that YajC contained 2 a-helices on the N-terminus
and 5 short B-strands on the C-terminus. Regarding the N-terminal and C-terminal part of
YajC, the crystal structure showed additional disjoint densities which could fit these domains
(Tornroth-Horsefield et al., 2007). In order to check the topology of YajC in the membrane,
the authors performed a biotin labeling and a topology assay to localize precisely the N- and
C-terminus of YajC. They found that the C-terminus of YajC was localized in the cytoplasm
and that the N-terminus was embedded in the membrane. Tryptic digestion, circular
dichroism spectroscopy and gel filtration analysis suggests that the C-terminal part of YajC
forms a soluble and compact domain, which forms a homotetramer. It has been shown that

YajC is expressed in the cell at a higher level than SecDF, with ~200 copies of YajC
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compared to ~30 copies of SecDF (K. J. Pogliano & J. Beckwith, 1994). Most likely, YajC
exists in different forms in the cell, in complex with AcrB, in complex with SecDF, in complex
with unknown partners or forming homo-oligomers (Fang & Wei, 2011; Tornroth-Horsefield et
al., 2007).

1-4. Co-translational translocation components

During co-translational translocation, the most important partner of SecYEG is the
ribosome. The ribosome will initiate the opening of the channel and supply the energy
required for the translocation. Several cryo-EM structures are available providing insights into
the binding and function of the RNC-SecYEG complex [Fig. 1-15] (Frauenfeld et al., 2011;
Ménétret et al., 2007; Mitra et al., 2005). The most recent structure was obtained after
reconstitution of the SecYEG complex into nanodiscs which mimics the membrane
environment (Bayburt et al., 2002). The use of a stalled intermediate of a translating
ribosome allows analysis of an early state of co-translational translocation and its effect on
the SecYEG conformation. In addition to the helices of the SecYEG complex, another helix
was observed. After generation of an atomic model by flexible fitting of the crystal structures,
this extra helix was fitted in the lateral gate of the SecYEG channel and thus could represent
the signal anchor sequence. . In agreement with the previous studies using Sec translocon in
a detergent solubilized state (Beckmann et al., 2001; Ménétret et al., 2007; Mitra et al.,
2005), a gap of about 15-25 A was visualized between the ribosome and the SecY channel.
This gap has been suggested to allow the folding of cytoplasmic loops of membrane
proteins. The main contacts between the ribosome and the SecYEG complex are formed by
the cytoplasmic loops C6 and C8 of SecY with ribosomal RNA helices and with ribosomal
protein L23. Furthermore, an additional contact between SecE and the ribosomal proteins
L23 and L29 was reported (Frauenfeld et al., 2011).

In the cryo-EM structure with the SecYE nanodisc, the rRNA helix 59 seems to
contact the lipids which are in proximity of the lateral gate (Frauenfeld et al., 2011). Molecular
dynamics simulation confirmed these findings. Based on these results, Frauenfeld et al.
suggest that the contact between the ribosome and the membrane in proximity to the lateral
gate could facilitate the insertion of the transmembrane helices into the bilayer by
destabilizing the membrane and therefore minimizing the energy required by the
transmembrane domain to enter the lipid bilayer. This implicates that the ribosome does not
only act only as the motor of the translocation but is also a catalyst of the membrane

insertion event.
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Figure 1-15. Ribosome-SecYE complex in a nanodisc. A. Atomic model of the ribosome-SecYE
complex in a nanodisc based on cryo-EM reconstruction. B. Zoom into the region of interaction
between SecYE and the ribosome. The black circle highlights the interaction between the ribosome
and the lipid bilayer. C. Organization of the SecYE and the signal anchor sequence within the
nanodisc view from the cytoplasmic side. MSPs are represented in red, SecY in blue, SecE in dark
blue, the ribosomal large subunit in light blue, the ribosomal small subunit in yellow, tRNA in orange,
the nascent chain in green and the lipids in gray. (PDB code: 3J00, 3J01; (Frauenfeld et al., 2011)).

An additional SecYEG binding partner involved in co-translational targeting and translocation
is the SRP receptor FtsY. This was shown by crosslinking and fluorescence resonance
energy transfer (FRET) measurements (Angelini et al., 2005; P. Kuhn et al., 2011). After
binding of the RNC-signal recognition particle (SRP) complex to FtsY, the subsequent
interaction of FtsY with SecY is required to handover the RNC from the SRP to the
translocon. Furthermore, Kuhn et al. provided evidence that the binding site used by FtsY,
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the cytoplasmic loops C4 and C5 of SecY are also involved in the binding of other partners
like SecA or RNCs. Based on the crystal structure [Fig. 1-5], these cytoplasmic loops are
protruding in the cytosol (Cheng et al., 2005; P. Kuhn et al., 2011; Mori & Ito, 2006).
Therefore, Kuhn et al. suggested that this shared binding site could serve as a sensor to

determine the occupancy of a SecYEG complex.

1-5. Aim of this study

The structure and function of SecYEG complex and its partners have been studied
extensively during the last decades. However, the exact interactions which would yield to a
holotranslocon “supercomplex” composed of SecYEG, SecDFYajC and YidC remain unclear.
This is mostly due to the fact that until recently the holotranslocon complex could not be
purified in sufficient quality and quantity. Consequently, the role of such a complex and the
role of the accessory proteins have not been studied to date. Here, we establish the
purification of the SecYEG-SecDFYajC-YidC holotranslocon. We use the purified complex
consisting of seven membrane proteins for biophysical analyses and single-particle cryo-
electron microscopy (EM) to characterize the precise organization of this complex. This study
aims to reveal the stoichiometry and molecular organization of the holotranslocon and to

shed light on the functional interplay of its subunits.

Based on a previous study which showed that it is possible to overexpress and purify
a SecYEG-SecDF-YidC complex (Bieniossek et al., 2009), we established a purification
protocol yielding homogenous holotranslocon and SecDFYajC -YidC subcomplexes with the

aim to study their structure by electron microscopy.

A high resolution cryo-EM structure would allow us to generate a quasi-atomic model
of the holotranslocon complex by fitting the available crystal structure of the subunits into the
EM density. Such a quasi-atomic model would reveal the molecular interactions of the
different subunits of the holotranslocon which could be challenged subsequently by

mutagenesis or crosslinking experiments.
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Chapter 2 : Holotranslocon
purification optimization
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Résumeée en francais / French summary

Une étude pilote décrivant le systéeme d’expression ACEMBL pour des complexes mutli-
protéiques ainsi que la premiére purification de I'holotranslocon a montré que ce complexe
peut étre surexprimé, solubilisé a l'aide de détergent et purifié (Bieniossek et al., 2009).
Cependant, les analyses suivantes par microscopie électronique a coloration négative ont
mis en évidence un échantillon hautement hétérogéne. De plus, la stoechiométrie des sous-
unités variait entre les purifications. C’est pourquoi le protocole de purification a nécessité
une optimisation afin d’obtenir un matériel de qualité suffisante afin de mener une étude de
biologie structurale par cryo-microscopie €lectronique. Pour ce faire, nous avons testé
plusieurs constructions exprimant I’holotranslocon, et avons obtenu un échantillon de qualité
supérieure en co-exprimant YajC avec une étiquette CBP. Un complexe incluant les sept
protéines membranaires a pu alors étre purifi€ de maniére homogene grace au systeme de
purification Ni-NTA et chromatographie d’affinité pour la calmodulin suivis par une étape de

centrifugation sur gradient de glycérol combiné avec du glutaraldéhyde.
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2-1. Holotranslocon expression

The holotranslocon is a membrane protein complex consisting of 7 membrane
proteins, SecY, SecE, SecG, SecD, SecF, YajC and YidC. In order to be able to express
such a large complex, with 34 transmembrane helices, we used the ACEMBL technology
which was developed in collaboration with the Berger laboratory (Bieniossek et al., 2009).
This approach allows recombinant production of challenging multiprotein complexes in
bacteria in a rapid, flexible and automatable manner. Different plasmids were generated, one
containing 6 genes (SecYEGDF-YidC), three containing 7 genes (SecYEGDF-YidC-YajC)
and one encoding for SecDF-YajC-YidC [Fig. 2-1].

HTL1 HTL4 _—
i Kn

ara

R BR322 R BR322

Ap ori Cm YajC-CBP

Ap ori Cm

R BR322 ‘ R R6K
Ap ori YajC-CBPKn ori

R BR322
Ap ori YajC-CBP

Figure 2-1. Holo-translocon expression constructs based on the ACEMBL expression system.
HTL1 (top-left) consists of the pACE acceptor and the pDC donor vector combined by Cre-loxP
fusion (LoxP, grey circles). A polycistron encoding for YidC, SecD (D), SecF (F) with an arabinose
promoter (ara, yellow) has been subcloned into pACE. A second polycistron encoding for SecY, SecE
(E) and SecG (G) with a trc promoter (trc, red) has been cloned into pDC. HTL2 (middle-left) is a
fusion of the HTL1 construct with the donor vector pDK encoding Strep-tagged YajC with lactose
promoter (lac, yellow). HTL3 (bottom-left) is a fusion of HTL1 with pDK encoding CBP-tagged YajC
with trc promoter. HTL4 (top-right) is a HTL3 based construct with a Strep-tagged YidC and a tag-
free SecD where all genes are under the control of a trc promoter. DFYY (bottom-right) is a fusion of
the previous pACE and pDK vectors. The position of hexahistidine-tags in YidC, SecD and SeckE is
indicated in green. The position of the CBP-tag in YajC is indicated in grey. The transcription
terminators are shown as black squares. Origins of replication (BR322 and R6Kyori) are indicated.
Antibiotic resistance genes confer resistance to the following antibiotics: Ap, ampicillin; Cm,
chloramphenicol and Kn, kanamycin.
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The initial construct HTL1 was designed in order to express the main components of the
holotranslocon which are known to be essential for E. coli. This plasmid did not encode the
YajC protein which is not essential for E. coli viability (Duong & Wickner, 1997a). In order to
generate a construct containing all the known subunits of holotranslocon, HTL2 was
designed including YajC encoded by a donor vector. In that construct, a Strep-tagged YajC
was under the control of a lactose promoter. This strategy was causing problems of
stoichiometry because of the usage of three different promoters. In fact, expression of Strep-
tagged YajC could never be detected by Western blotting (not shown). Therefore, the HTL3
construct was generated. This construct was showing good yields of expression for all seven
proteins. The HTL4 strategy was developed in order to have a different tag on each
subcomplex of the holotranslocon. Strep-tagged YidC, His-tagged SecYEG and CBP-tagged
SecDF-YajC would allow isolating holotranslocon complexes only by three subsequent
affinity purification steps. The initial test with the HTL4 construct showed however a rather
weak expression compared to the previous constructs. This could be caused by the
leakiness of the trc promoter. For this reason and because the work done so far with the
HTL3 construct was progressing well concerning the expression tests and the purification
trials, we decided to use the HTL3 construct and the DFYY construct [Fig. 2-1] for further

experiments.

After choosing our construct, the first task was to optimize the expression of the
holotranslocon complex and the DFYY subcomplex in order to obtain as much material as
possible. We tested the expression of our constructs using two different strains which are
commonly used for membrane protein expression, BL21Star (DE3) (Invitrogen) and C43
(DE3) (Miroux & Walker, 1996). These strains minimize potential toxicity associated with the
over-expression of membrane proteins. The cells were grown in 2xYT medium. Expression
of the holotranslocon (HTL) was induced by addition of 0.5mM IPTG and 0.2% L-arabinose.
After 3 hours of induction, expression levels were analyzed by SDS-PAGE analysis [Fig.2-

2],

BL21star ) )
M on 3h on 3n on an on an Ct Figure 2-2. Holo-translocon expression
kD

. test. Whole cells were analyzed on a
150 == == T coomassie-stained SDS-PAGE gel.
100 === —_ = Samples were taken before (Oh) and after

— e

il

. e —ap SecD induction (3h). Four different cell cultures
S0 - = - __'_ —§ 4 YidC  \yere analyzed, two for the culture using
37— — o = IR C43 cells and two for the culture using
* * * =+t SecY

BL21 Star (DE3) cells. The same volume
25 - = = SecF  of cell culture was loaded for each
o = -2 condition. Purified HTL has been used as
SecE  control (Ctl). The asterisks show the

15 T [SecG]

ositions of the proteins of interest.
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Using BL21 Star (DE3) as expression strain, we were able to express HTL3 and DFYY with
good vyields. The expression level was high enough to be able to localize the induced
proteins of interest within the whole cells on a SDS-PAGE. Regarding the expression of the
complexes in the C43 cells, the growing phase was slower compared to the expression using
BL21 Star (DE3). Under the same growth conditions, reaching the optical density (OD)
required for induction (OD ggonm = 0.6) was taking twice the time for C43 compared to BL21
Star (DE3) cells. Therefore, the BL21 Star (DE3) strain was chosen for the expression of the

HTL3 and DFYY constructs in the subsequent experiments.

2-2. Holotranslocon affinity purification

With the confidence that the proteins of interest were expressed with good yields, we
next optimized the purification scheme in order to obtain homogenous material for
biochemical characterization and electron microscopy studies. After expression, membranes
were prepared using a well-established protocol in our laboratory. The cells were disrupted in
HSGM buffer (20mM Hepes-KOH pH8.00, 130mM NacCl, 5mM Mg(OAc),, 10% glycerol) at
18 kpsi using a microfluidizer followed by an ultracentrifugation step to isolate the membrane
fraction. The membranes were then solubilized using 1.5% DDM (n-Dodecyl B-D-
Maltopyranoside) for two hours. As mentioned previously, for the purification, different affinity
tags were added, a histidine-tag on SecD, SecE and YidC and a CBP-tag on YajC [Fig. 2-1].
The initial purification scheme comprised a Ni*-NTA affinity chromatography step
(immobilized metal ion affinity chromatography, IMAC) followed by a second affinity
chromatography to “pull-down” the complexes containing the CBP-tagged YajC protein. The
IMAC purification protocol included in an overnight wash at 4°C with HSGM buffer
supplemented with 30mM imidazole and 0.1% DDM. After a second wash with a high salt
buffer (20mM Hepes-KOH pH8.00, 130mM NaCl, 5mM Mg(OAc),, 30mM imidazole, 10%
glycerol, 0.1% DDM) a final wash was performed with HSGM buffer supplemented with
100mM imidazole and 0.1% DDM. Proteins were eluted from the column with HSGM buffer
supplemented with 300mM imidazole and 0.1% DDM. All seven membrane proteins are co-
eluting from the column as indicated by SDS-PAGE [Fig. 2-3]. As shown on the Coomassie-
stained SDS-PAGE [Fig. 2-3], a lot of proteins were lost during the various washing steps of
the affinity purification. Therefore, we changed the imidazole concentration during the wash
steps and shortened the wash steps (no overnight wash step). The optimized IMAC protocol
consisted of an initial wash at 4°C with HSGM buffer supplemented with 10mM imidazole
and 0.1% DDM until the UVagonm Signal reached the baseline. The second wash with a high
salt buffer (20mM Hepes-KOH pH8.00, 130mM NacCl, 5mM Mg(OAc),, 10mM imidazole, 10%
glycerol, 0.1% DDM) was followed by a final wash with HSGM buffer supplemented with

53



Mathieu Botte Thesis Chapter 2

40mM imidazole and 0.1% DDM. Proteins were eluted from the column with HSGM buffer
supplemented with 300mM imidazole and 0.1% DDM. Compared to the initial protocol, we

lost less holotranslocon proteins during the wash steps [Fig. 2-4].
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As a result of the optimized NINTA purification protocol, the stoichiometry of the proteins in
the eluate is more reproducible and is closer to the 1:1:1:1:1:1:1 expected for the HTL. For
example, in figure 2-3, there is clearly a huge excess of YidC. This is considerably improved

in figure 2-4.

Following this first affinity purification, we performed a calmodulin (CaM) affinity
purification using the CBP-tag fused to YajC. This affinity purification system is based on the
high affinity of the CaM for the CBP-tag in presence of calcium ions. Upon removal of the
calcium ions from the environment by addition of the chelator EGTA, CaM undergoes a
conformational change that results in the release and elution of the tagged protein. After
elution from the first affinity column, the proteins were desalted using a HiTrap Desalting
column (GE Healthcare) equilibrated with CBP binding buffer (50mM Hepes-KOH pH8.00,
130mM NacCl, 10% glycerol, 2mM CacCl,, 0.03% DDM). Subsequently, the proteins were

incubated overnight with calmodulin affinity resin (Stratagene) equilibrated with the CBP
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binding buffer. The resin was washed with CBP washing buffer (50mM Hepes-KOH pH8.00,
130mM NacCl, 10% glycerol, 0.2mM CaCl,, 0.03% DDM) prior to the elution with CBP elution
buffer (50mM Hepes-KOH pH8.00, 400mM NacCl, 10% glycerol, 2mM EGTA, 0.03% DDM).
Again, all the holotranslocon proteins are co-eluting as shown by SDS-PAGE and Western

blot against the CBP-tag indicating that they indeed form a complex [Fig. 2-5].
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Figure 2-5. Calmodulin affinity chromatography of the holo-translocon. HTL3 purified on a
NiNTA column was incubated with calmodulin resin. The purity was estimated by SDS-PAGE
(top-left), western blot (top-right) and negative stain electron microscopy after coloration with
2% uranyl acetate (bottom). IP, input NiNTA purified HTL3; FT, flow through; W, wash. The
asterisks indicate the position of the CBP-tagged YajC in the western blot. The micrograph clearly
shows sample heterogeneity.

However, the expression and stoichiometry of this complex slightly differs in each of the
purifications. As the CBP-tag is placed on YajC, the calmodulin affinity chromatography can
“pull-down” at least two complexes, HTL and DFYY (possibly also SecDF-YajC). Moreover,
the eluted proteins are very heterogenous in size as shown by negative stain electron

55



Mathieu Botte Thesis Chapter 2

microscopy [Fig. 2-5]. Therefore, the sample was subjected to a size exclusion
chromatography using a Superdex 200 equilibrated with HSGM buffer supplemented with
0.03% DDM in order to improve the homogeneity of the complex. The proteins were eluting
continuously starting from the void volume to the dead volume of the column indicating

aggregation and considerable heterogeneity of the sample.

With the affinity chromatography protocol described here, we could not solve the
problem of heterogeneous holotranslocon sample. To further improve the isolation of a
homogeneous holotranslocon complex, two strategies were pursued: First, additives were
added to the current purification protocol in order to stabilize the complex (other detergents,
lipids) and thus to increase the ratio of HTL in solution. The second approach included a
further purification step to separate the different complexes in solution.

2-3. Effects of detergents and lipids

During membrane protein complex purification, a high concentration of detergent can
perturb the interaction between the membrane protein complex and lead to heterogeneity of
the sample. In chapter 3, we show that this is indeed the case for the holotranslocon. A DDM
concentration higher than 0.05% is destabilizing the holotranslocon complex and generating
SecYEG and DFYY complexes. Therefore, we always used a DDM concentration of 0.03%
and avoided concentrating the sample as this would lead to higher detergent concentrations

as well.

The addition of lipids during the purification steps can help stabilizing membrane
complexes (Lund et al., 1989). The instability of a membrane protein complex can be caused
by delipidation of the complex due to the detergent solubilization. The lipids have a role of
stabilization of the transmembrane domains and if the detergent is removing these lipids, this
can lead to dissociation or aggregation of the complex. Cardiolipin was shown to play a very
important role in stabilizing the SecYEG-SecYEG complex (Gold et al., 2010). Accordingly,
we added cardiolipin during the purification of holotranslocon in order to reintroduce this lipid
which likely is bound at the interface between protein and detergent. The rationale was to
see whether this increases the stability of the HTL complex. After IMAC, the lipid-depleted
sample was incubated overnight at 4 °C with a 10-fold molar excess of cardiolipin followed by
a CaM affinity chromatography. The resulting complexes were analyzed by SDS-PAGE and
negative-stained electron microscopy. Unlike with SecYEG dimer complex (Gold et al.,
2010), we were not able to detect any improvement of the homogeneity of the sample.

Cardiolipin was not able to stabilize the holotranslocon complex in our hands. Therefore, we

56



Mathieu Botte Thesis Chapter 2

decided to try the second approach consisting of addition of a purification step in order to

further increase the homogeneity of the holotranslocon sample.

2-4. lon exchange purification of the SecDF-YajC-YidC

In order to obtain more homogenous holotranslocon sample, we decided to first focus
our optimization on the sub-complex composed of the four “regulatory” proteins (Nouwen &
Driessen, 2002): SecD and SecF, YidC and YajC. These proteins were always present in
different stoichiometry in the holotranslocon preparations. In addition, based on previous
experiments (Nouwen & Driessen, 2002), this subcomplex was shown to be quite stable.
However in contrast to SecYEG, the SecDF-YajC-YidC complex tends to aggregate during
the purification described above. Therefore, we concluded that most of the problems during
the purification of the holotranslocon complex arise from the SecDF-YajC-YidC subcomplex.
Another source of the inhomogeneity is the instability of the holotranslocon complex — we
address this issue in the next chapter (GraFix).

We first tried to purify DFYY by ion exchange chromatography (IEX). This approach
makes use of the protein functional groups that can have both positive and negative charges
and allows adsorption and reversible binding of charged sample molecules to oppositely
charged groups attached to an insoluble matrix. By adjusting the buffer pH and/or the ionic
concentration, various proteins can be separated. The pH value at which a protein carries no
net charge is called the isoelectric point (pl). This value is protein specific. When exposed to
a pH below its pl, the protein will carry a positive charge and will bind to a cation exchanger
(negatively charged groups). The pl of a membrane protein complex is difficult to obtain and
can deviate significantly from the theoretical pl of the subunits. When we calculated the
theoretical pl of SecDF-YajC-YidC (DFYY), we realized that the complex is predicted to be
uncharged at pH 8.0 and only weakly charged between pH 7.0 and 8.0 [Fig. 2-6]. In fact, this
may explain the observed aggregation problems we had with the complex when applying the
purification scheme described above. We therefore decided to use a pH value for IEX at
which the complex of SecD, SecF, YidC and YajC predicted to be more soluble (pH<7.0;
aggregation was observed at pH8). To purify DFYY, Ni*-NTA affinity chromatography
followed by a cation exchange column, SP sepharose, was used. Elution was performed by a
linear gradient from buffer A (20mM MES pH 6.00, 40mM NacCl, 10% glycerol, 0.03% DDM)
to 50% of buffer B (20mM MES pH 6.00, 1.5M NaCl, 10% glycerol, 0.03% DDM).
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Figure 2-6. Titration curve of the DFYY complex. The titration curve for
DFYY was obtained by submitting the sequences of the four individual
subunits as the sequence of a single protein on the Protein Calculator of
the Scripps Research Institute (www.scripps.edu/~cdputnam/protcalc.html).

Two different pools were eluted from the cation exchange column: pool 1 eluted at
600 mM NacCl; pool 2 eluted at 750 mM NaCl. The two pools were loaded separately onto a
size exclusion column (SEC, superdex200 HiLoad 16/60) equilibrated with HSGM buffer
supplemented with 0.03% DDM. The quality of SecDF-YajC-YidC sample was estimated by
SDS-PAGE and by negative stain electron microscopy [Fig. 2-7]. Both pools of DFYY were
eluting as a single peak from the gel filtration column with the same elution volume [Fig. 2-7].
The main difference was detected by the SDS-PAGE analysis of the eluted fractions. In pool
1, an excess of YidC was observed compared to SecD and SecF. In the second pool, the
stoichiometry seemed to be equal for SecD, SecF and YidC. YajC could not be detected by
Coomassie staining. However, negative stain electron microscopy indicated considerable
inhomogeneity of both samples as evidenced by the detection of particles which were much
larger than expected for a 180kDa complex (assuming that the DFYY complex consists of
one copy of each protein) [Fig. 2-7].

Taken together, we concluded from our purification experiments that the
holotranslocon complex is not very stable and is further destabilized during the different
purification steps and/or during the grid preparation. Therefore, we decided to chemically
stabilize the complex using a combined glycerol and crosslinking agent gradient

centrifugation (GraFix).
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Figure 2-7. Analysis of DFYY purified by anion exchange chromatography. Chromatogram and
SDS-PAGE of the first pool which eluted at lower salt concentration from the SP sepharose column
(top) and of the second pool (middle) eluting at higher salt concentration from the IEX column. The
elution volume is indicated in milliliter (ml). Negative stain analysis of the gel filtration peak fraction of
the second pool (bottom). Proteins were stained with 2% uranyl acetate. Red squares represent
particles of a size expected for a 180 kDa complex (assuming a 1:1:1 stoichiometry). Green and blue
squares on the micrograph represent different sizes of bigger particles.
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2-5. GraFix

We observed that the complexes were eluting as a single peak from the gel filtration
column, but were extremely heterogeneous during electron microscopy studies. Therefore,
we considered that the size exclusion chromatography (SEC) was too harsh for the integrity
of our complex. SEC could induce dissociation of DFYY yielding to a mixture of
subcomplexes on the electron microscopy grid. Alternatively, grid preparation which involves
adsorption of the complex to a carbon film and staining with uranyl acetate at pH 4 could
destroy the otherwise homogenous complexes. A widely used technique to increase the
stability of a protein complex is chemical crosslinking (CL). This approach aims to stabilize
protein-protein interactions by creating a covalent bond between two residues in close
proximity. In addition to the crosslinking reaction, a separation step according to the size of
the complexes is beneficial to separate the different crosslinked products (i.e. complexes
which are crosslinked between the subunits from inter-complex crosslinking products which
have a larger molecular weight).

The GraFix method (Kastner et al., 2008) allows to separate different complexes in
solution and to stabilize them via a crosslinking reaction. This approach combines a fixation
gradient (crosslinker gradient) to stabilize the complex with a density gradient centrifugation
in order to separate the crosslinked complexes based on their size. In this combination, the
crosslinking occurs at a relatively high dilution in the gradient. In fact, the crosslinking
concentration is zero at the top of the tube where the sample is loaded in high concentration.
Thus, the crosslinking occurs only during centrifugation when the complexes migrate into the
glycerol gradient according to their size. The dilution and separation of the sample according
to size and molecular weight largely avoids inter-complex crosslinking. After an
ultracentrifugation step and fractionation of the gradient, the quality of the sample is assayed

by negative stain electron microscopy [Fig. 2-8].

A 10 to 30% glycerol gradient was used containing a gradient from 0 to 0.15%
glutaraldehyde as crosslinking agent. To obtain this gradient, two glycerol solutions were
mixed using a gradient mixer (Biocomp). The upper buffer contained 20mM Hepes-KOH
pH8.00, 130mM NaCl, 5mM Mg(OAc),, 10% glycerol, 0.03% DDM. The lower buffer was
composed of 20mM Hepes-KOH pH8.00, 130mM NaCl, 5mM Mg(OAc),, 30% glycerol,
0.03% DDM and 0.15% glutaraldehyde.
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Figure 2-8. Schematic view of a GraFix experiment. The GraFix gradient is composed of
low percentage of glycerol and fixation agent on the top and high percentage of glycerol and
fixation reagent in the bottom (left). GraFix gradients are fractionated from bottom to top,
cleaned form the excess of glycerol by a SEC and then either used directly for negative-
stained electron microscopy or for cryo-electron microscopy (right). (Adapted and modified
from (Kastner et al., 2008)).

Starting from the optimized affinity chromatography protocol, IMAC coupled to a CaM
affinity chromatography, the eluted sample was loaded onto a GraFix gradient. Two glycerol
gradients were run in parallel: a control gradient without crosslinker and a fixed gradient.
After an ultra-centrifugation run (27,000 rpm for 36.5 hours at 4°C in a Beckman SW 32
rotor), both gradients were fractionated from bottom to top, 38 fractions of 1mL were
collected for each gradient. After quenching of the crosslinking reaction with primary amines
(0.1mg/mL lysine as final concentration), the fractions containing proteins were subjected to
SDS-PAGE analysis [Fig. 2-9].
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Figure 2-9. SDS-PAGE analysis of SecDF-YajC-YidC GraFix experiment. Gradient centrifugation
without fixation agent (left). Ctl, purified DFYY as a control. Gradient centrifugation with
glutaraldehyde as fixation agent (right). Glutaraldehyde and glycerol concentrations increase linearly
from the left to the right as indicated by the bars.

The GraFix approach was efficient in isolating different species with different subunit

stoichiometry especially between YidC and SecD (not crosslinked gradient SDS-PAGE) and
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with different size (fixed gradient SDS-PAGE) [Fig. 2-9]. After a concentration step (30kDa
Amicon concentrator) of the smallest fractions which still contained all subunits (as judged by
Coomassie-staining of the SDS gel containing the fractions control gradient [Fig. 2-9]), the
complexes were loaded onto a Superpose 6 SEC column equilibrated with 20mM Hepes-
KOH pH8.00, 130mM NaCl, 5mM Mg(OAc),, 0.03% DDM. The gel filtration was performed
in order to further improve the homogeneity, to remove the excess of glutaraldehyde and
lysine (which could generate background signal during electron microscopy analysis) and to
remove the glycerol which would disturb in cryo-EM experiments. The crosslinked DFYY

complex eluted as a single peak [Fig. 2-10].

70 -

0 | DFYY
Fraction #26
50 -
40 -
2 30
g7 —Uv280
20 -
10 -
O T T T 1
5 10 15 20

_1 O J
Elution volume (ml)

Figure 2-10. Size exclusion chromatography chromatogram of SecDF-YajC-YidC after
GraFix (Superose 6) in 20mM Hepes-KOH pH8.00, 130mM NaCl, 5mM Mg(OAc),, 0.03% DDM.

Based on the calibration of our gel filtration column (Superose 6), the fraction #26
corresponds to a complex of a molecular weight of ~180kDa which is the sum of the
molecular weight of the subunits of the DFYY membrane protein complex. The peak fraction
from the gel filtration was analyzed by negative-stained EM to verify the integrity and the
homogeneity of the isolated DFYY sample [Fig. 2-11]. Negative stain EM analysis revealed a
homogenous complex with a diameter of about ~12nm. Interestingly, particles isolated by
GraFix looked similar in term of shape and size with the “correct size”, not-crosslinked
particles observed in figure 7. We concluded that GraFix stabilizes the DFYY complex and at

the same time allows purifying sample of a homogenous size.

Since this purification protocol yielded very homogenous DFYY complexes, the same
strategy was applied to the holotranslocon complex. Holotranslocon was purified by Ni?*-NTA
and calmodulin affinity chromatography and subsequently loaded onto a glycerol and

glutaraldehyde gradient. After GraFix, the fractions were analyzed by SDS-PAGE [Fig. 2-12].
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Figure 2-11. Negative-stained electron microscopy of
SecDF-YajC-YidC after GraFix. The complex was
stained with 2% uranyl acetate.
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Figure 2-12. SDS-PAGE analysis of the Holo-translocon GraFix experiment. Gradient
centrifugation without fixation agent (left). M, marker ; Ctl, purified HTL as a control. Gradient
centrifugation with glutaraldehyde as fixation agent (right). Glutaraldehyde and glycerol
concentrations increase linearly from the left to the right as indicated by the colored bars.

We collected the fractions after GraFix which contained all the subunits as judged by the
Commassie-stained SDS gel of non-crosslinking gradient fractions. These were further
purified by size exclusion chromatography. Thereby, we were able to isolate a protein
complex with a molecular weight of ~250kDa corresponding to the expected size of a HTL
complex consisting of one copy of each subunit) [Fig. 2-13].

The fraction of interest was the fraction #23. HTL (~250kDa) was running further into the
glyocerol gradient compared to DFYY (fraction #26, ~180kDa). This indicates that meaning
that the GraFix gradient is indeed efficient in separating complexes of different molecular
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weight which were present in the sample. The homogeneity of the HTL sample was also

analyzed by negative stained electron microscopy [Fig. 2-14].
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Figure 2-13. Size exclusion chromatography chromatogram of the Holo-
translocon after GraFix (Superose 6) in 20mM Hepes-KOH pH8.00, 130mM
NaCl, 5mM Mg(OAc),, 0.03% DDM.

Figure 2-14. Negative-stained electron microscopy of
the Holo-translocon after GraFix. HTL was stained with
2% uranyl acetate.

After GraFix, the HTL preparation appeared homogeneous. The diameter of the particles is
slightly bigger compared to DFYY (~13.5nm versus ~12nm). Subsequently, we used these
preparations of homogeneous HTL and DFYY for electron microscopy and 3D image
processing (chapter 4).
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2-6. Conclusions

During optimization of the purification scheme for holotranslocon we found that this
complex is very unstable. High salt and high detergent concentrations lead to irreversible
dissociation of the complex into SecYEG and DFYY. In contrast at lower pH values, the
DFYY complex was found to be a comparatively stable complex, not sensitive to high
detergent concentrations. It eluted as a single peak from the gel filtration column.
Nevertheless, the peak fraction from the DFYY complex seemed to be heterogeneous in size
according to negative stain EM. We suspected that the grid preparation protocol may
interfere with sample integrity, and decided to stabilize our translocation complexes by
GraFix. In fact, GraFix and subsequent gel filtration led to homogeneous sample suitable for
single particle cryo-EM.
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Chapter 3 : Membrane Protein
Insertion and Proton-Motive-Force-
Dependent Secretion Through the
Bacterial Holotranslocon - SecYEG-

SecDF-YajC-YidC

67



Mathieu Botte Thesis Chapter 3

Résumeée en francais / French summary

Le complexe SecYEG est le composant central du systéeme de sécrétion des protéines et
d’insertion des protéines membranaires. Ce conduit protéique bactérien interagit avec YidC
ainsi que le sous-complexe SecDF-YajC qui sont hautement conservés. Ces derniers
facilitent la translocation a [lintérieur mais également a l'extérieur de la membrane.
Ensemble, ces protéines forment I'holotranslocon (HTL) que nous avons réussi a
surexprimer et purifier avec succés. Au contraire de 'homo-dimére SecYEG, le complexe
HTL est un hétéro-dimére composé d’'une seule copie chaque sous-complexe, SecYEG et
SecDF-YajC-YidC. Les activités de HTL différent de celle du complexe de base SecYEG.
HTL est plus efficace durant I'insertion co-traductionnelle de protéine membranaire. De plus,
la sécrétion post-traductionnelle de protéine de la membrane externe a tonneau beta
contrblée par SecA et la présence d’ATP devient beaucoup plus dépendent de la force
proton motrice. A I'évidence, la seconde copie de SecYEG qui est non-essentielle au sein
d'un dimére est interchangeable. La modulation de l'activit¢ de la copie de SecYEG
translocatrice par I'échange des sous-domaines accessoires SecYEG ou SecDF-YajC-YidC
pourrait fournir un moyen d’affiner les capacités de sécrétion ou d’insertion en fonction du
substrat. Une modulation similaire pourrait également étre exploitée pour la translocation ou
l'insertion d’'une large gamme de substrats aux travers et dans les membranes eucaryotes,

dans le cas du réticulum endoplasmique et des mitochondries.
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Abstract

The SecYEG complex is a central component of the protein secretion and membrane protein
insertion apparatus. This bacterial protein channel interacts with the highly conserved YidC
and SecDF-YajC sub-complex, which facilitate translocation into and across the membrane.
Together, they form the holotranslocon (HTL), which we have successfully over-expressed
and purified. In contrast to the homo-dimeric SecYEG, the HTL is a hetero-dimer composed
of single copies of SecYEG and SecDF-YajC-YidC. The activities of the HTL differ from the
archetypal SecYEG complex. It is more effective in co-translational insertion of membrane
proteins and the post-translational secretion of a B-barrelled outer-membrane protein driven
by SecA and ATP becomes much more dependent on the proton-motive force. Evidently, the
second non-essential copy of SecYEG of the dimer is interchangeable. Modulation of the
actively translocating SecYEG copy by exchanging the accessory SecYEG or SecDF-YajC-
YidC sub-complexes may provide a means to refine the secretion and insertion capabilities
according to the substrate. A similar modularity may also be exploited for the translocation or
insertion of a wide range of substrates across and into the endoplasmic reticular and

mitochondrial membranes of eukaryotes.

69



Mathieu Botte Thesis Chapter 3

Introduction

The essential SecY/61 complex selectively orchestrates the passage of newly
synthesized proteins across and into the cytoplasmic and endoplasmic reticular (ER)
membranes of prokaryotes and eukaryotes, respectively. Protein translocation is driven by
associated co-translating ribosomes or by specialised energy-transducing factors, such as
the bacterial ATPase SecA. The protein-conducting channel is formed by a monomer of
the SecYEG complex, encapsulated by two halves of SecY (1). The separation of trans-
membrane segments (TMSs) 1-5 from 6-10 along with the displacement of a central plug
could help form a channel through the membrane to the outside, as well as laterally into the
bilayer (1). SecYEG forms dimers in the membrane (2), required for association and
activation of SecA (3-5). However, in vivo, the passive SecYEG complex is not rigidly fixed
to the translocating copy nor absolutely essential for transport (6).

E. coli inner membranes harbor a ‘holotranslocon’ (HTL) containing SecYEG and
SecDF-YajC (7). YidC is a ubiquitous and essential membrane protein ‘insertase’ (8, 9),
which functions in concert with SecYEG during the biogenesis of many inner membrane (IM)
proteins (10-12). In contrast, the insertion of small polypeptides such as the M13 procoat, Pf3
coat protein, and subunit ¢ of the F1FO-ATP synthase are thought to occur through YidC
alone (13-15). YidC and SecYEG may be bridged in the HTL by a sub- complex consisting of
SecD, SecF and YajC (16). SecDF may act by regulating the interaction of SecA with
SecYEG (7, 17, 18). Like SecYEG, SecDF is thought to transduce the energy available in the
trans-membrane proton-motive force (PMF) to stimulate translocation (19-21), in keeping
with other members of the RND superfamily also conferring PMF-driven substrate efflux
(22).

We have exploited a novel system that allows the simultaneous over-expression of
all seven membrane proteins of the HTL (23). Its purification allows the exploration of
unknown aspects of its organisation, activity and bioenergetics, providing new insights of the

general secretion and membrane protein insertion machinery.
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Results

Production and purification of the HTL: a membrane protein complex of
SecYEG- SecDF-YajC-YidC.

By using ACEMBL, we were able to construct a single plasmid encoding all seven
subunits (Fig. 1a), allowing for high-level expression of the entire HTL. The complex was
purified by Ni** chromatography followed by size-exclusion combined with an anion
exchange step. The HTL eluted as a single symmetrical peak in detergent (n-Dodecyl-3-D-
maltoside; DDM), characteristic of a single complex (Fig. 1b). All components of the complex
but YajC were clearly visible by SDS-PAGE (Fig. 1c). The integrity of the complete complex
was verified by applying the sample to a calmodulin column, which retained all seven
subunits by virtue of the calmodulin binding peptide (CBP) attached to the C-terminus of
YajC (Fig. 1a, d).

Stability of the HTL complex.

A further examination by blue-native (BN)-PAGE revealed one prominent and one
diffuse band migrating respectively at ~300 kDa and ~150-200 kDa (Fig. 1e). Both bands
were excised and subject to a second dimension denaturing gel. The higher molecular
weight (MW) form contained all seven subunits of the HTL (Fig. 1f, lane 1), with a combined
mass of ~250 kDa, most likely representing the intact complex. The appearance of the
lower MW bands, which also contain all seven subunits (Fig. 1f, lane 2), presumably arises
due to the dissociation of the HTL into the SecYEG (~75 kDa) and SecDF-YajC-YidC (~175
kDa) sub-complexes. The dissociation of the HTL complex is dependent on the detergent
concentration, reminiscent of the separation of SecYEG homo-dimers into monomers (Fig.
19)(24). The SecDF-YidC complex had no tendency to self-associate (Fig. 19).

The intact HTL complex has the same apparent MW as SecYEG dimers (Fig. 1g, *)
and, therefore, only contains single copies of SecYEG and SecDF-YajC-YidC. The extraction
of tightly bound phospholipids by high detergent concentrations may account for the
dissociation of the HTL complex, as in the case of SecYEG dimers (25). Additionally, the
integrity of the complex could be directly demonstrated by negative stain electron
microscopy (Fig. 2), which revealed the presence of uniformly sized particles of purified HTL

complex, as shown in the selected class averages (Fig 2, right).
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Figure 1. Purification of the E. coli HTL. (a) Plasmid map of the HTL construct. (b) Gel Filtration
/ lon Exchange elution profile of the HTL. (¢) SDS-PAGE representation of peak fractions 16-24
(corresponding to elution volumes 165-215ml of the profile displayed in 1b, dotted lines). (*)
represents a proteolytic fragment of SecY (d) SDS- PAGE demonstrating the purification of the
entire complex from calmodulin column (above). Detection of the CBP peptide shows that
YajC is present in this complex (below). () BN-PAGE representation of peak fractions 16-24
from 1b, above. (f) Second dimension SDS-PAGE of gel slices taken from the higher (lane 1)
and lower (lane 2) MW complexes seen in 1d. Note that the slight shift in MW for all
components of the HTL is the result of a gel slice being placed into the wells for the run. (g) BN-
PAGE illustrating the susceptibility of various complexes (SecDF-YidC, HTL, SecYEG, or a
covalently-linked dimer of SecYEG (39)) to changes in detergent concentration. 50 ng of
complexes purified from C43-overexpressing E. coli were resuspended in TSG130 buffer
containing decreasing concentrations of DDM concentrations from 0.4% to 0%. The asterisk
represents migration of the SecYEG tandem dimer.
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Figure 2. Negative-stain EM of purified HTL Complex. Micrograph of GraFix-treated
HTL complexes reveals particles of a diameter of 13-15 nm (top). The 2D class averages
of the HTL reveal asymmetric particles composed of several domains (bottom).

Subunit organization of the HTL complex.

We performed in-membrane crosslinking experiments using the photo-inducible Tris-
bipyridylruthenium(ll) to investigate protein- protein interactions within the HTL complex.
SecYEG was used as a control, where as reported previously (4), we observed the formation
of SecE-E and SecY-Y products upon crosslinking of inner membrane vesicles (IMVs) over-
expressing SecYEG, indicative of the presence of SecYEG dimers (Fig. 3a). When IMVs
over-expressing the HTL complex were subjected to the same treatment, they were no
longer detected (Fig. 3a). To confirm this result, we used the homo-bifunctional amine-
reactive reagent Dithiobis[succinimidyl propionate] (DSP), for ex vivo crosslinking of the
native membranes prior to HTL purification. In contrast to Tris-bipyridylruthenium(ll), which
couples neighboring residues without a linker, DSP extends the crosslinking range by virtue
of its 12A spacer arm, allowing for identification of nearby interaction partners. In HTL- and
SecYEG- overexpressing membranes, those crosslinks occurring within the SecYEG sub-
complex (SecY-E, SecY-G and SecE-G), could be generated with similar efficiency (Fig. 3b,
red boxes). Crosslinks at the interface between SecYEG dimers (SecE-E, SecY-E-E
and SecY-Y; Fig. 3b, green boxes) were either lost or considerably diminished in the HTL
complex.
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Notably, new higher-MW products were observed in the crosslinked HTL sample,
indicative of contacts between SecYEG and SecDF-YajC-YidC sub-complexes (Fig. 3b, blue
boxes). These HTL-specific bands cross-react with SecY, SeckE and SecG antibodies and
are larger than the corresponding crosslinks with SecY (Fig. 3b; Y-Y, Y-E and Y-G,
respectively) and therefore, must have arisen from crosslinks with the higher-MW subunits
SecD or YidC. Mass spectroscopy performed on bands excised from the gel (Fig. 3b, *)
confirmed the presence of both SecD and YidC. Taken together, the results show that the
HTL complex contains only one copy of SecYEG, which contacts SecD and YidC in
place of the second copy of SecYEG found in the dimeric form.
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Figure 3. Crosslinking of HTL subunits. (a) Western blots of photo-
activatable Tris- bipyridylruthenium(ll)-mediated crosslinking (+/- exposure to
light radiation) of E. coli IMVs overexpressing either SecYEG or HTL. Y-Y
represents a purified covalently- linked SecYEG dimer (39). 106x
represents a purified SecE-E dimeric version of SecYEG (4). (b) Western
blotting of DSP-mediated crosslinking of the same IMVs. Crosslinking adducts
preserved between SecYEG and HTL are bounded in red boxes. Those that
are eliminated in the HTL are bounded in green boxes. Newly formed adducts
are bounded in blue boxes. Bands excised from the Coomassie gel (*) were
found by MS of tryptic fragments to contain both YidC and SecD.
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Interaction of the HTL complex with SecA.

We analyzed the ability of the HTL complex to associate and activate the motor
ATPase SecA for secretion. Both HTL and SecYEG had significantly increased rates of
SecA-mediated ATP hydrolysis in the presence of CL (Fig. 4a, compare left and right
panels). The association of SecA and SecYEG in the ATP-bound state can be monitored by
the quenching of fluorescein- derived SecA in the presence of a non-hydrolyzable analogue
(AMPPNP) (4). This same effect was observed upon the addition of the HTL complex (Fig.
4b). The affinity of SecAATP for HTL is considerably increased (> 10-fold) in the presence of
CL. In fact, the Kd was too low to be measured accurately. This effect is also the same for
the binding of SecYEG to SecA (Fig. 4b). The results show SecYEG dimers (25) and HTL act

on SecA in a very similar CL-dependent fashion.
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Figure 4. SecYEG- and HTL-mediated stimulation of SecA ATPase activity is enhanced
by cardiolipin. (a) Increasing amounts of SecYEG dimer (YEG2, open circles) or HTL
complex (filled circles) were tested for their ability to activate the ATPase activity of
SecA (0.3 pM) in the presence or absence of 40 uM cardiolipin. Data are representative of the
mean of three independent experiments +/- SD. Data were fit as detailed in the methods. (b)
Fluorescence quenching assays using fluorescein-tagged SecA (SecA795F|) and SecYEG
or HTL complex in the presence or absence of 40 uM cardiolipin. The inset lists the Kd values
determined with and without CL. Note that the values of the K( in the presence of CL are too
low to be determined accurately.
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ATP- and PMF-driven protein secretion through the HTL complex.

To assess the functionality of the isolated HTL complex, we examined its ability to
transport the outer membrane precursor protein pro-OmpA across a lipid bilayer. Post-
translational translocation of pro-OmpA to the interior of proteoliposome vesicles
containing either the SecYEG or HTL complex was monitored in the presence and absence
of a trans- membrane PMF. For PMF generation, the light-driven proton pump
bacteriorhodopsin (BR) was incorporated into proteoliposomes harbouring SecYEG or the
HTL. The reconstitution efficiency was assessed by SDS-PAGE (Supplementary Fig. S1).
The levels of BR in both sets of proteoliposomes were similar, and the quantities of
SecY were consistent with their expected stoichiometries (i.e. twice as much in the SecYEG
sample, due to the two copies of SecY, compared to one in the HTL). Thus, respective
transport activities could therefore be legitimately compared.

The translocation assay was monitored following addition of SecA, ATP and
proOmpA, in the presence (+PMF) or absence (-PMF) of a light source. The HTL
complex is less effective in ATP-dependent SecA-driven protein secretion, and more
dependent on the PMF (Fig. 5a). To verify that the reduced secretion activity of the HTL
complex was not the result of an asymmetric reconstitution favoring inwardly-facing cytosolic
sites, the sidedness of the vesicles was investigated by exposure to trypsinolysis.
(Supplementary Fig. S2). The resulting appearance of a 21 kDa band corresponds to the
N-terminal fragment of SecY, due to cleavage in the cytosolic loop between TMSs 6 and 7
(26). In both proteoliposomes containing SecYEG and HTL complexes, SecY was sensitive
to proteolysis (Supplementary Fig. S2). Evidently, the reconstitution has favored
the orientation with the cytosolic surface facing outwards. Therefore, the observed reduction
in secretion activity of the HTL complex is not the result of a reduction in available sites for
translocation.

To determine the secretion activity seen for the HTL was not due to dissolution of the
(SecYEG)1-(SecDF-YajC-YidC)1 heterodimer and reformation of SecYEG dimers, we
performed DSP crosslinking on the proteoliposome samples used for translocation (Fig. 5b).
Immunoblotting for SecY mirrors those performed previously on IMVs over- expressing
SecYEG and HTL (Fig. 3a). Proteoliposomes containing SecYEG produced SecY-Y and
SecY-E-E crosslinks, due to the presence of SecYEG dimers. These crosslinks were not
observed in crosslinked proteoliposomes containing the HTL complex (Fig. 5b). Therefore,
in these assay conditions, the HTL complex contains single copies of SecYEG and SecDF-

YajC-YidC and is competent for secretion of proOmpA.
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A Light-Stimulated Translocation of pro-OmpA, 175
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Ribosome binding of HTL and its sub-complexes.

The ability of the HTL complex and its constituents were tested for their ability to
associate with the ribosome by co- sedimentation. The HTL complex, SecYEG, YidC and
SecDF-YajC-YidC all displayed a preference for ribosomes displaying the nascent trans-
membrane helix of FtsQ (27) over non-translating ribosomes (70S) (Fig. 6a). In contrast,
SecDF had an equal preference for translating and non-translating ribosomes or the small
ribosomal subunit (30S) (Fig. 6a), suggestive of a non-specific interaction. Therefore, the
nascent membrane protein probably contacts both SecYEG and YidC.

Using Cy3-labeled SecY at position 148 and 215 (which does not respond to
ribosome binding) as a control, we determined the affinity of detergent-solubilized SecYEG
and HTL to 70S ribosomes by fluorescence analysis (Fig. 6b). The binding of ribosomes to
SecYEG induces conformational changes, which can be monitored by environment sensitive
fluorophores at specific locations (28). The increase of Cy3 fluorescence at position 148,
located at the periplasmic side of the lateral gate, was used to determine a Kp for HTL (~
35 nM) and SecYEG (~ 200 nM). Therefore, SecDF-YajC and YidC consolidate the

association of the translocon with the ribosome.
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Figure 6. Interaction of the HTL and its sub-complexes with ribosomes. (a) Binding of purified
HTL to translating (RNCs) and non-translating ribosomes (70S) analyzed by co-sedimentation
experiments. D* is a degradation product of SecD. (b) Binding of detergent-solubilized HTL and
SecYEG to 70S ribosomes followed by fluorescence intensity. Constant amounts of SecYEG and
HTL containing SecY labelled with Cy3 at positions 148 and 215 were exposed to increasing
concentrations of 70S ribosomes leading to an increased fluorescence in the case of SecY
labelled at position 148, but not at 215. (c) In vitro synthesized cyoA mRNA was incubated
together with empty liposomes or proteoliposomes containing YEG or the HTL together with an
E. coli S30 membrane-free cell extract including scSRP (40) to assess incorporation of 3°s.
labeled CyoA directly into an in vitro membrane bilayer. Values represent the mean of four

independent experiments +/- SD. (d) Representative phosphorimaging of trypsin/urea- treated ¥

labeled CyoA.

Membrane protein insertion through the HTL complex.

The presence of SecYEG and YidC in the HTL suggests that the complex could be
active in membrane protein insertion. Therefore, we compared the capability of SecYEG and
the HTL for insertion of a hascent membrane protein, CyoA, into proteoliposomes. CyoA is a

polytopic membrane protein subunit of the cytochrome bo3 oxidase with known
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dependencies on YidC and SecYEG for co-translational insertion (29). Successfully
incorporated protein was measured by resistance to urea extraction and proteolysis (Figs. 6¢
and 6d). In comparison to SecYEG proteoliposomes, CyoA was inserted about four-fold
more efficiently into proteoliposomes containing the HTL.

Discussion

Our understanding of the integrated process of protein translocation has been
restricted by the absence of a pure and stable complex capable of both secretion and
membrane protein insertion. Protein secretion is driven through the center of SecYEG (1,
30) and membrane protein insertion through the lateral gate. The partitioning of translocating
TMSs into the bilayer is thought to involve YidC (8), which in some cases may act alone
(9). However, a physical interaction between SecYEG and YidC has yet to be demonstrated.
The nature of this interaction and the mechanism of Sec-dependent membrane protein
insertion have yet to be addressed. This work resolves this problem in the production,
purification and functional reconstitution of a complex containing both SecYEG and YidC, as
well as the accessory sub-complex SecDF-YajC - otherwise known as the holotranslocon
(HTL). The concomitant over-expression of all seven constituents of the HTL complex seems
to have been a prerequisite for obtaining intact complex. YidC was most likely incorporated
as a component of the previously identified SecDF-YajC-YidC sub-complex (16). We show
that the HTL is a hetero-dimeric assembly of single copies of this sub-complex and SecYEG
(Fig. 7).

Crosslinking experiments have localised YidC to the lateral gate of SecY (TMSs 2b,
3, 7; (12)), which also contacts translocating TMSs as they emerge from the translocon (10,
11, 31). We also show crosslinks between SecD/YidC and SecY, E and G. These findings,
together with a reported functional interaction between SecG and SecDF-YajC (32), are
suggestive of an interface involving the N-terminal half of SecY (TMS 1 - 5), SecE and SecG
(Fig. 7).

A comparison of the activities of HTL- and SecYEG-containing proteoliposomes
suggests that the HTL complex is less capable of protein secretion, but much more
responsive to the PMF. The determinants and mechanistic basis governing this stimulation
are not immediately clear. The core SecYEG complex itself couples the PMF to translocation
(20). The increased dependence of the HTL on the PMF may result from dual effects of
SecYEG and SecDF. The HTL complex is more proficient in co- translational membrane
protein insertion compared to SecYEG alone. The increased efficiency afforded by the
presence of YidC in the HTL complex may be critical for rapid protein assembly, membrane
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biogenesis and competitive survival. The different dependencies of SecYEG and HTL for
secretion and insertion are presumably selected according to the specific requirements of the
translocation substrate. Moreover, the capabilities of the HTL for both secretion and insertion
may be critical for the translocation of membrane proteins containing large extracellular

domains.
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Figure 7. Model for structural organization and activity of the HTL. (a) The SecYEG translocon
can associate with SecDF-YajC-YidC (left) to promote protein transport in a SecA-dependent
fashion. This translocation reaction can be stimulated by the presence of a PMF and the anionic
phospholipid cardiolipin. SecYEG dimers (middle), arranged in a back-to-back orientation via SecE-
E interactions, are capable of mediating the same reaction, but the effect of the PMF is less.
Membrane protein integration (right) may preferentially use the SecYEG-SecDF-YajC-YidC setup
(the holo-translocon) for insertion of newly-synthesized transmembrane helices directly into the
lipid bilayer. (b) Top view of proposed interactions for the YEG dimer and holo-translocon. Black
bars represent subunit crosslinks.

Different translocons may form either from single copies of SecYEG and SecDF-
YajC-YidC (HTL) or two copies of SecYEG (Fig. 7) or of YidC alone. The estimated number
of copies of SecYE (300-400 copies/cell), SecDF (30 copies/cell) (33) and YidC (2700
copies/cell) (34) are very different. Thus, a typical cell might contain up to 5 copies of
SecYEG dimers for every SecYEG-(SecDF-YajC-YidC) complex. The need for a large (100-
fold) excess of YidC is unclear; it may in part be required for its Sec- independent activity.
The dynamic exchange of the accessory complexes bound to SecYEG may provide a means
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to modulate translocation activity (Fig. 7) and the composition of the membrane and
envelope during different stages of growth or upon exposure to different environmental
conditions. Similarly, the eukaryotic Sec61 complex and mitochondrial import machinery are
likely to associate with a number of different accessory factors tailored to the specific needs
of folding, assembly and modification.

Materials and Methods

Strains, Plasmids and Antisera.

E. coli strain C43(DE3) was used for overexpression of the HTL components and was a gift
from Sir John Walker (MRC Mitochondrial Biology Unit, Cambridge). The expression vectors
for SecYEG and SecDF-YidC-YajC (DFYY) were from our lab collection (35). The plasmids
for SecDF-YidC and covalently-linked SecYEG dimer expression were gifts from Franck
Duong (University of British Columbia, Vancouver, Canada). Mouse monoclonal antibodies
to SecY, E, and G were from our laboratory collection.

Enzymes and Chemicals.

Cardiolipin was obtained from Avanti Polar Lipids. n- Dodecyl-B-D-maltoside (DDM) was from
Glycon Biochemicals GmbH (Luckenwalde, Germany). Unless noted otherwise, all other
reagents used in this study were from Sigma-Aldrich (St. Louis, MO, USA).

Construction of the pACEMBL:HTL expression plasmid.
The HTL expression plasmid (Fig. 1a) was constructed using the ACEMBL expression
system (23). (See Sl Materials and Methods for full details).

Purification of SecYEG, SecA, proOmpA and SecDF-YidC.
SecYEG, SecA and proOmpA proteins were purified according to well-established
procedures (36). SecDF- YidC was purified in the same way as SecYEG by Ni**-chelating,

anion exchange and size exclusion chromatography.

Purification of the HTL.
Freshly transformed E. coli C43(DE3) containing pACEMBL:HTL were grown in 2xYT broth
with antibiotics to an ODgoQ of 0.8, prior to 3 h of induction using 1 mM IPTG and 0.2 %

(w/v) arabinose. Following centrifugation, cell pellets were broken at 25 kpsi using a cell
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disruptor (Constant Systems, Ltd., Daventry, UK) in TSG130 buffer (20 mM Tris-Cl, pH 8.0,
130 mM NaCl, 10 % (v/v) glycerol). Membranes were collected by and solubilized by
rotation in TSG130 buffer containing 2 % (w/v) DDM for 1h at 4°C. The DDM-soluble
fraction was clarified by further centrifugation and applied to a Chelating Ni**-Sepharose
Fast Flow column (GE Healthcare) pre-equilibrated with TSG130 + 0.1 % DDM. The resin
bed was washed with ten column volumes of buffer containing 30 mM imidazole prior to
elution with the same buffer containing 500 mM imidazole. Peak fractions were loaded
onto a Superdex 200, 26/60 gel filtration column (GE Healthcare) placed in-line with a Q-
sepharose ion exchange column equilibrated in TSG130 + 0.05 % DDM. A well-defined
A280 peak eluted at approximately 190 ml and was concentrated in a 50 kDa-MW cut-off
centrifugation filter (Amicon) to ~10 mg/ml, using an experimentally determined molar

extinction coefficient of eHTL = 497,000 M'1 cm'l.

Cy3 labelling of HTL and SecYEG.

Membranes containing over-expressed cysteine mutants of SecYEG and HTL were
incubated with 2 mM TCEP for 15 min. on ice. Subsequently, Cy3 maleimide (Lumiprobe)
was added at a concentration of 1 mM and incubated for 1 hour at 4°C in the dark. The
reaction was quenched by adding 10 mM reduced glutathione. HTL and SecYEG were then
purified as before.

Blue-Native PAGE analysis.

To analyze the effect of detergent concentration on the oligomeric states of the HTL,
SecYEG, SecDF-YidC, and YidC, we incubated 50 ng of each complex in TSG130 buffer
containing decreasing detergent concentrations on ice for 20 min. Coomassie G-250 was
then added to a final concentration of 0.025 % prior to loading onto 4-16% Bis-Tris
NativePAGE gels (Invitrogen, Carlsbad, CA). Bands were visualized by silver stain

(SilverQuest Staining Kit, Invitrogen).

In vivo and in vitro crosslinking.

Analysis of inter-subunit organization within the HTL was probed wusing Tris-
bipyridylruthenium(ll) (as described (4)) or DSP. DSP crosslinking was performed in
IMVs containing overexpressed SecYEG or HTL in HSG130 (50mM HEPES, pH 7.5, 130
mM NacCl, 10 % glycerol) buffer. IMVs were isolated as in (4). DSP was then added to the
IMVs at a final concentration of 150 puM before incubation at room temperature for 20 min.
The reaction was quenched by addition of Tris-Cl, pH 8.0 to a final concentration of 50 mM.
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The crosslinked SecYEG or HTL was then examined by Western blot directly from IMVs or

by further purification as above.

SecA ATPase Stimulation.

SecYEG- or HTL-mediated stimulation of the SecA ATPase was measured by titrating in
increasing concentrations of each complex into solutions of SecA, as has been previously
described (36), in the presence or absence of 40 uM cardiolipin. See S| Materials and
Methods for data analysis.

Affinity measurements of SecA to either SecYEG or HTL by quenching of an extrinsic
fluorescent probe on SecA.

SecYEG or HTL were titrated into solutions of fluorescently labeled SecAA795C
(SecA795F]) as indicated. Fluorescence assays were performed in 20 mM Tris, (pH 8.0),
130 mM NacCl, 10 % glycerol, 2 mM MgCl2, 0.02 % DDM, 1 mM AMPPNP and 10 nM
SecA795F|. SecA795F| fluorescence quenching was monitored using a Jobin Yvon
Fluorolog (Horiba Scientific), at an excitation wavelength of 495 nm and emission wavelength
of 515 nm. 40 uM cardiolipin was incorporated into the assay buffer where required, and
SecYEG or HTL stocks were incubated with 40 uM cardiolipin for one hour prior to titration.
Specificity of the quenching of SecA795F| was assessed by competition for SecYEG or HTL
binding using 1 uM wild-type SecA. See Sl Materials and Methods for data analysis.

Co-reconstitution of BR with translocation machinery.

For in vitro generation of a PMF in proteoliposomes, bacteriorhodopsin (BR) from
Halobacterium halobium purple membranes was co-reconstituted together with the HTL or
SecYEG. Purple membranes were purified by standard methods (37) (See S| Materials and
Methods for full details). Protein translocation was then established into the vesicles by
standard methods (36) for 15 minutes at RT, either in the dark or 10 cm away from a
saturating light source from a Kodak slide projector fitted with a yellow filter for the generation
of a PMF. Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was used at a final

concentration of 50 uM to collapse the PMF.

In vitro translocation assay.

The protein transport activity of the HTL or SecYEG was analyzed as described (36).
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Ribosome Binding Assays.

Binding of purified SecYEG, HTL, YidC, SecDF or DF- YajC-YidC, to ribosome nascent chain
complexes (RNCs) displaying the FtsQ transmembrane helix (27) and to 70S non-translating
ribosomes was analyzed by co- sedimentation experiments. In all experiments, excess of

translocon (sub)complexes compared to ribosomes was used (see Fig. 6a).

Affinity measurements of either SecYEG or HTL to 70S by fluorescence analysis.

100 nM Cy3-labelled cysteine mutants of HTL or SecYEG in 50 mM HEPES/KOH pH 7.5;
100 mM KOAc2; 20 mM MgOAc2; 10% glycerol; 0.03% DDM was mixed 1:1 with 0.3 nM to
11 puM 70S ribosomes in 20 mM HEPES/KOH pH 7.5; 20 mM MgOAc2; 30 mM NH4CI; 1
mM DTT in a volume of 30 pul. Fluorescence was measured using a Monolith NT.115 and
data was analysed using the supplied software (Nanotemper, Germany). Each experiment
was repeated 4-fold and the fluorescence was normalized by division through the average of
the first four data points.

Negative-stain EM and image processing.
Detergent-solubilized, purified HTL complexes were subjected to GraFix (38) and
subsequently analyzed by negative-stain EM. (See S| Materials and Methods for full details).

In vitro transcription/translation/insertion assay.

E. coli cytochrome bo3 oxidase subunit CyoA was chosen as a substrate for monitoring co-
translational insertion into proteoliposomes. mRNA transcripts were generated using T7
RNA polymerase by in vitro transcription from PCR products containing cyoA downstream
of a T7 promoter. These mRNAs were subsequently used in a coupled in vitro

translation/insertion assay. (See Sl Materials and Methods for full details).
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Figure S1. Composition of
proteoliposomes used for in
vitro translocation and in vitro
insertion experiments. Aliquots
of proteoliposomes used for the
translocation/insertion
experiments were solubilized in
LDS sample loading buffer and
subjected to SDS-PAGE on 4-
20% Bis-Tris gels. Proteins were
visualized by Coomassie staining.
Note that migration of SecE is
slightly higher in the HTL
construct compared to the
SecYEG construct due to slight
differences in sequences of the
affinity tags between the two.

Figure S2. Orientation of
complexes in proteoliposomes.
Aliquots of SecYEG- and HTL-
containing proteoliposomes were
treated with trypsin and subjected
to SDS-PAGE followed by
Coomassie staining. The
generated proteolysis fragment is
indicated by a black arrowhead.
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Construction of the pACEMBL:HTL expression plasmid.

The pACEMBL:HTL plasmid was constructed using the ACEMBL system {Bieniossek et al.,
2009, Nat Methods}. The plasmid consists of the pACE acceptor and the pDC and pDK
donor vectors combined by Cre-loxP fusion (LoxP, grey circles). A polycistron encoding for
YidC, SecD (D), SecF (F) with an arabinose promoter (ara, lime green) has been subcloned
into pACE. A second polycistron encoding for SecY, SecE (E) and SecG (G) with a trc
promoter (trc, grey triangles) has been cloned into pDC. Calmodulin-binding protein (CBP)-
tagged YajC under the control of the trc promoter was cloned into pDK. In Fig. 1a,
transcriptional terminators are shown as small black rectangles. The position of
hexahistidine-tags in YidC, SecD and SecE are indicated in red and the CBP-tag of YajC is
indicated in orange. Origins of replication (BR322 and R6KYy) are indicated by large black
rectangles. Antibiotic resistance genes confer resistance to the following antibiotics: Ap

(ampicillin, purple), Cm (chloramphenicol, green), and Kn (kanamycin, blue) (Fig. 1a).

SecA ATPase Stimulation.
The data in the absence of CL were fitted to the one-site weak binding equation
(Equation 1):

o _ Bnax. [L]
Kq +[L]

(Eq. 1)

where [L] is the total concentration of ligand (SecYEG or HTL), v is the enzyme velocity, Bmax

is the total capacity of SecA-ligand, and Kd is the dissociation constant. Data

recorded in the presence of CL were fitted to a one site tight binding equation with
background (basal activity in the absence of SecYEG or HTL) (Equation 2):

[L] + [E,] + Kq — \/(IL] + [E,] + Kg)? — 4[E,][L]
2

+ Background
[E,] J

V = Bnax-

(Ea. 2)
where v is equal to enzyme velocity, Bmax is the total capacity of SecA-ligand, [L] is the total
ligand (i.e. SecYEG or HTL) concentration, [EQ] is the total SecA concentration and Kd is the

dissociation constant for SecA-ligand.
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Affinity measurements of SecA to either SecYEG or HTL by quenching of an extrinsic
fluorescent probe on SecA.

SecYEG data measured in the absence of CL were fitted to the one-site weak binding
equation (Equation 3):

P = e+ 1L

(Eqg. 3)
where [L] is the total concentration of ligand (SecYEG or HTL), F is the fluorescence change,
Fmax is the maximum fluorescence quench, and Kd is the dissociation constant. HTL data
recorded in the absence of CL were fitted to the one-site weak binding equation with a linear
component (m) (Equation 4):

F= (K + [LD + m. [L]

(Eq. 4)

HTL and YEG data in the presence of CL were fitted to a one site tight binding equation with

linear phase (Equation 5):

_ [L] + [Eo] + Kg —  (IL] + [E,] + K4)? — 4.[E,]. [L]
P = fmax 2.[Eo]

+ m.[L]
(Eq. 5)

where F is the fluorescence change, [L] is the concentration of ligand, [Ep] is the total SecA
concentration, Kd is the dissociation constant, m is the linear component, and Fmax is the

maximum signal change.

Co-reconstitution of BR with translocation machinery.

BR membranes were purified by standard methods {Oesterhelt and Stoeckenius, 1974,
Methods Enzymol, 31, 667-78} and solubilized with 2 % Triton X-100 for 72 h at 21°C.
Proteoliposomes were made by combining BR (0.22 mg/ml = 8.9 mM) together with either
SecYEG (0.22 mM - dimer) or HTL (0.22 mM) and E. coli total polar lipids: hen egg PC (3:1
ratio; 2.9 mg/ml) in the presence of 0.25 % Triton X-100 in liposome buffer (20 mM Tris-Cl,
50 mM KCI, 2 mM MgCl2) at 23°C in total darkness. The vesicles were then reconstituted by
the removal of detergent via adsorption to polystyrene Bio-beads SM-2 Adsorbent (Bio-Rad),
pelleted by ultra-centrifugation and reconstituted in liposome buffer together with purified BR
(90 pM), SecYEG (2.3 uM dimers) or the HTL complex (2.3 pM).
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Negative-stain EM and image processing.

Detergent-solubilized, purified HTL complexes were subjected to GraFix {Kastner et al.,
2008, Nat Methods, 5, 53-5} and subsequently analyzed by negative-stain EM. The
complexes were absorbed onto carbon film for 30 s, followed by negative staining with 2%
uranyl acetate for 30 s. 150 micrographs of the complex were recorded under low dose
conditions with a bottom mounted Orios SC600 camera (Gatan Inc.) in a Jeol 1200EX I
transmission electron microscope running at 100 kV at a magnification of 40,000x (pixel size
of 1.7A). A total of 8,000 individual HTL complexes were selected with Boxer (EMAN)
{Ludtke et al., 1999, J Struct Biol, 128, 82-97} from the micrographs and processed with
IMAGIC-5 (Image Science) {van Heel et al., 1996, J Struct Biol, 116, 17-24}. After a first
“reference-free” alignment procedure, the particles were iteratively subjected to multivariate
statistical analysis and classification. Selected 2D class averages were used as reference
images for the subsequent rounds of alignment resulting in 300 2D class averages {van Heel
and Frank, 1981, Ultramicroscopy, 6, 187-94}. Characteristic class averages are shown in
Fig. 2.

Trypsin proteolysis.

SecYEG and HTL proteoliposomes were subjected to proteolysis using trypsin (15 pg/ul) at a
ratio of 2:1. The reactions were incubated at room temperature for 20 minutes, solubilised in
LDS sample buffer and subsequently run on SDS-PAGE followed by Coomassie blue

staining.

In vitro transcription/translation/insertion assay.

E. coli cytochrome bo3 oxidase subunit CyoA was chosen as a substrate for monitoring co-
translational insertion into proteoliposomes. mMRNA transcripts were generated using T7 RNA
polymerase by in vitro transcription from PCR products containing cyoA downstream of a T7
promoter. These mRNAs were subsequently used in a coupled in vitro translation/insertion
assay. Briefly, 8 ug of mRNA transcript was translated using an E. coli membrane-free cell
extract {Schaffitzel and Ban, 2007, J Struct Biol, 158, 463-71} in the presence of E. coli
scSRP {Estrozi et al., 2011, Nat Struct Mol Biol, 18, 88-90} and proteoliposomes containing
BR +/- SecYEG or the HTL complex. The nascent polypeptides were detected by
incorporation of radiolabeled 35S-methionine. To assay for membrane insertion, the in vitro
translation reaction was allowed to proceed in the presence of the same proteoliposomes
used for the in vitro translocation assays. Following a 90 min coupled translation/insertion at
room temperature, the proteoliposomes were purified by sucrose flotation and treated with

5M urea for 20 min on ice. The urea-washed proteoliposomes were then pelleted and
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resuspended in SDS-PAGE sample buffer and loaded onto a 4-15% Bis-Tris PAGE gel.

Radioactive material was identified by phosphorimaging.
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Chapter 4 : Cryo-EM Structure of the
SecYEG-SecDFYajC-YidC

Holotranslocon complex
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Résumeé en francais / French summary

L’existence d’'un supercomplexe SecYEG-SecDFYajC-YidC chez Escherichia coli a été
démontrée il y a plus d’'une dizaine d’années. Ce complexe de protéines membranaires n’a
cependant pu étre analysé biochimiquement ou structuralement dd a la faible quantité
d’échantillon hétérogéne extrait de la membrane. Nous avons établi la production et la
purification de ce complexe holotranslocon et l'avons utilisé pour une étude de cryo-
microscopie électronique des particules isolées. La structure a été affinée a une résolution
de 10.5 A ce qui nous a permis de placer les structures cristallines a haute résolution des
sous-complexes et domaines dans la densité. Le modéle quasi atomique révéle pour la
premiére fois l'organisation moléculaire de SecYEG, SecDF-YajC et YidC au sein de
complexe holotranslocon et explique les données biochimiques et de réticulation existantes.
Basée sur nos données, nous suggérons un modeéle expliguant comment le domaine
accessoire de l'holotranslocon assiste la translocation des séquences hydrophiles et
l'intégration des domaines transmembranaires dans la bicouche lipidique. Nous suggérons
que I'holotranslocon fournit un environnement de protection pour le repliement des domaines

transmembranaire polytopiques.
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Manuscript

Cryo-EM Structure of the SecYEG-SecDFYajC-YidC Holotranslocon Complex

Manuscript in preparation

Abstract

The existence of a SecYEG-SecDFYajC-YidC supercomplex in Escherichia coli has been
demonstrated more than a decade ago (Duong & Wickner, 1997, Scotti et al., 2000). The
membrane protein complex could however not been biochemically or structurally analyzed
due to the poor amount of heterogenous sample extracted from the membrane. We
established the production and purification of this holotranslocon complex and used it for
single particle cryo-electron microscopy. The structure was refined to 10.5 A resolution which
allowed to place the high-resolution crystal structures of the subcomplexes and domains into
the density. The quasi-atomic model reveals for the first time the molecular organization of
SecYEG, SecDF-YajC and YidC in the holotranslocon complex and explains the existing
biochemical and crosslinking data. Based on our data, we suggest a model on how the
accessory domains in the holotranslocon support translocation of hydrophilic sequences and
integration of transmembrane domains into the lipid bilayer. We suggest that the
holotranslocon provides a protected environment for the folding of polytopic transmembrane

domains.
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Introduction

One third of all proteins in a cell are translocated into or across a membrane. In Escherichia
coli, this is accomplished by the universally conserved heterotrimeric SecYEG protein-
conducting channel (Dalbey et al., 2011; Driessen & Nouwen, 2008; Luirink et al., 2012;
Rapoport, 2008; Van den Berg et al., 2004). The crystal structures of SecYEG reveal that the
ten transmembrane helices (TMHSs) of SecY form the central pore through which hydrophilic
parts of substrates are translocated (Ito, 1990; Van den Berg et al., 2004; Zimmer et al.,
2008). SecY helices adopt the shape of a clam shell which can open. Thus, signal
sequences and TMHs of the translocation substrates can be integrated into the lateral gate
of SecY from where they can partition into the lipid bilayer (Hizlan et al., 2012; Van den Berg
et al., 2004). Membrane proteins are translocated co-translationally (Ulbrandt et al., 1997). In
this case, the ribosomal tunnel exit is aligned with the translocation pore (Becker et al., 2009;
Beckmann et al., 2001; Frauenfeld et al., 2011; Mitra et al., 2005). Exported proteins mostly
are translocated post-translationally requiring ATP and the ATPase SecA which forms a
complex with SecYEG (Brundage et al., 1990; Hartl et al., 1990; Zimmer et al., 2008). Protein
secretion can be enhanced by the proton motive force (PMF) (Brundage et al., 1990;
Driessen, 1992; Schiebel et al., 1991; Shiozuka et al., 1990). SecE and SecG do not
participate directly in translocation but are important for the integrity and stability of SecY.

Protein translocation additionally requires the membrane proteins SecD, SecF, YajC and
YidC which associate with SecYEG forming the ’holotranslocon’ (Duong & Wickner, 1997a;
Scotti et al., 2000) SecYEG, SecDF and YidC are essential for cell viability (K. J. Pogliano &
J. Beckwith, 1994). In inverted membrane vesicles, SecD and SecF can enhance
translocation via SecYEG by using the PMF (Tsukazaki et al.,, 2011). SecDF have been
suggested to prevent backsliding of translocation substrates (Duong & Wickner, 1997b) and
to facilitate substrate release in the periplasm (Matsuyama et al., 1993; Tsukazaki et al.,
2011). In the structure of Thermus thermophilus SecDF, the six transmembrane (TM) helices
of SecD and of SecF are arranged pseudo-symmetrically (Tsukazaki et al., 2011). The TMH
domain arrangement resembles the TM region of AcrB (Murakami et al., 2006) indicating a
similar proton transport mechanism for SecD. The Plbase domain of SecD and the
periplasmic domain (P4) of SecF form pseudo-symmetric, anti-parallel beta-sheets
(Tsukazaki et al., 2011). Deletion of the P1-head domain, which is implicated in substrate
release (Matsuyama et al., 1993), interferes with proton transport. This suggests that
substrate binding and conformational changes in the P1 head are linked to proton flow
through the TM part of SecDF (Tsukazaki et al., 2011). SecDF forms a tight complex with the
small 11 kDa protein, YajC of unknown function which consists of one TM helix and a C-

terminal, cytoplasmic domain (Fang & Wei, 2011). YajC has been suggested to bridge
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SecYEG and SecDF complexes structurally or functionally in absence of SecG (Duong &
Wickner, 1997a).

YidC is essential for the insertion and folding of inner membrane proteins (Samuelson et al.,
2000; van der Laan et al., 2005). YidC contains six TM helices and a large periplasmic
domain. The C-terminal five TM helices are conserved in mitochondria and chloroplasts and
are responsible for the Sec-independent translocase activity of YidC (Jiang et al., 2002; van
Bloois et al., 2005). In complex with SecYEG, YidC is suggested to bind TM helices which
leave the lateral gate of SecY and to assist in membrane protein folding (Nagamori et al.,
2004; Urbanus et al., 2001; Zhu et al., 2013) and complex assembly (van der Laan et al.,
2003). The periplasmic domain of YidC adopts a beta-supersandwich fold and contains a
cleft implicated in binding of translocation substrates (Oliver & Paetzel, 2008; Ravaud et al.,
2008). The YidC TM region has been studied by electron microscopy (EM) (Kohler et al.,
2009; Lotz et al., 2008). YidC forms a stable complex with SecDFYajC (Nouwen & Driessen,
2002). In contrast, its interaction with SecYEG seems to be weak and dynamic (Sachelaru et
al.,, 2013). However, in the presence of SecDFYajC, a stable complex can be
immuneprecipitated (Duong & Wickner, 1997a) .

Here, we present the cryo-electron microscopy structure of the SecYEG-SecDFYajC-YidC
holotranslocon complex at 10.5 A resolution providing important, unprecedented insights in
the architecture of the complex and the functional interplay of the subunits during

translocation.

Results

Using the Acembl system (Bieniossek et al., 2009), we generated an E. coli plasmid for
overexpression of all seven membrane proteins forming the holotranslocon. The n-Dodecyl
B-D-Maltopyranoside (DDM)-solubilized SecYEG-SecDFYajC-YidC complex was purified by
two affinity chromatography steps (Supplementary Fig. 1a). Size-exclusion chromatography
and analytical ultracentrifugation indicated a molecular weight of ~250 kDa of the complex
and 0.5g DDM bound per 1g protein (Supplementary Fig. 1b,c) corresponding to one copy
each of SecYEG, SecDF and YidC in the complex. The cryo-EM structure of the
holotranslocon refined to 10.5 A resolution (‘gold-standard’ method (Scheres & Chen, 2012)
and Fourier shell correlation criterion 0.5; Supplementary Fig. 2). The structure reveals a
complex with dimensions of 114 A x 106 A x 92 A with numerous cavities and protrusions
(Fig. 1). We placed the available crystal structures of SecYEG (Van den Berg et al., 2004),
SecDF (Tsukazaki et al., 2011), YajC (Toérnroth-Horsefield et al.,, 2007) and of the

periplasmic domain of YidC (Ravaud et al., 2008) as rigid bodies into the density. Thus, we
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generated a quasi-atomic model corresponding to ~70% of the molecular weight of the

holotranslocon (Fig. 1).

| YajC SecD
SecYEG

SecY SecG

Figure 1. Structure of the E. coli SecYEG-SecDFYajC-YidC holotranslocon complex.
The cryo-EM structure (top) is displayed in a side view (left) from the plane of the membrane
and from the periplasm (right). The quasi-atomic model of holotranslocon is shown below.
The cryo-EM density is depicted in transparent grey; SecY is coloured marine, SecE dark
blue, SecG in cyan, SecD in green, SecF in light green and the periplasmic domain of YidC
in magenta.

SecDFYajC and YidC have been shown to form a stable complex in E. coli (Nouwen &
Driessen, 2002) (Supplementary Fig. 1). We calculated an independent EM reconstruction of
this subcomplex (DFYY) in order to identify the position of SecYEG in the holotranslocon
structure (Fig. 2, Supplementary Fig. 3). The EM reconstruction of DFYY could be placed
into the holotranslocon reconstruction with a correlation coefficient of 0.975 indicating that
the DFYY complex is rigid and does not undergo major conformational changes upon
SecYEG docking (Fig. 2).

100



Mathieu Botte Thesis Chapter 4

YidC

SecDFYajC-YidC
Holotranslocon

cc =0.975

Figure 2. Localization of SecYEG in the Holotranslocon Complex. EM reconstruction of
SecDFYajC-YidC (purple, above) in a view from the plane of the membrane (left) and from
the periplasmic side (right). The SecDFYajC-YidC complex can be placed into the
holotranslocon density (lightblue) with a correlation coefficient of 0.975 (below) indicating a
very similar domain architecture of SecD, SecF, YajC and YidC in both complexes. The
localization of SecYEG in the holotranslocon density is indicated.

Next, we analyzed the structural heterogeneity of the holotranslocon complex. The 3D
variance map of the holotranslocon reconstruction indicates that the flexibility of the complex
is highest in the SecYEG part (Supplementary Fig. 4). Furthermore, the map displaying the
local resolution shows that the resolution is lower in the region of high variance which
includes the SecYEG density (Supplementary Fig. 5). In agreement with this, we observed
that the density corresponding to SecYEG is somewhat too small to accommodate the
complete SecYEG crystal structure (Fig. 1). using 3D-classification by maximume-likelihood
(Scheres et al., 2008) and multi-reference 3D angular refinement (Penczek et al., 2011), we
could not detect clearly distinct SecYEG conformations in the holotranslocon complex.
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Therefore, we assume that SecYEG binding to SecDFYajC-YidC is flexible and dynamic.
Despite the fact that bacterial SecYEG complexes have been crystallized (Tsukazaki et al.,
2008; Zimmer et al., 2008), we decided to fit the Methanococcus jannaschii SecYBy structure
(Van den Berg et al., 2004) into the holotranslocon density because it represents the inactive
translocon where the channel is sealed with a small a-helix of SecY, named the plug.

To localize the position of YidC in the holotranslocon, we purified the SecYEG-SecDFYajC
complex (AYidC) and calculated a 3D reconstruction using negative stain EM data (Fig. 3;
Supplementary Fig. 6). A significant conformational change is observed in the AYidC
complex compared to the holotranslocon structure (Fig. 3). This hampers the superimposition
of the two 3D EM reconstructions. We observe a new connection between SecYEG and the
remaining density (Fig. 3) and a small domain appears in the density which has not been
observed before. In the AYidC reconstruction, we cannot detect the large domain positioned
above SecYEG. Therefore, we attribute this density to the YidC periplasmic domain P1 (Fig
1). In fact, the crystal structure of the YidC P1 domain can be placed with high confidence
into this density (see below).

additional
periplasmic
SecDF SecYEG domain new connection
Periplasmic ‘y///ofSecYEG
Domains ' with SecDFYajC
90°
SecYEG SecDF Periplasmic

Domains

Figure 3. EM reconstruction of the SecYEG-SecDFYajC complex in a side view (left) and
a view from the periplasm (right). The SecYEG density is more ordered compared to the
holotranslocon and forms a new connection with the remaining density attributed to
SecDFYajC. Additional density is detected on the periplasmic site of the complex positioned
above SecYEG.

After localization of SecYEG and YidC in the holotranslocon map (Fig. 2 and Fig. 3), we
placed the crystal structure of Th. termophilus SecDF (Tsukazaki et al., 2011) into the cryo-
EM density (Fig. 4a). While SecF and the transmembrane region of SecD fit well into the

density, the periplasmic domain P1 of SecD sticks out of the density. SecD-P1 consists of a
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Plbase with a ferredoxin-like fold and a P1lhead domain (Tsukazaki et al., 2011). A rotation
of this domain and of the TMHL1 of ~120 degrees around a hinge region between the P1
domain and TMH2 of SecD is required to fit this domain into the EM density (Fig. 4b). This
conformational change disrupts the antiparallel beta-sheet connecting SecD P1 with the
periplasmic domain P4 of SecF. Both, the Plbase and the P4 domain adopt ferredoxin-like
folds (Tsukazaki et al., 2011). Closer inspection of the P1-P4 domain interactions revealed
that the five hydrogen bonds between SecD and SecF stabilizing the beta sheet have an
average length of 3.36 A indicating a rather week interaction of the two ferredoxin-like folds.
For comparison, the beta-sheet-forming H-bonds within the ferredoxin-like folds of Plbase
and of P4 have an average length of 2.71 A (Tsukazaki et al., 2011). Thus, it is conceivalbe
that the periplasmic domains of SecD and SecF do not form a continuous beta-sheet in the
holotranslocon complex. Furthermore, such a rather drastic conformational change with high
activation energy may explain why it is not possible to reconstitute SecYEG-SecDFYajC
complexes from the isolated subcomplexes.

As a result of the P1 rotation, the Plhead domain is positioned above the translocation
channel formed by SecY (Fig. 4a). As described above, the P1lhead has been suggested to
play an important role in catalyzing protein translocation, possibly by binding the translocated
polypeptide and by assisting the peptide release from the translocase (Matsuyama et al.,
1993; Nouwen et al., 2005; Tsukazaki et al., 2011). The Plhead domain was reported to
adopt at least two conformations, an F- and an I-form which are related to each other by a
120 degree rotation around the loops connecting the Plbase and Plhead domains
(Tsukazaki et al., 2011). The F-form of P1 fits into the holotranslocon density while the I-form
clearly sticks out of the density (Supplementary Fig. 7). Superimposition of the F- and I-form
of the P1head domain (Supplementary Fig. 7) suggests that there is no sterical hindrance in
the holotranslocon complex to adopt the I-Form, and thus both conformations could be
adopted during protein translocation. In the cryo-EM structure, we visualized the more
compact F-Form of the SecD Plhead domain where the P1lbase and the P1head domain of
SecD are positioned above SecY, SecE and SecG. This placement is supported by
crosslinking and complementation experiments (Schulze et al., submitted; (Kato et al.,
2003)).
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_—SecD
P1base

Figure 4. Fitting of the Crystal Structure of SecDF into the Holotranslocon Complex
(Model 1). (a) Quasi atomic model showing the fitting of SecD and SecF domains into the
EM density (grey). The transmembrane helices of SecD (dark grey) are in in contact with
SecG and YajC. The periplasmic domain (P1) of SecD (dark green) is positioned above
SecYEG such that the P1 head domain (greenyellow) is placed directly above the
translocation channel formed by SecY (marine). (b) Comparison of the SecDF conformation
in the quasi atomic model (left) with the SecDF crystal structure from Thermus thermophilus
(Tsukazaki et al., 2011). The periplasmic domain (green and greenyellow) and the first
transmembrane helix (TMH1) of SecD need to be rotated by 120° and 57° respectively to fit
the density. The SecF (lightgrey and lightgreen) conformation remains virtually the same.

YajC was included in the holotranslocon expression construct because it may bridge the two
SecYEG and SecDF subcomplexes (Duong & Wickner, 1997a). However, we did not
observe any stabilizing effect of YajC during solubilization and purification of holotranslocon
complexes. The only structural information available on YajC is the N-terminal TM helix
spanning from the periplasma into the cytosol. The TM helix of YajC was crystallized in
complex with the multidrug transporter AcrB which is homologous to SecDF (Térnroth-
Horsefield et al., 2007; Tsukazaki et al., 2011). The copy number of YajC in holotranslocon is
unknown as the 10 kDa protein is too small to confidently determine its stoichiometry by
analytical ultracentrifugation (Supplementary Fig. 1c). In analogy to the AcrB-YajC complex,
we assumed one copy of YajC bound to SecDF and fitted the YajC TM helix by
superimposition of the crystal structures of the SecDF and the AcrB transmembrane regions
(Tornroth-Horsefield et al., 2007; Tsukazaki et al., 2011). This places YajC at the interface
between SecDF and SecYEG which is in agreement with a previous observation from Duong
& Wickner (1997) where YajC could be co-immunoprecipitated with SecDF and with
SecYEG. According to this placement, the cytoplasmic domain of YajC would be close to
SecF. In fact, we observe unfilled density in the cytoplasm in this region.

The crystal structure of the periplasmic domain P1 of E. coli YidC (Oliver & Paetzel, 2008;
Ravaud et al., 2008) could be unambiguously placed into the density located above the

SecYEG translocon (Fig. 5a, cc = 0.925). In the YidC P1 crystal structure, a polyethylene
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glycol (PEG) molecule was found in an elongated cleft containing many hydrophobic,
conserved residues (Ravaud et al., 2008). It was suggested that this may be a binding
pocket for translocation substrates. In fact, the YidC P1 domain is positioned in the
holotranslocon complex such that it could interact with hydrophobic stretches of the

translocated polypeptide (Fig. 5a).

a b

YidC-P1 SecD-P1
' unfilled density

central cavity L §
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Figure 5. YidC placement in the holotranslocon complex. (a) Side view of the
holotranslocon complex from the plane of the membrane. The crystal structure of the
periplasmic domain of E. coli YidC (magenta) (Oliver & Paetzel, 2008; Ravaud et al., 2008)
could be unambiguously placed into the cryo-EM density (cc = 0.93) next to the SecYEG
translocation channel (blue) (Van den Berg et al., 2004) which in its inactive state is sealed
by the plug helix of SecY (in red). The PEG molecule bound to YidC in a putative substrate-
binding cleft (Ravaud et al., 2008) is depicted in purple spheres. (b) Slap in the plane of the
membrane shown from the periplasmic site. Unfilled density is identified connected to the
transmembrane helices of SecF (light grey) and YajC (yellow) and vis-a-vis the lateral gate of
SecYEG. A central cavity is detected in the center of the complex.

Together, the periplasmic domains of SecD, SecF and YidC form a ring-like arrangement in
the holotranslocon complex (Fig. 1). In the membrane the TM domains are forming a U-
shape and a central cavity is observed (Fig. 5b). Next to the TM domains of SecF and YajC
and vis-a-vis of the SecY channel, additional density is detected. This unfilled density is
connected to the YidC periplasmic domain and contacts SecY close to the cytoplasm. It
could well be that this density corresponds to the TM region of YidC of which a high
resolution structure is not available. In support of this, crosslinks of the cytoplasmic C-
terminus of YidC to SecF, YajC and SecY (but not SecD) have been reported recently
(Sachelaru et al., 2013)(Supplementary Table 1).

Smaller unfilled density corresponding to one or two TM helices is observed next to the
SecYEG complex (Fig. 5b). This density is close to SecYEG and to the YidC periplasmic

domain. Therefore, it could be allocated to TM helices 1 and 2 of SecE or to TM helix 1 of
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YidC. We favor the latter option because in the EM reconstruction of DFYY we observe a
similar density at high contour level (Supplementary Fig. 8). In support of this, in the
projection map of E. coli one helix of YidC was positioned rather distant from the other
helices (Lotz et al., 2008) indicating that TM1 likely is not tightly connected to the C-terminal
conserved TM part of YidC.

Discussion

Here, we present the cryo-EM structure of the holotranslocon complex which has been
discovered 15 years ago by radio-immunoprecipitation (Duong & Wickner, 1997a). Since
then, translocation by SecYEG and YidC alone has been extensively studied biochemically,
and crystal structures were reported for a major part of the subunits forming the
holotranslocon. Nevertheless, the holotranslocon itself and its subcomplexes (SecDFYajC-
YidC and SecYEG-SecDFYajC as well as SecYEG-YidC) have not been analyzed
thoroughly, likely due to the difficulty to prepare these complexes in sufficient quality and
guantity. Accordingly, the impact of the holotranslocon on protein translocation remained
enigmatic.

We were able to place all the available crystal structures into the holotransicon density to
generate a testable quasi-atomic model. The position of SecYEG and of the YidC
perimplasmic domain was determined by reconstitution of subcomplexes lacking these
proteins (DFYY and AYidC maps, Figs.2 and 4). Importantly, the quasi-atomic model we
present here is in agreement with the reported protein-protein interactions of SecYEG,
SecDF, YajC and YidC (Supplementary Table 1). In particular, SecYEG-YidC complexes
could be co-immunoprecipitated (Boy & Koch, 2009). More recently, it has been reported that
YidC crosslinks to the lateral gate transmembrane helices of SecYEG (Sachelaru et al.,
2013) and that the transmembrane helices of nascent membrane proteins can be crosslinked
first to the lateral gate and later to YidC (Urbanus et al., 2001) (Fig 6a). In our quasi atomic
model, the unfilled TM part (Fig. 5b) which could be attributed to the YidC conserved TM
region is juxtaposed to the SecYEG lateral gate. This placement also is in agreement with
the suggestion that YidC mediates folding and assembly of polytopic membrane proteins
(Beck et al., 2001) and membrane protein complexes (van der Laan et al., 2003). We
observe an unfilled cavity in the plane of the membrane, surrounded by proteins (SecY,
SecDF and likely the YidC conserved TM region) which very likely is filled with lipids. This
may suggest that the holotranslocon provides a protected environment for the nascent
membrane proteins that exit laterally from the SecY translocation channel for folding and
assembly (Fig. 6b), thus preventing aggregation of the newly synthesized TM helices with

other membrane proteins. Furthermore, if the membrane protein fails to fold correctly, YidC
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could direct it to the FtsH-HfIK/C protease complex for degradation (van Bloois et al., 2008;

van Stelten et al., 2009), thus allowing for quality control.

YidC

substrate

SecAor
Ribosome E

Figure 6. Model of protein translocation catalyzed by the holotranslocon. (a) Protein
translocation through SecYEG driven by the proton motive force (PMF) and SecDF. The
periplasmic domain of YidC and the head domain of SecD are positioned such that they can
interact with translocation substrates and prevent backsliding of the polypeptide through the
SecYEG translocation channel. In the cytoplasm, translocation is energized by SecA ATPase
or the ribosome. (b) Membrane protein integration and folding can occur at the interface
between the SecY lateral gate and YidC in a protected lipid-holotranslocon environment
where transmembrane helices accumulate until they can fold into a domain. Membrane
protein insertion could also be energized by the PMF and SecDF. SecDF is colored in green,
SecYEG in blue colors, YajC in yellow, YidC in magenta and the translocation substrate in
orange.

The role of the periplasmic domain of YidC is enigmatic. In fact, large parts of the N-terminus
of YidC (TMH1 and most of P1) can be deleted without affecting E. coli cell growth and
membrane protein insertion (Xie et al., 2006). YidC P1 has been crosslinked to SecD
(Sachelaru et al., 2013) and was co-purified with SecF (Xie et al., 2006). However, the
presence of SecD in the immunoprecipitate was not tested in the Western blots (Xie et al.,
2006), thus an interaction of YidC Pl with SecDF cannot be excluded. The ring-like
arrangement of the periplasmic domains of SecD, SecF and YidC (Fig. 1) agrees with these
findings. Moreover, we assume that the periplasmic domains of YidC and SecD are flexibly
arranged to each other and to the membrane part of the complex.

In a recent study, we reported crosslinks of SecD and YidC to SecY, SecE and SecG
respectively (Schulze et al., submitted) (Supplementary Table 1). According to our quasi-
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atomic model, both periplasmic domains are positioned above SecYEG (Fig. 5a) and thus
could flexibly interact with the periplasmic parts of SecYEG. This position would also allow
SecD Plhead and YidC P1 to interact with the translocated polyproteins (Fig. 6a) emerging
from the SecY channel. A role for SecD Plhead in supporting later steps of protein
translocation (J. A. Pogliano & J. Beckwith, 1994) by using the PMF (Schiebel et al., 1991;
Tsukazaki et al., 2011) and in facilitating substrate release in the periplasma (Matsuyama et
al.,, 1993) has been suggested previously. The placement of YidC close to the SecY
translocation pore (this study) and the discovery of a hydrophobic cleft in YidC which could
accommodate an unpolar, unfolded polypeptide (Ravaud et al., 2008) hints at a role for YidC
P1 in facilitating translocation across the membrane. Moreover, the P1 domain of YidC could
contribute to stabilize the SecYEG-YidC interaction.

Crosslinking of the C-terminus of YidC to SecF (and not to SecD) (Sachelaru et al., 2013)
supports the placement of SecF next to YidC. Furthermore, SecG which is placed at the
interface between SecD and SecYEG in our quasi-atomic model can be functionally
complemented by SecDF (Kato et al., 2003) and crosslinked to SecD (but not SecF)
(Schulze et al., submitted). This supports the placement of the SecD TM region next to SecG
(Fig. 1). Nevertheless, this placement is not unambiguous: The TM region of SecDF is
pseudosymmetric (Tsukazaki et al., 2011) and therefore, the opposite fitting is equally
possible (i.e. the TM region of SecF at the interface to SecYEG and the TM region of SecD
at the interface to the TM region of YidC). Additional crosslinking experiments are required to
provide stronger support for our current model.

The SecD P1 domain of E. coli is 180 amino acids longer than the P1 domain in the crystal
structure from Th. thermophilus. These insertions are positioned in the linker after TMH1
(residue 34-119) after the first beta sheet-forming sequence (strand 144-223) and between
beta-sheet strand 8 and 9 (residue 370-388) (Supplementary Fig. 9). These insertions likely
add flexibility to the E. coli P1 domain and may occupy currently unfilled density in the
periplasmic part of the structure in vicinity of the P1base and above the SecY translocation
channel (Fig. 1, Fig. 4a).

The fact that the density of SecYEG is smaller than expected indicates that SecYEG
interacts flexibly with SecDFYajC and YidC. Moreover, the interaction with SecDFYajC-YidC
could induce conformational changes in SecYEG, similar to the ‘pre-open state’ of SecYEG
which is adopted upon interaction with SecA (Zimmer et al., 2008). Future studies will need
to address the dynamics of the holotranslocon during co-and post-translational translocation.
Furthermore, the physiological role of the holotranslocon needs to be addressed in future.
The cellular copy numbers of SecDF (~30 copies), SecYEG (~300) and YidC (~2000) (K. J.
Pogliano & J. Beckwith, 1994) suggests that the holotranslocon is not required for

translocation of all substrates. Holotranslocon could exist in the membrane as a preformed
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translocation complex which is necessary for the translocation of a special subset of proteins.
Alternatively, SecDFYajC-YidC could be recruited by SecYEG during translocation to support
translocation. Finally, SecDF could be required to establish the SecYEG-YidC interaction and
then be released. In support of this, it has been observed in a blue native gel analysis that
SecDF stabilized the SecYEG-YidC interaction without being permanently associated with
the SecYEG-YidC complex (Boy & Koch, 2009).

The work and the holotranslocon model presented here (Figs. 1,6) provide a framework for
future experiments. Structure-based mutational studies and more specific crosslinking
experiments are now possible to further clarify the impact of the holotranslocon on

membrane protein insertion and protein secretion.

METHODS

Production and Purification of Holotranslocon Complex and Subcomplexes

The HTL expression plasmid pACEMBL_HTL3 was generated using the ACEMBL
expression system (Bieniossek et al., 2009). It consists of the pACE acceptor vector with a
polycistron encoding for YidC, SecD (D), SecF (F) with an arabinose promoter, the pDC
donor vector encoding for SecY, SecE (E) and SecG (G) with a trc promoter, and the pDK
donor vector encoding YajC fused with a calmodulin-binding protein (CBP)-tag with a trc
promoter. The ACEMBL acceptor and donor vectors were combined by Cre-loxP fusion to
yield pACEMBL_DFYY and pACEMBL_HTL3. pACEMBL_HTL3AYidC was generated by
deletion of the YidC gene from the pACEMBL_HTL3 expression plasmid.

E. coli BL21(DE3) Star was transformed with pACEMBL_HTL3, pACEMBL_HTL3AYidC and
pACEMBL_DFYY respectively, and grown in 2xYT medium containing 50 pug/ml ampicillin, 30
pg/ml kanamycin, and 34 pg/ml chloramphenicol to an ODggo 0f 0.8, prior to 3 h of induction
using 0.5 mM IPTG and 0.2% (w/v) arabinose. Following centrifugation, the cells were
broken at 18 kpsi using a microfluidizer in the presence of HSGM buffer (20 mM Hepes-
KOH, 130 mM NacCl, 5 mM Mg(OAc),, 10 % (v/v) glycerol, pH 8.0). The membranes were
collected by ultracentrifugation (150,000 x g, 1.5 h, 4°C, Ti70 rotor) of the lysate and
solubilized in HSGM buffer containing 1.5% DDM (Glycon, Germany) for 2 h by rotation at
4°C. After centrifugation (150,000 x g, 1 h, 4°C, Ti70 rotor), the supernatant was loaded onto
a chelating Ni**-Sepaharose Fast Flow (GE Healthcare) column equilibrated with HSGM
containing 10 mM imidazole and 0.1% DDM.

After a high salt wash (20 mM Hepes-KOH, 500 mM NaCl, 5 mM Mg(OAc),, 10 % (v/v)
glycerol, 10 mM imidazole, 0.1% DDM, pH 8.0) and a wash with HSGM containing 40 mM
imidazole and 0.1% DDM, the HTL complex was eluted with HSGM containing 300 mM
imidazole and 0.1% DDM. The eluted protein was transferred into CBP buffer (50 mM
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Hepes-KOH, 130 mM NaCl, 10% glycerol, 2 mM CacCl,, 0.03% DDM, pH 8.0) using a
desalting column (GE Healthcare) and loaded over night onto a gravity-flow calmodulin
affinity column (Stratagene). After washing (CBP buffer with 0.2 mM CacCl,), HTL was eluted
with CBP elution buffer (50 mM Hepes-KOH, 400 mM NaCl, 3% glycerol, 2 mM EGTA,
0.03% DDM, pH 8.0).

For electron microscopy and biophysical characterization, the complexes were stabilized by
mild glutaraldehyde crosslinking in a glycerol gradient (Kastner et al., 2008). Briefly HTL was
loaded onto a 40 ml glycerol gradient from 10% to 30% glycerol and from 0 to 0.15%
glutaraldehyde in HSGM buffer with 0.03% DDM and centrifuged for 36.5h at 83,000 x g and
4°C (SW32 rotor, Beckman Coulter). The fraction containing HTL was supplemented with
100 pg of lysine to stop the crosslinking reaction and concentrated using a concentrator with
a molecular weight cut-off of 30 kDa (Amicon). The concentrated fraction was further purified
using a Superose 6 column equilibrated in HSMD buffer (20 mM Hepes-KOH, 130 mM NacCl,
2 mM Mg(OAc),, 0.03% DDM, pH 8.0). The molar extinction coefficient of HTL was
experimentally determined to be 7. = 497 000 M™* cm™ (Schulze et al., submitted). Purified
protein samples are shown in Supplementary Figs. 1 and 6 (HTL3, DFYY, and DeltaYidC).
Negative-stain EM and 2D class averages drove optimization of the purification procedure,

confirmed the homogeneity of the complexes and their similarity.

Analytical Ultracentrifugation

A Beckman XL-I analytical ultracentrifuge and an An-60Ti rotor (Beckman Coulter) with 12
mm optical path length cell equipped with sapphire windows were used for analytical
ultracentrifugation. Absorbance at 280 nm and interference profiles were measured for 16
hours at 35,000 rpm and 10 °C. Analysis was done in terms of continuous size-distribution
(c(s)) with the Sedfit program (Schuck & Rossmanith, 2000), considering 200 particles with
sedimentation coefficients, s, between 0.1 and 20 S, with a frictional ratio of 1.3 and a partial
specific volume intermediate between that of the protein and that of the detergent used. The
parameters used were 0.74 and 0.83 for the partial specific volumes of the proteins and the
B-dodecylmaltoside (3-DDM) (Salvay et al., 2007), respectively; and 0.187 and 0.143 for the
refractive index increment of the proteins and the 3-DDM ) (Salvay et al., 2007), respectively.
A regularization procedure was also applied with a confidence level of 0.68. Sample density

and viscosity were 1.007 g/mL and 1.35 mPa.s, respectively, as determined with Sednterp.

Random Conical Tilt Reconstructions
Holotranslocon and two subcomplexes (SecDFYajC-YidC and SecYEG-SecDFYajC) at 0.15
mg/ml were absorbed to carbon film for 30 s, followed by a negative staining with 1% uranyl

acetate for 30 s. 300 micrographs were recorded at room temperature on a Biotwin Ice
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CM120 electron microscope (FEI) at a magnification of 71,550 x and a defocus of ~2 ym at
120kV, using a 4k x 4k CCD camera. Two consecutive images of the same area were taken
at 45° and 0° tilt angles under low-dose conditions. Contrast transfer function was analyzed
and corrected using the bctf tool included in the Bsoft package (Heymann & Belnap, 2007).
Around 15,000 HTL, 12000 DFYY and 10,000 DeltaYidC tilt pairs were selected manually by
using the program tiltpicker (Voss et al., 2009). Untilted images were aligned by using
iteratively refined classes as references and subsequent multivariance statistical analysis
(MSA) for classification into 400 classes using IMAGIC-5 software (van Heel et al., 1996) and
XMIPP (Scheres et al., 2005). 400 volumes were calculated from the 2D classes and were
averaged using XMIPP MLtomo (Scheres et al., 2009) to compensate for the missing cone,
resulting ten RCT reconstructions for each sample. Two volumes of each sample were
subjected to further refinement cycles through projection matching with the Spider software
suite (Frank et al.,, 1996), additionally including 15,000 untilted images for HTL
(Supplementary Fig. 3)(Fig. 2).

Cryo-EM and Image Processing

Purified HTL (0.15 mg/ml) was applied to a thin carbon foil sustained by a holey carbon grid
™
(Quantifoil  2/2) and plunge-frozen in liquid ethane with controlled temperature and humidity

(VitrobotTM, FEI). Samples were imaged under low-dose conditions (~10 e~ A™) at a
magnification of 78000 x on a Polara cryo-transmission electron microscope (FEI) at 100 kV.
2500 Images were recorded on a 4k x 4k CCD camera at 1.4 A/px and coarsened tree times
resulting in a final pixel size of 4.2A before analysis on the specimen. The contrast transfer
function of the microscope was determined for each micrograph using the Bsoft program
(Heymann & Belnap, 2007), and the image phases were flipped accordingly. Using the
EMAN2 software package, 61000 particles were boxed (Tang et al., 2007). The HTL RCT
reconstruction was used as the starting model for calculation of the 3D reconstruction from
cryo-EM data using Xmipp, Imagic and Spider. Maximum likelihood 3D refinement was used
in Xmipp (Scheres et al.,, 2007). In parallel, SPIDER was used to generate reference
projection of the RCT volume, to align those references against the experimental images and
the BP RP program of SPIDER was used to reconstruct the refined volume (Shaikh et al.,
2008). For IMAGIC refinement, the threed-forward program was used to generate reference
projections followed by the M-R-A program to generate the aligned images and the true-
threed-reconstruct program to back project the aligned images (van Heel et al., 1996). The
fully deconvoluted images (used for the final reconstruction) and the phase flipped images
(used for the projection matching cycle) were band-pass filtered between 200 and 15 A,

respectively.
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The resolution of the structure was determined according to the gold-standard Fourier schell
correlation at the (FSC) = 0.5 cut-off (Scheres & Chen, 2012) and the final reconstruction
was filtered accordingly (Supplementary Fig. 2).

3D variance analysis of HTL structure

3D variance map was calculated to assess the heterogeneity of the HTL complex by
hypergeometrically stratified resampling (HGSR) implemented in SPARX (Penczek et al.,
2011). The 60,984 particles where assigned to 211 angular region using an angular step size
of 10°. 10,000 volumes were reconstructed from 9284 randomly chosen images of the CTF
corrected HTL dataset (15.2 % of the complete dataset) using the Euler-angles defined in the
last asymmetric refinement cycle by projection matching. The volumes were low-pass filtered
to 14.58 A and the variance was computed. The HTL map was colored based on the local
variance using the “Surface color’ tool implemented in Chimera UCSF (Pettersen et al.,
2004) (Supplementary Fig. 4).

Variability analysis was also performed in Xmipp (Scheres et al., 2007). The dataset was split
into ten datasets and ten independent volumes were reconstructed using the final HTL
reconstruction as starting volume. The ten volumes were then subjected to Maximum
likelihood 3D refinement until convergence. The ten refined reconstructions were then

compared visually in Chimera UCSF (Pettersen et al., 2004).

Local resolution estimation

The local resolution estimation was performed on the final HTL reconstruction using the
“pblocres” program implemented in the bsoft package (Heymann & Belnap, 2007; Heymann et
al.,, 2008). The dataset was split randomly into two halves in order to obtain two
reconstructions. The two reconstructions were used to estimate the local resolution. The HTL
map was colored based on the local resolution estimation using the “Surface color” tool
implemented in Chimera UCSF (Pettersen et al., 2004).

Generation of the quasi-atomic model of holotranslocon

The quasi-atomic model of the E. coli holotranslocon complex was generated using the
crystal structures of M. jannaschii SecYBy (Van den Berg et al., 2004), SecDF from Thermus
thermophilus (Tsukazaki et al., 2011), E. coli YidC P1 (Ravaud et al., 2008) and YajC
(Tornroth-Horsefield et al., 2007). The structures were placed into the EM map with UCSF
Chimera (Pettersen et al., 2004). The N-terminus of SecD (TMH1 and periplasmic domain)
was placed independently from the SecD TMH2-6 region in Chimera, and the corresponding
residues were connected afterwards again using pymol (DeLano Scientific). The resulting

model was energy minimized in CNS Version 1.0 (Brunger et al., 1998). The figures were
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generated with PyMOL (DeLano Scientific). In the rendering of the EM maps, the density
cutoffs were set for the display of envelopes that represent ~110% of the a priori estimated

volume for the translocation complexes.
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Supplementary Figure 1. Purification and biophysical characterization of
holotranslocon and SecDF-YajC-YidC complexes. (a) Coomassie-stained SDS-PAGE of
the holo-translocon (HTL) and SecDF-YajC-YidC (DFYY) (left). Detection of the CBP-tagged
YajC protein by Western blotting using biotinylated calmodulin and a streptavidin-horseradish
peroxidase conjugate (right). (b) Superose6 gel filtration profile of HTL and DFFY stabilized
by the GraFix method (Kastner et al., 2008). The elution volume of proteins which were used
for calibration is indicated by arrows. (c) Analysis of sedimentation velocity of HTL and DFYY
prepared by the GraFix method. The left panel presents the absorbance c(S) distribution
whereas the right panel presents the interference c(S) distribution. HTL is represented as a
black line and DFYY is represented as a grey line.
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Supplementary Figure 2. Gold-standard FSC curve of the cryo-EM holotranslocon
structure. The Fourier Shell Correlation (FSC) curve was determined using the ‘gold
standard method’ (Scheres & Chen, 2012). 60,000 particles were split randomly into two
halves, and the corresponding reconstructions were refined independently. FSC=0.5
indicates a resolution of 10.5 A (dotted green line).
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Supplementary Figure 3. Random conical tilt (RCT) reconstructions of (@)
holotranslocon, (b) SecDFYajC-YidC (DFYY). A front view is shown for all maps (left). The
projections of the maps are shown above the corresponding 2D class averages obtained by
2D multivariate statistical analysis (MSA) of the negative stain EM data (right).
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Supplementary Figure 4. 3D variance map of the holo-translocon reconstruction.
10,000 hypergeometrically stratified resampled (HGSR) volumes were generated using
SPARX (Penczek et al., 2011). The volumes were then subjected to principal component
analysis (PCA) to determine the variable regions of the HTL. Left: front view from the plane
of the membrane; middle: side view of the holotranslocon complex; right: view from the
periplasma on the holotranslocon. Highly homogeneous regions (lower voxel variances) are
coloured in blue, flexible or heterogeneous regions (higher voxel variances) are displayed in
red. The surface representations were prepared in Chimera (Pettersen et al., 2004).
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Supplementary Figure 5. Local resolution estimation of the holo-translocon cryo-EM
reconstruction. The local resolution has been measured using the blocres program
implemented in the bsoft package (Heymann & Belnap, 2007; Heymann et al., 2008)
explaining the differences in numbers compared to Supplementary Fig. 2. Left: front view
from the plane of the membrane; middle: side view of the holotranslocon complex; right:
view from the periplasma on the holotranslocon. The map is colored based on the calculated
local resolution from 4 A (red) to 8 A (dark blue).
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Supplementary Figure 6. Characterization of the SecYEG-SecDFYajC complex. (a)
Commassie-stained SDS gel of the purified SecYEG-SecDFYajC complex, (b) western blot
using an anti-YidC antibody, (c) Superose6 gel filtration profile of the crosslinked SecYEG-
SecDFYajC complex.
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Supplementary Figure 7. Fitting of the F- and the I-conformation of the SecD Plhead
domain into the holotranslocon density. (a) F-form (greenyellow) and I-Form (orange) of
the P1head domain shown in a side view from the plane of the membrane; (b) and shown in
a view from the periplasma. The I-form model was generated by superimposition of the SecD
Plbase (forest) from the crystal structure of the periplasmic domain of SecD (3AQO,
(Tsukazaki et al., 2011)) with the SecD Plbase of the quasi-atomic model of holotranslocon
(this study). Both conformations position the Plhead domain very close to the protein
conducting channel which in the quasi-atomic model is sealed by the plug (red).
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Supplementary Figure 8. Unfilled density next to the YidC periplasmic domain (a) in the
SecDFYajC-YidC EM reconstruction, (b) in the holotranslocon EM reconstruction and (c) in
the holotranslocon cryo-EM structure. All maps are displayed at a higher contour level to
visualize the extra density (marked with a star).
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Supplementary Figure 9. Multiple sequence alignment of SecD. The global alignment of
the different SecD sequences was performed using the T-coffee package (Notredame et al.,
2000). The alignment of the sequences with the secondary structure was performed using
the ESPript program (Gouet et al., 1999). Identical residues are indicated with white letters
on a red box, similar residues are red letters in a white box, variable residues are
represented by black letters, and dots represent gaps. The parts of the E. coli sequence
highlighted in green represent the additional amino acids compare to the Th. thermophilus
sequence. The secondary structure based on the available crystal structure (PDB code:
3AQP) is shown on top of the alignment. a: a-helix; B: B-sheet; T: B-turns/coils. The
numbering corresponds to the sequence of T. thermophilus SecD domain.
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Protein 1 | Protein 2 Invplved Experimental approach Reference
residues
_ , . o Xie et al.
- - * )
YidC SecF YidC 215-265 Co-immunoprecipitation Biochemistry 2006
Scotti et al.,
. . S EMBO J. 2000;
YidC SecYEG n/a Co-immunoprecipitation Boy & Koch,
Mol. Biol. Cell 2000
. SecY TM2b, L . Sachelaru et al.,
YidC SecY TM3, TM7, TMS8 Crosslinking studies 3 Biol. Chem. 2013
, YidC 249
YidC SecD YajC [located in P1 Crosslinking studies Sgchelaru etal,
SecG . J. Biol. Chem. 2013
domain]
Seck YidC 540 Sachelaru et al
YidC YajC [cytoplasmic Crosslinking studies : y
, J. Biol. Chem. 2013
SecY C-terminus]
_ . o Duong & Wickner,
YajC SecDF n/a Co-immunoprecipitation EMBO J. 1997
, . o Duong & Wickner,
YajC SecYEG n/a Co-immunoprecipitation EMBO J. 1997
SecD o . Schulze et al.,
SecY YidC n/a Crosslinking studies submitted 2013
SecD L . Schulze et al.,
SecE vide n/a Crosslinking studies submitted 2013
SecD o . Schulze et al.,
SecG vide n/a Crosslinking studies submitted 2013
SecG SecDF- n/a Crosslinking studies and Kato et al.,
YajC depletion studies FEBS Lett. 2003

Supplementary Table 1: Reported protein-protein interactions of SecYEG, SecDF, YajC
and YidC. n/a stands for not available information.
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Chapter 5 : Other experiments
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Résumeé en francais / French summary

Dans ce chapitre, nous avons utilisé différentes approches méthodologiques afin d’analyser
les interactions protéine-protéine au sein du complexe holotranslocon. De plus, nous avons
voulu identifier les interactions possible entre I'holotranslocon et de nouveau partenaires
ainsi qu’étudier la fonction de I'holotranslocon in vivo.

Dans un premier temps, nous avons étudié I'architecture de I'holotranslocon et les interfaces
protéine-protéine entre différentes sous-unités constituant le complexe HTL par
spectrométrie de masse nhative et par une réaction de réticulation couplée a de la
spectrométrie de masse. Malheureusement, la spectrométrie de masse est difficile a
appliqguer a des protéines membranaires et par conséquent, ces deux approches
nécessiteront des efforts supplémentaire afin d’optimiser les conditions expérimentales et la
configuration des instruments.

Dans le but d’étudier davantage l'interaction entre le complexe HTL et le ribosome qui a été
mis en évidence dans le chapitre 3, nous avons utilisé un complexe ribosome-HTL pour une
analyse par cryo-microscopie électronique. Une reconstruction 3D préliminaire montre une
densité supplémentaire proche de la sortie du tunnel du ribosome qui est le site présumé
d’interaction avec I'holotranslocon.

Ensuite, nous avons reconstitué I'holotranslocon dans des nanodisques. Les nanodisques
sont des particules de forme discoidale formés d’'une bicouche lipidique pouvant contenir
une protéine membranaire. Les nanodisques-HTL vont nous permettre de visualiser HTL
dans son environnement membranaire natif. Nous avons reconstitué avec succes SecYEG
dans des nanodisques, nous permettant d’envisager la reconstitution du complexe HTL ainsi
gue son étude avec des partenaires de liaison par cryo-microscopie électronique.

Enfin, nous avons procédé a une analyse protéomique de cellules d’E. coli appauvries en
SecDF dans le but d’identifier des substrats dont la translocation serait dépendante de la
présence de force proton motrice. La translocation de ces substrats dépendrait de
I'holotranslocon car SecD et SecF ne sont pas des translocases mais agissent en complexe
avec YidC et/ou SecYEG. Par trypsinisation et spectrométrie de masse, nous avons obtenu
une liste de protéines membranaires qui ont été affectées par l'absence de SecDF.
Maintenant, ces substrats potentiels de SecDF/HTL doivent étre validés par des expériences

de translocation in vitro.
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5-1. Native mass spectrometry study of the holotranslocon and its

subcomplexes

In recent years, mass spectrometry made significant contribution to structure
elucidation of non-covalent protein assemblies (Sharon et al., 2007; van den Heuvel & Heck,
2004). Nanoelectrospray mass spectrometry was applied to a micellar solution of a
heteromeric ABC (ATP-binding cassette) transporter, a membrane protein complex
comprising transmembrane and cytoplasmic subunits (Barrera et al., 2008) and to V-type
ATPases (Zhou et al., 2011). The mass spectra of these detergent solubilized membrane
protein complexes reveal the subunit stoichiometry and architecture of the complexes by
identification of subcomplexes. Moreover, tightly bound lipids were identified. In light of the
long-standing difficulties to study membrane protein complexes by mass spectroscopy, these
studies present a significant methodological advance.

Therefore, we aimed to investigate the subunit stoichiometry and architecture of the
holotranslocon by nanoelectrospray mass spectrometry in collaboration with Carol V.
Robinson (Oxford). The technique couples electrospray ionization to mass spectrometry and
provides information about the composition, topological arrangements, dynamics and
structural properties of protein complexes. Obtaining such structural information about a
seven-membered membrane protein complex would present both, a methodological and a
scientific breakthrough. The main difficulty when applying this technology is to provide
sufficient energy to the detergent-solubilized complexes in order to remove all the detergent

molecules and to make these complexes fly in the vacuum of the mass spectrometer.

As a pilot experiment, we first analyzed the core translocon complex SecYEG as it is the
most stable subcomplex of the holotranslocon. Purified SecYEG (Mitra et al., 2005) in native
MS buffer (2mM Hepes-KOH pH7.00, 200mM NH4Ac, 10mM Mg(OAc),, 0.03% DDM) was
sent to the laboratory of Carol Robinson for the native MS analysis. The SecYEG complex
was flying, and we were able to obtain a mass spectrogram [Fig. 5-1]. After analysis, several
peaks corresponding to (sub)complexes and subunits of SecYEG were identified. The
SecYEG complex as well as SecY and SecG monomers were found; SecE was not detected.
Surprisingly, we were able to detect two additional subcomplexes of SecYEG, SecEG and
SecYG. Based on genetic data and the crystal structures of Sec complexes (Douville et al.,
1994; Frauenfeld et al., 2011; Nishiyama et al., 1994; Tsukazaki et al., 2008; Zimmer et al.,
2008), the formation of the SecEG and SecYG was not anticipated; in contrast SecYE

complexes were described in the literature (Brundage et al., 1990; Douville et al., 1994).

133



Mathieu Botte Thesis Chapter 5

®©

'4:*1“

; \
L’U’h' N ‘)‘\j g ‘lw} .\"MM '\M.'I*IM u‘\v v,w‘ "M‘ ‘wlqv,

/N

M..l ~‘UP\"VU'

Figure 5-1. Native mass spectra of DDM-solubilized SecYEG complex. The sample was buffer-
exchanged with 200nM ammonium acetate pH 7.4 supplemented with 0.03% DDM. Subsequently,
the sample was loaded onto capillaries. Mass spectra were acquired on a quadropole time-of-flight
(Waters) modified for the transmission of high mass to charge. The following parameters were used
for the acquisition: 1.7kV for the capillary and 100-200V for the cone. The backing pressure was set
between 5-10 mbar to enhance the transmission of high molecular weight species. The protein was
released from the micelle using a collision energy of 150-200V and argon or SF6 as collision gas at
a pressure of 9x10™ mBar. Data analyses were performed using the MassLynx software (Waters).

This was the first time that a complex between SecE and SecG has been shown. Similarly, a
SecYG complex was rather unexpected but could be explained based on the X-ray structure
of the bacterial SecYEG complex where SecG contacts the N-terminal five alpha helices of
SecY [Fig. 5-2] (Zimmer et al., 2008).

Unfortunately, when the same experiment was performed with purified HTL by Ni**-NTA and
by calmodulin affinity chromatography, no protein could be detected by MS. This complex

apparently could not be transferred into the vacuum.
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Figure 5-2. Crystal structure of SecYEG. View of the SecYEG complex from the membrane plan
(left). The membrane bilayer is represented by the black lines. Cytoplasmic view of the SecYEG
complex (right). SecY is represented in light blue, SecE in dark blue and SecG in cyan. (PDB code:
3DIN (Zimmer et al., 2008)).

To obtain information about the molecular weight and the stoichiometry of the HTL

complex, we decided to repeat the experiment using crosslinked HTL. Again we used
glutaraldehyde crosslinked SecYEG complex as a positive control. Unfortunately neither the
crosslinked SecYEG nor the crosslinked HTL could be detected by MS indicating that
glutaraldehyde crosslinking interferes with ionization of the protein complexes. Furthermore
we speculate that even with very high energy, it is close to impossible to remove the
detergent belt from crosslinked membrane protein complexes.
Subsequently, we tested detergent—solubilized SecDF-YajC-YidC (sub)complex for native
MS. But again, no proteins could be detected by MS. We were expecting to see at least
some of the individual subunits (e.g. YidC alone), but no signal could be detected at all from
the SecDF-YajC-YidC subcomplex. We speculate that the micelles were probably too robust,
even at maximum collision energy and with SF6 instead of Argon. The main limitation in that
study was an experimental limitation. The major problem in this experiment is that the
maximum energy provided was not sufficiently high to remove the detergent molecules from
the HTL and DFYY complexes. In order to overcome this problem, the laboratory of Carol
Robinson is currently developing a laser to activate the micelles in the gas phase. This laser
activation then should provide sufficient energy and thus allow analysis of the SecDF-YajC-
YidC subcomplex and the holotranslocon by native MS.

Because of the technical problems to overcome in order to transfer the entire HTL
complex into the vacuum of the mass spectrometer, we did not further pursue native mass
spectrometry with HTL. Instead, we obtained the molecular weight and subunit stoichiometry
of the HTL by analytical ultracentrifugation (chapter 4). Further, we decided to study the
protein-protein interaction network within the HTL complex by crosslinking mass

spectrometry.
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5-2. Crosslinking mass spectrometry

Obtaining crystal structures of multi-protein complexes is already challenging, for
trans-membrane complexes it is rarely yielding success. An alternative to this is to combine
structural data from any source and combine it in an integrated structural biology approach
(Alber et al., 2007). Crosslinking/mass spectrometry (CLMS) has yielded distance constraints
that allowed placing individual subunits within the larger context of a multi-protein complex,

e.g. the proteasome (Lasker et al., 2012).

The aim of the CLMS approach is to identify and quantify the interactions and the
accurate sites of protein-protein interaction (Back et al., 2003). It makes use of specific
chemical crosslinking, tryptic digest and subsequent analysis by mass spectrometry. Novel
computer algorithms automatically interpret the mass spectrometric data and identify
crosslinked peptides.

We applied CLMS to the HTL in collaboration with Juri Rappsilber’s laboratory at
Edinburgh University. The main drawback of this approach was that we had to use specific
chemical crosslinkers which yield crosslinking products of a defined mass (rather than
glutaraldehyde) that can subsequently be identified by the algorithms developed in the
laboratory of Juri Rappsilber [Fig. 5-3]. These crosslinkers are directed against lysines
(amine groups) which are under-represented in the transmembrane part. Thus, we can
expect to obtain mostly information about the interactions of the periplasmic and cytoplasmic

domains and loops within the holotranslocon.

Na'IO' 0 -
0=S N 0 0°Na* 0
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" = C z \/\/
0 0 z 0
0 0
BS3 EDC SDA
Bis(sulfosuccinimidyl) suberate 1-Ethyl-3-(3-dimethylaminopropyllcarbodiimide « HCI (NHS-Diazirine)
MW 572.43 MW 191.70 ) MW 225.20 )
Spacer Arm 114 A Spacer Arm 0.0 A Spacer Am 39 A

Figure 5-3. Crosslinkers compatible with mass spectrometry analysis. BS3 is a homo-
bifunctional amine-to-amine crosslinker (left); EDC can mediate carboxyl-to-amine crosslinking
(middle); SDA combines amine-reactive chemistry with photo-activatable diazirine-based
conjugation, thus crosslinking amine-containing molecules to nearly any other functional group
(right). The molecular weight is indicated in Da, and the spacer arm is specified for each
crosslinker.

The first crosslinking experiment was performed with the BS3 crosslinking agent which is a
homo-bifunctional amine-reactive crosslinker. After Ni2+-NTA and calmodulin affinity
chromatography, the purified HTL (in HSGM buffer supplemented with 0.03% DDM) was
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mixed with different amounts of BS3 in order to determine the optimal ratio for the reaction.
After quenching the reaction by addition of 30% (v/v) saturated Ammonium bicarbonate for

45 min on ice, the different conditions were analyzed by SDS-PAGE [Fig. 5-4].
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100 ! reaction. Crosslinked products were
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used as a control. Based on the gel a
7 |- . Bt Secy molar_rat.ion of 1:600 was chosen for HTL
' crosslinking.
- SecF
[SecE/G]
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As shown by SDS-PAGE analysis [Fig. 5-4], formation of a high molecular weight complex
was observed running at the top of the gel and in the wells. Based on this result, we choose
the molar ratio 1 HTL and 600 BS3 crosslinker molecules for the large-scale crosslinking
reaction. This ratio was the best compromise in order to obtain a good yield of crosslinked
HTL complexes without oversaturating the reaction which may result in more unspecific
crosslinking products (false positives). The sample in a NUPAGE® Novex® 3-8% tris-acetate
gel was sent to the Rappsilber laboratory. The band corresponding to the linked complex
was isolated, subjected to tryptic digestion followed by mass spectrometry analysis. We

identified a number of crosslinking products [Fig. 5-5].

SecY! _H | N NN

200 400 458

SecGo

Figure 5-5. Crosslinking MS data of the detergent-solubilized holo-translocon complex using
BS3 as crosslinking agent. Transmembrane regions are shown in grey, cytoplasmic domains in
white, periplasmic domains in green, amphipathic helix of SecE in red, and crosslinks are depicted as
grey lines.
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Several of identified crosslinks occur between residues within a subunit, in particular in the
SecD periplasmic domain. Unfortunately, we also observe crosslinks between periplasmic
and cytoplasmic domains. This is a sign of either aggregation or a problem of specificity of

the BS3 crosslinker which has a rather long spacer arm (11.4 A).

In order to address this problem, we repeated the experiment using a different
crosslinking agent which would crosslink direct, specific interactions. The EDC is a “zero
length” crosslinker [Fig. 5-3]. This homo-bifunctional crosslinker reacts with residues which
are in very close proximity. Unfortunately, the reaction with EDC was not leading to any
specific crosslinking products which could be observed by SDS-PAGE analysis. Next, we
opted for SDA [Fig. 5-3], a photo-activatable crosslinker which has a spacer arm of 3.9 A and
crosslinks an amine residue to any amino acid side chain or peptide backbone upon
activation with long-wave UV light (330-370nm). After Ni2+-NTA and calmodulin affinity
chromatography, purified HTL (in HSGM buffer supplemented with 0.03% DDM) was mixed
with SDA in a molar ratio of 4:1 and 8:1. After UV activation, the sample was loaded on a
Novex® 4-12% tris-glycine gel for analysis [Fig. 5-6].
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36 SecY a control.
2 SecF
16 SecE
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The SDA crosslinking product corresponded to the expected size for the HTL complex (~250
kDa). This species was subjected to tryptic digestion and mass spectrometry analysis of the
digested peptide. Crosslinked peptides were identified and a map of the interaction was
generated [Fig. 5-7].

The specificity was increased with the SDA crosslinker compared to the BS3 crosslinking
agent, i.e. we observed less crosslinks with SDA. The results showed the same types of
crosslink. We observed intrasubunit crosslinks in SecD mostly, and intersubunit crosslinks
between SecDF-YidC. Again, crosslinks between cytoplasmic and periplasmic residues were

observed, indicating a high rate of false positives.
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Figure 5-7. Crosslinking MS data of the detergent-solubilized holo-translocon using the
photo-activatable crosslinker SDA. Transmembrane regions are shown in grey, periplasmic
domains in green, cytoplasmic domains in red, and crosslinks are represented as lines (orange:
between proteins; blue: within proteins).

In order to avoid the unspecific (false) crosslinks obtained by the approach described
above using detergent-solubilized HTL, we next will crosslink the complex in the membrane
(in spheroplasts) and purify HTL afterwards via the His-tags using IMAC affinity purification.
Thereby, we expect to minimize artefacts and thus to be in a position to identify the interface

between the different subunits of this complex, at least in the periplasm.
5-3. Ribosome-bound complexes

As described in chapter 3, a ribosome-holotranslocon complex can be isolated but
this complex had never been observed by cryo-electron microscopy. In order to perform a
cryo-EM study on this complex, we had first to determine the concentration of ribosome and
HTL, as well as the best molar ratio of HTL and ribosome nascent chain complexes (RNCs)
in order to observe efficient complex formation. To this end, ribosomes were incubated with
different molar ratios of purified holotranslocon complex in ribosome binding buffer (20mM
Hepes-KOH pH7.5, 100 mM NacCl, 10 mM Mg(OAc),, 0.03% DDM). After incubation on ice,
the reaction mixtures were centrifuged through a 0.5M sucrose cushion (in ribosome binding
buffer) (55000 rpm, 3 hours, 4°C, TLA 55 rotor). After ultracentrifugation, the supernatant
was discarded and the ribosomal pellet was resuspended and analyzed by SDS-PAGE [Fig.
5-8]. 10 ug of ribosomes were loaded in each well of the gel. As a control, the corresponding
amount of purified holotranslocon for a 1:1 molar ratio binding has been loaded. As shown on
the Coomassie-stained gel, the ratio 1:5 appears to lead to a 1:1 binding of HTL to RNC;
thus this is the minimal excess of HTL to be used for complex formation. For grid
preparation, a 20-fold molar excess of HTL was chosen to ensure efficient complex
formation, i.e. that most of the ribosomes are in complex with a HTL. RNC-HTL complexes

(110 nM) were loaded on a holey carbon grid (Quantifoil™ 2/2) precoated with a thin carbon
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foil. Grids incubated with the sample were plunge-frozen in liquid ethane using a Vitrobot™
system (FEIl). Cryo-EM data were collected on a Titan Krios cryo-TEM (FEI) at EMBL-
Heidelberg under low-dose conditions (20 e”A™) at 200kV and with a calibrated pixel size of
1.4 Angstrom [Fig. 5-8]. Around 5000 micrographs were collected. The analysis of the
electron microscopy images and structure calculation will be performed by another PhD
student in the laboratory. Preliminary results show additional density next to the polypeptide
exit tunnel of the ribosome which is the expected binding site of the translocon. After
structure determination, the detergent-solubilized HTL structure (described in chapter 4) will
be compared to the ribosome-HTL structure in order to observe any rearrangement within
the membrane protein complex upon binding to the ribosome nascent chain complex.
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Figure 5-8. Ribosome-holo-translocon complex. A. Binding of purified HTL3 to RNCs analyzed
by ribosomal pelleting through a sucrose cushion. As a control, RNC and HTL3 were loaded alone;
HTL3 did not migrate through the sucrose cushion in absence of ribosomes; purified HTL3 (not
centrifuged) was loaded for comparison. The molar ratio used in the binding assay is indicated in
brackets. B. Cryo-EM micrograph of the ribosome-HTL complex recorded on a CCD at 200KV.

5-4. Reconstitution of translocation complexes into nanodiscs

Membrane proteins can be studied either in a detergent-solubilized state or in a
native-like environment. To mimic this native environment, one can use either bicelles
(Faham & Bowie, 2002) or nanodiscs. The latter approach has been developed during the
last decade (Bayburt et al., 2002). The Sligar laboratory engineered the nanodiscs based on
the apolipoprotein A-1 (Bayburt et al., 2002). This plasma lipoprotein is an amphipathic a-
helical protein which has the capacity to bind to the hydrophobic tail of the lipids. Based on
this protein, they developed a membrane scaffold protein (MSP). In addition, phospholipids
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have the tendency to self-assemble into a bilayer. Therefore, if two MSP proteins are in
presence of phospholipids, each MSP will interact with the hydrophobic part of one leaflet of
the lipid bilayer and this will induce the formation of a disc-like particle. The size of the disc is
determined by the length of the MSP. In order to control the diameter of the nanodisc
particles, membrane scaffold proteins (MSPs) of different sizes have been developed based
on the apolipoprotein A-I (Denisov et al., 2004). To reconstitute a membrane protein into a
nanodisc, the detergent-solubilized membrane protein is mixed with phospholipids and MSP.
The ratio for the reconstitution has to be experimentally determined and optimized. The
critical step in nanodisc formation is the removal of the detergent. Bio-Beads® (Bio-Rad) are
used for this process. These are macroporous polystyrene beads which have the capacity to
adsorb the detergent from a solution (Bio-Rad). Therefore, upon removal of the detergent
using Bio-Beads®, the membrane protein assembles with phospholipids into a discoidal lipid
bilayer. The size of the disc is determined by the length of the MSP. Therefore, in case of
reconstitution of large membrane protein complex, the size of the MSPs used has to be
adjusted. This technique has several advantages (i) it keeps the membrane protein soluble
without any detergent in the buffer; (ii) the membrane protein stays in a native-like membrane
environment, i.e. in a lipid bilayer; (iii) it allows the control of the oligomeric state of a

membrane protein complex: e.qg. monomers can be separated from dimers.

To reconstitute HTL into nanodiscs, we first had to produce MSP which contains a
histidine-tag for affinity chromatography. We expressed MSP-1 (the smallest available MSP
protein) in E. coli BL21 (DE3) STAR cells. The cells were grown in 2xYT medium at 37°C.
Expression of the proteins of interest was induced by addition of 1mM IPTG at ODggonm Of 1.
After 3 hours of induction, cells were harvested and resuspended in a MSP lysis buffer
(20mM Tris-HCI pH7.5, 1% Triton X-100). The cells were sonicated 3 to 4 times for 1 minute
and centrifuged at 17,000-20,000 x g for 20-30 min. Subsequently, the lysate was loaded
onto a Ni**-NTA affinity column and washed with MSP washing buffer (40mM Tris-HCI pH
8.00, 300mM NacCl, 1% Triton X-100). A second wash was performed with a cholate buffer
(40mM Tris-HCI pH8.00, 300mM NaCl, 50mM cholate, 20mM imidazole) followed by a final
wash step (40mM Tris-HCI pH8.00, 300mM NaCl, 50mM imidazole). MSP was eluted with
MSP elution buffer (40mM Tris-HCI pH8.00, 300mM NaCl, 500mM imidazole) (Bayburt et al.,
2002). The protein in the elution fraction was analyzed by SDS-PAGE [Fig. 5-9].

After a single affinity chromatography step [Fig. 5-9], the purity of MSP was sufficient to

continue with reconstitution experiments into nanodiscs.

141



Mathieu Botte

Thesis
4\7’%0
\,Q’
&
&
kD
250
150
100
75
50
37
25
& MSP1 - His

20

Chapter 5

Figure 5-9. Ni** affinity
chromatography purification
of MSP-1. Coomassie-stained
SDS-PAGE gel showing the
protein composition of the
different purification steps. The
position of the purified MSP-1
protein is indicated by an
arrow. Marker sizes are
indicated in kDa. FT, flow
through.

As a control, we first incorporated a monomeric SecYEG into nanodiscs. As

described in the literature (Alami et al., 2007), we mixed SecYEG, MSP1 and solubilized
lipids (E. coli extracted polar lipids [Avanti Polar Lipids] in resuspension buffer [20mM Hepes-
KOH pH7.5, 100mM KOAc, 6mM Mg(OAc),, 1mM DTT, 25mg/mL cholate]) in a molar ratio of
1:4:100 in reconstitution buffer (20mM Hepes-KOH pH7.5, 100mM KOAc, 6mM Mg(OAc),,
1mM DTT, 0.1% DDM). The self-assembly of SecYEG into nanodiscs was initiated by

addition of Bio-Beads® (Bio-Rad). After removal of the Bio-Beads®, the reconstitution mixture

was loaded onto a size exclusion chromatography column (S200 10/30) equilibrated with
nanodisc gel filtration buffer (20mM Hepes-KOH pH7.5, 100mM KOAc, 6mM Mg(OAc),, 1mM
DTT, 10% glycerol) [Fig. 5-10].
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We were able to separate different species by gel filtration. Based on the calibration of our
column and on the molecular weight of the expected nanodisc complexes, we identified
possible SecYEG-nanodiscs and empty nanodiscs. The corresponding fractions were
analyzed by SDS-PAGE [Fig. 5-11].
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Figure 5-11. SDS-PAGE analysis of
the SecYEG translocon reconstituted
in nanodiscs. After gel filtration, protein
containing fractions were loaded onto a

SecY  SDS-PAGE gel and Coomassie-stained.
SecYEG-containing and empty
nanodiscs are indicated by boxes.
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The analyzed fractions show the expected pattern. The SecYEG-nanodiscs contained SecY,
SecE, SecG and MSP-1. Considering the fact that 2 MSP-1 proteins are necessary to form a
nanodisc particle, the band intensities observed in SDS-PAGE analysis indicates the
incorporation of one SecYEG complex per nanodisc particle. Based on these results, we
decided to analyze the fraction containing SecYEG-nanodiscs by negative-stain EM [Fig. 5-
12].

Figure 5-12. Negative-stained electron microscopy of
nanodiscs containing SecYEG. The sample was stained
with 2% uranyl acetate. Colored squares highlight two
different sizes of nanodiscs.
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Two different sizes of nanodisc particles were observed as shown on the electron
microscope micrograph [Fig. 5-12]. The fractions containing empty nanodiscs were also
analyzed by EM and a different behavior was observed: Contrary to the nanodiscs containing
SecYEG complex, empty nanodisc were observed to interact with the carbon of the grid via
the edge of the nanodisc. Obviously, there is a difference in hydrophobicity between empty
and protein-containing nanodiscs leading to different adsorption to the carbon foil during grid

preparation and thus to different preferential views in EM.

Subsequently, reconstitution experiments were performed with the DFYY and the
HTL complexes. The first experiments were not successful. Likely, the nanodisc formed by
MSP1 is too small to incorporate DFYY with 19 transmembrane helices and HTL with 34
transmembrane helices. Thus, a larger variant of MSP is required in order to incorporate the
supplementary transmembrane helices. In addition to the increased diameter, the
reconstitution reaction with lipids and MSP variant will need optimization. If too many lipids
are added, the insertion of the membrane protein complexes could be disfavored because of
lacking space within the nanodisc. This project will be continued by another PhD student in
our laboratory. The ultimate aim is to determine by single particle cryo-EM the structure of a
ribosome-nanodisc HTL complex, similarly to the RNC-SecYEG nanodisc complex structure
described previously by the Beckmann laboratory (Frauenfeld et al., 2011). Such a structure
would be closer to the native HTL in the plasma membrane and could represent an actively

translocating complex with a substrate in the translocation pore.

5-5. Proteomic study on SecDF knock-out E.coli strain

The exact role of SecDF-YajC during translocation is enigmatic. Cellular copy
numbers indicate that there are only 30-50 molecules of SecDF in the cell, in comparison to
~500 copies of SecYEG and 2500 copies of YidC (Matsuyama et al., 1992; K. J. Pogliano &
J. Beckwith, 1994; Schatz et al.,, 1991; Urbanus et al.,, 2002). Based on these data, it is
unlikely that the holotranslocon is responsible for, or involved in the membrane protein
integration (or protein export) of all translocated proteins. We hypothesize that SecDF-YajC-
YidC are recruited by SecYEG to translocate certain substrates for instance by accelerating
translocation by coupling it to the proton motif force (Arkowitz & Wickner, 1994; J. A.
Pogliano & J. Beckwith, 1994; Tsukazaki et al., 2011).

In order to identify such holotranslocon substrates, we decided to perform a
proteomic study to find out whether SecDF-YajC was required for the translocation of specific
substrates. The main difficulties in this study came from the fact that all the subunits of the

holotranslocon are vital to the cell. As a consequence, it is difficult to determine if there is any
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requirement of a certain subunit for the translocation of a specific substrate. To overcome
this problem, we used a conditional SecDF expression strain (Economou et al., 1995). In E.
coli strain JP352, the chromosomal secDF operon is under control of the araB promoter. As
a consequence, the strain JP352 synthesizes YajC, SecD and SecF from the chromosome
and forms colonies on agar plates only when grown in the presence of arabinose. In culture,
upon step-wise exchange of arabinose by glucose, the expression of SecDF-YajC
decreases, and the cells grow slower.

After overnight growth at 37°C in LB media supplemented with 0.2% arabinose, cells
were diluted (1:100 dilution) in LB media supplemented with 0.2% glucose. When the
OD600nm reached 0.6, the cells were further diluted (1:50 dilution) into LB media
supplemented with 0.2% glucose. After three hours, we harvested the cells and broke them
by several passages through a French press cell. Unbroken cells and cell debris were
removed by a centrifugation step (14,000 RPM, 1 hour, JLA20, 4°C) followed by an ultra-
centrifugation step (45,000 RPM, 1.5 hour, Ti70 rotor, 4°C) to collect the membrane fraction.
Next, a carbonate fractionation procedure was applied (Molloy et al., 2000) to further purify
the membrane extracts and remove membrane-associated proteins. Approximately 3 mg
membrane protein (determined by a Bradford assay) was dissolved in 1 ml ice-cold 100mM
Na,CO; and left on ice for 1 h, being vigorously shaken every 5 min. Membranes resulting
from two samples, 'wild type' (i.e. JP352 cells grown in the presence of arabinose) and
'knock-out' (JP352 cells grown in the absence of arabinose) were analyzed by SDS-PAGE
[Fig. 5-13].

Dilution 1/15 1/30
A A

r 1 r 1
Na,CO, - - + + - - + +
WT KO WT KO WT KO WT KO Ctl

kD
230 |

100

YidC
SecD

SecF

Figure 5-13. Effect of the deletion of SecDF-YajC on the expression of
membrane proteins in E. coli. Membrane fractions of SecDF-YajC containing
wild-type cells (WT) and knock-out cells (KO) were loaded onto a SDS-PAGE
gel and Coomassie-stained. Samples were loaded with a 1/15 and 1/30
dilution. + and — indicate whether the membrane fraction was subjected to a
carbonate fractionation. Red asterisks point to interesting proteins which are
not found in the membrane of the KO cells. Purified SecDF-YajC was loaded as
a control (ctl).
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The gel was sent to the EDyP service at the CEA-Grenoble. The hits (protein bands
which were only detected in the wild-type fraction) were excised from the gel, proteins were
in-gel digested with trypsin, and the resulting peptides extracted and analyzed by LC-MS/MS.
We obtained a list of membrane proteins which were affected by the deletion of SecDF-YajC.
Interesting results are summarized in table 1. As a control, the first proteins that we checked
were SecD and SecF. As expected, after depletion of SecDF, these proteins were either not
detected in the “knockout” conditions or with a very high ratio between wild-type and knock-
out conditions. As a second control, we checked for the presence of proteins needed for
arabinose metabolism (proteins under the arabinose promoter). In fact, after switching from
arabinose to glucose, the proteins involved in the arabinose metabolic pathway were not
expressed in the knock-out cells. Subsequently, we identified several candidate membrane
proteins for which the membrane protein integration was severely impaired when the SecDF-
YajC complex was not expressed in the cell. These include FtsH, GIpT, LIdP, NuoH and
NuoL (Table 5-1). We cloned these substrate proteins into the pET21 vector under the
control of a T7 promoter and tagged them with a myc-tag and a his-tag. The aim is to verify
their dependence on the holotranslocon for membrane integration in vitro in a
translation/translocation experiment using proteoliposomes containing SecYEG, YidC or
holotranslocon. Further, the influence of the proton motif force on the integration of these
proteins into the lipid bilayer could be tested experimentally. Unfortunately, such in vitro
translation/translocation experiments turned out to be very difficult. In collaboration with lan
Collinson (chapter 3), we could show in vitro the integration of CyoA into HTL-containing
proteoliposomes. Therefore, these experiments are doable. However, when we used FtsH or
LIdP for in vitro translation/translocation assays, the nascent (likely unfolded or partially
folded) membrane proteins were sticking to the liposomes (negative control) and could not
be removed by Proteinase K or by 5M urea. This resulted in a very high background such
that the signal resulting from membrane protein integration into HTL-containing
proteoliposomes could not be detected on top of this background. Optimization of the

experimental conditions in order to get rid of the background signal is required.
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Table 5-1. Membrane proteins affected by the deletion of SecDF-YajC. Proteins affected by the
switch from arabinose to glucose metabolism are shown in purple. Candidate holo-translocon
substrates are indicated in red. The molecular weight of the identified protein is indicated in kDa. The

out cells is indicated as well as the cellular localization.

expression ratio between wild-type and knock

SecD and SecF data are given as a control.
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5-6. Conclusion

Native mass spectrometry is a method which has been developed for soluble protein
complexes. Adapting this technique to membrane protein complexes requires development
of new instruments or technology such as laser activation of the micelles in the gas phase
which is currently tested in the Robinson laboratory.

Similarly, crosslinking mass spectrometry (CLMS) is a relatively new technology
which has been used mainly for soluble protein complexes to date. Development of new
crosslinkers is required for the study of membrane protein complexes because the mostly
hydrophobic transmembrane parts of the complexes cannot be crosslinked with lysine-
reactive agents. One possibility would be to make use of non-natural amino acids which are
photo-activatable like photo-leucine or photo-methionine. These modified amino acids could
give information on the transmembrane interface which is an area of interaction in a
membrane protein complex.

The application of these cutting-edge MS technologies to the holotranslocon complex
has a great potential. Clearly, sample preparation and the MS techniques have to be further
optimized in order to obtain structural insight into HTL architecture by nanoelectrospray MS
or CLMS.
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Chapter 6 : Discussion and
conclusions
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Résumeée en francais / French summary

La résolution de la structure de I'holotranslocon par cryo-microscopie électronique est une
étape importante afin d’élargir notre connaissance du mécanisme de translocation co- et
post-traductionnelle. Dans les faits, le complexe holotranslocon semble capable d’interagir
avec des partenaires additionnels tels que des protéines cytosolique, périplasmique et
membranaires conduisant ainsi & une augmentation de la complexité. De plus, la
reconstruction par cryo-ME de HTL souléve un certain nombre de questions concernant la
dynamique de I'holotranslocon et le réarrangement des sous-unités induit par I'attachement
des partenaires de translocation. En effet, des résultats biochimiques et structuraux
suggeérent une réorganisation des sous-unités au sein du HTL qui peuvent étre different en
fonction de la présence du ribosome ou de I'ATPase SecA. C’est pourquoi, une étude
structurale et des analyses fonctionnelles plus approfondies du complexe HTL seul, en
complexe avec un partenaire de translocation ou éventuellement de complexes translocon
plus larges sont nécessaires afin de révéler le mécanisme de I'holotranslocon et sa fonction
physiologique comparés au canal de translocation des protéines SecYEG. Pour terminer,
méme si les systémes de translocation eucaryotes sont différents et apparaissent plus
complexes, ce travail pourrait fournir un point de départ & des études futures sur les
complexes de translocation eucaryotes sensiblement plus larges.
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6-1. The holotranslocon structure

We solved the structure of the detergent-solubilized holotranslocon at 10.5 A
resolution by cryo-EM (Chapter 4). Based on this structure and on the available crystal
structure of the individual subunits, we managed to build a quasi-atomic model which
explains previous experimental results on the SecYEG protein-conducting channel and its
accessory proteins. However, additional research is needed to further clarify the dynamics

and functional interactions within the holo-complex.

For example the conformational change upon binding of the co- and post-translational
translocation partner, the ribosome and SecA, respectively. As mentioned in chapter 1-2,
Sachelaru et al. showed that the binding of YidC to the lateral gate of SecY is dynamic upon
binding of 70S or a ribosome-nascent-chain complex (Sachelaru et al., 2013). Therefore, the
HTL may adopt a different organization/conformation when bound to the ribosome. In
chapter 5-3, we showed that it was possible to isolate a ribosome-HTL complex and that
cryo-EM study was possible. By solving the structure of the ribosome-HTL complex at high
resolution, we should be in a position to highlight any structural rearrangements occurring
within the holotranslocon upon ribosome binding. In addition, crosslinking studies could help
to further analyze subunit interactions within the HTL, like SecDF/SecYEG or SecDF/YidC.
Comparison of these crosslinking profiles between HTL with or without bound ribosome can

confirm dynamic interactions between subunits.

During post-translational translocation, SecA provides the energy for the translocation
process (Rapoport, 2007). To perform its motor protein role, SecA has to bind to SecYEG
(Matsumoto et al., 1997). Furthermore, the interaction of SecA with SecY has been shown to
induce a conformational rearrangement of the lateral gate which is suggested to initiate the
opening of the channel towards the lipid bilayer, allowing insertion of the signal sequence in
the lateral gate (du Plessis et al., 2009; Tsukazaki et al., 2008; Zimmer et al., 2008). SecA
binding and the concomitant conformational change of the lateral gate does not perturb the
interaction of YidC with SecY as shown by crosslinking studies (Sachelaru et al., 2013).
Moreover, several studies suggest that SecDF would be involved in the regulation of the
SecA-SecYEG interaction (Duong & Wickner, 1997a, 1997b; Economou et al., 1995). Thus,
the SecDF involvement could result in a different conformation of the SecA-SecYEG. These
observations suggest that the holotranslocon adopts a different conformation during co- and
post-translational translocation. Structure determination of the SecA-HTL complex and
comparison with a ribosome-HTL structure could give new information regarding the specific
mechanism of the co- and post-translational translocation involving the holotranslocon

complex.
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In this study, we analyzed the detergent-solubilized state of the HTL. It is well known
that the membrane lipid bilayer has an effect on the structure/function of the membrane
proteins (Tillman & Cascio, 2003). The lateral forces due to mechanical pressure caused by
the packing of lipids and proteins have a significant effect on the folding and structure of
membrane proteins (Marsh, 1996). Membrane proteins may adopt different conformations
than the one observed in the detergent-solubilized state were less mechanical constraints
are applied on the protein structure. For instance, the structure of the mechanosensitive
channel MscL has been shown to be influenced by the membrane bilayer and specifically by
the lateral pressure (Hamill & Martinac, 2001; Perozo et al., 2002; Spencer et al., 1999). The
structure of SecYEG in complex with a ribosome has been solved by cryo-EM in detergent-
solubilized state (Beckmann et al., 2001; Ménétret et al., 2007; Mitra et al., 2005) as well as
in a native membrane-like environment (Frauenfeld et al., 2011). Unfortunately, the
structures and their resolutions are too different to reveal important differences in the
SecYEG conformation. However, it is likely that the HTL has a different conformation in a
lipidic environment. In order to answer this question, as mentioned in chapter 5-4, we aim to
solve the structure of the holotranslocon after reconstitution into a nanodisc (Bayburt et al.,
2002) by cryo-EM. In a nanodisc, the organization of the HTL may reflect the assembly of

this supercomplex within the bacterial membrane.

Another very important topic for future research is the functional relevance of the
holotranslocon compared to SecYEG. As mentioned in the chapter 1, SecYEG is the most
essential component of the translocation machinery (Akimaru et al., 1991; Brundage et al.,
1990; D. B. Oliver & Beckwith, 1982). It can work independently or recruit accessory protein
to form the HTL (Arkowitz & Wickner, 1994; Luirink et al., 2005). The exact conditions
required to initiate the HTL complex assembly remain unknown. In chapter 3, we showed
that HTL is capable of translocation and although HTL presents a lower efficiency than
SecYEG for SecA-dependent translocation, the PMF seems to induce a higher stimulation of
the translocation in HTL compared to SecYEG. Moreover, the copy number of subunits
present in the bacterial membrane needs to be taken into account. YidC is present in a
fivefold excess compared to SecYEG while SecDF exists in a ten-fold lower amount
(Matsuyama et al., 1992; K. J. Pogliano & J. Beckwith, 1994; Schatz et al., 1991; Urbanus et
al., 2002). Therefore, the HTL is likely to be used not for translocation of all substrates, but is
likely to be recruited under certain conditions and/or for a certain class of substrates. In an
attempt to identify HTL-specific substrates (chapter 5-5), we showed that the translocation of
membrane proteins seems to be influenced by the absence of SecDF compared to ‘wild-type
cells’. We have identified several multi-subunit membrane complexes (e.g. NuoL and NuoH
(subunits of respiratory chain complex 1), or subunits of the F1FO ATPase) which may in fact

require the holotranslocon to support efficient translocation of periplasmic domains and
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membrane protein folding as well as assembly. Even though this is a preliminary result,
these identified putative substrates could help us to determine if HTL-substrates present
common characteristics which are important for the recruitment of the accessory proteins
forming the HTL.

6-2. Additional accessory proteins

The SecYEG protein conducting channel is the essential component of the
translocation machinery (Brundage et al., 1990). The holotranslocon consists of SecYEG
associated with an accessory domain composed of SecDF-YajC-YidC (Arkowitz & Wickner,
1994, Luirink et al., 2005). While this supercomplex consists of 7 membrane proteins it is the
guestion whether this complex is stably associated with other membrane proteins. Several
additional soluble or membrane-embedded proteins seem to interact structurally and/or
functionally with part of the subunits forming the holotranslocon, and their impact on protein

translocation needs to be addressed in the future.

6-2-1. PpiD

PpiD (Dartigalongue & Raina, 1998) is one of the putative members of a bigger
translocation complex (Antonoaea et al., 2008). This 70 kDa periplasmic chaperone is
anchored to the membrane by a single transmembrane helix located at the N-terminus and
has been shown to interact with the SecYEG complex by crosslinking experiments
(Sachelaru et al., 2013). Interestingly, PpiD shares the same interaction site at the lateral
gate of SecY with YidC (Sachelaru et al., 2013). This suggests different requirements for
these “chaperones” and therefore could point to a YidC- and a PpiD-dependent translocation
pathway. PpiD is proposed to recognize specifically outer membrane protein characteristics
of a peptide sequence (Bitto & McKay, 2003; Dartigalongue & Raina, 1998; Hennecke et al.,
2005). In addition to its localization, PpiD has been shown to contact the preprotein on the
periplasmic side of the membrane only in active translocation (Antonoaea et al., 2008).
Furthermore, PpiD has been shown to accelerate the release of the translocated preprotein
in the case of secretory protein. Taken together, these results suggest that PpiD associates
with the SecYEG translocon and covers the periplasmic exit site, while promoting the proper

folding of the nascent outer membrane proteins [Fig. 6-1].
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As SecDF is also suggested to play a role in the translocation by interacting with the
preprotein at the periplasmic site of SecYEG (Matsuyama et al., 1993; Tsukazaki et al.,
2011), it suggests a scanning process of the preprotein by SecDF, YidC and PpiD in order to
determine which pathway the preprotein will use.

6-2-2. YidD

A second possible partner is YidD (Yu et al., 2011). The yidD gene encodes a 9.3
kDa cytoplasmic protein which is associated with the membrane via a putative amphipathic
alpha-helix located at the N—terminus. Genetic studies indicate that yidD is located in the
same gene cluster as YidC which is highly conserved. Moreover, yidD is a close neighbor of
yidC (2 base pair spacing) and is suggested to contain an internal promoter for yidC (Burland
et al., 1993; Yu et al., 2011). In the bacterium Blochmannia pennsylvanicus, the yidC gene is
fused to the yidD gene indicating a linked function of the two proteins (Degnan et al., 2005).
Concerning the possible role of YidD in translocation, even though no interactions between
YidD and SecYEG or YidC have been shown so far, YidD has been shown to interact with
the nascent chain on the cytoplasmic side of the membrane while YidC and SecYEG are
contacting the preprotein [Fig. 6-2].

Taken together these results suggest that YidD could work as a cytosolic chaperone
by mediating the folding of the cytosolic part of a preprotein (Yu et al., 2011).
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Figure 6-2. Model of the SecYEG-YidC-
YidD complex during co-translational
translocation. The ribosome is colored in
light blue, the P-site tRNA and the nascent
polypeptide chain in yellow, YidC in
._YidD magenta, YidD in purple, SecYEG in blue,
and the lipids in orange. (Adapted and
modified from (Yu et al., 2011)).
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6-2-3. The FtsH/HIfK/HIfC complex

A further potential part of a bigger translocation complex is the membrane protein
FtsH. FtsH forms a hexamer and a complex together with HIfK and HIfC. In a Sec-dependent
translocation experiments, it has been shown that this complex was capable to interact with
YidC (van Bloois et al., 2008). Furthermore, the interaction to YidC is mediated by the HIfK
and HIfC proteins [Fig. 6-3] (van Bloois et al., 2008).

Figure 6-3. Model of the SecYEG-
tRNA  YidC-FtsH complex during co-
Nascent translational translocation. The
chain  ribosome is colored in light blue, the P-
site tRNA and the nascent polypeptide
chain in yellow, YidC in magenta, an
hexamer of FtsH in grey, HfIK/HfIC
complex in brown, SecYEG in blue, and
the lipids in orange.
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By crosslinking experiments it has also been shown that the nascent chain was
interacting first with YidC and then with FtsH during co-translational translocation
experiments [Fig. 6-3] suggesting a late function for FtsH in the translocation process which
could be related to a quality control mechanism (van Bloois et al., 2008; van Stelten et al.,
2009). Indeed, it is known that FtsH is an ATP-dependent endopeptidase and it has been
shown to contribute to the quality control of inner membrane proteins (Ito & Akiyama, 2005).
In addition to that, it is worth to note that homologues of YidC and FtsH in mitochondria,
respectively Oxal and Ytal0, Ytal2 are implicated in a similar interaction (Rep et al., 1996).

Furthermore, in this context, Oxal has been suggested to offer a protection to the newly
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synthesized preprotein against the protease activity of Ymelp, a FtsH-like protease (Lemaire
et al., 2000). Taken together, these results suggest a possible role for the YidC-FtsH
complex in quality control. YidC can protect the preprotein from degradation by FtsH but
could also direct misfolded membrane proteins to FtsH.

FtsH has another crucial role in early quality control of the translocation machinery.
As mentioned in chapter 1-1-3, SecE is important to stabilize SecY (Matsuyama et al., 1990;
Taura et al., 1993). In the context of different expression rates of SecY compared to SecE,
the un-complexed SecY is directed to FtsH for degradation (Kihara et al., 1995).

6-3. Ribosome/SecA-dependent translocation

In Chapter 1, we pointed out that two targeting routes exist for a preprotein to be
translocated in bacteria, either the SecA-dependent pathway or the SRP-pathway which
direct the preprotein to the post-translational translocation or co-translational translocation,
respectively (Valent et al., 1998). Whereas most of bacterial secretory proteins follow the
post-translational pathway (H. G. Koch et al.,, 1999), bacterial membrane proteins are

inserted co-translationally (Ulbrandt et al., 1997).

These pathways were thought to be distinct. However, it has been shown for some
membrane proteins with large periplasmic domains which are targeted to the SecYEG
complex by the SRP-pathway that SecA is necessary for their correct assembly in the
membrane. One example is AcrB, a membrane protein with a large periplasmic domain. It is
targeted to the translocon by the SRP-pathway (Qi & Bernstein, 1999). By depleting SecA in
a temperature-sensitive mutant, it has been shown that the insertion of AcrB was completely
blocked and that the preprotein was retained in the cytosol (Qi & Bernstein, 1999). Similarly, ,
the translocation of the large periplasmic domain of FtsQ has been shown to be SecA-
dependent using in vitro translocation assays and SecYEG proteoliposomes (van der Laan et
al., 2004).

Additional support for a ribosome/SecA interplay came from translocation
experiments with a hybrid protein construct: The fusion construct ‘Momp2’ contained the
signal anchor sequence of the mannitol permease (MtlA), an inner membrane protein which
depends on the SRP-pathway for insertion in the membrane fused to the sequence of the
precursor of the outer membrane protein A (pOmpA) which requires SecA/SecB for
translocation across the inner membrane (Neumann-Haefelin et al., 2000). In vitro
translocation experiment into inverted membrane vesicles (IMVs) showed that this hybrid
construct was co-translationally targeted to SecY via the SRP-pathway, however, the

preprotein was translocated only in presence of SecA (Neumann-Haefelin et al., 2000).
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These results suggest that SecA and the ribosome work together in a sequential manner to

translocate membrane proteins with a large periplasmic domain.

In an attempt to characterize the SRP/SecA dependent substrates, it has been shown
that the SecA dependence could be abolished if the length of the periplasmic domain of
SecA-dependent preprotein was shortened (Deitermann et al., 2005). YidC is also a multi-
spanning membrane protein with a large periplasmic domain (chapter 1-2). By in vitro
translocation experiments into inverted membrane vesicles, it has been shown that the
correct assembly of YidC was strictly dependent on the presence of SecA only if the its
periplasmic domain was longer than 30 amino acids (Deitermann et al., 2005). However, it
has also been shown that in the case of a single-spanning membrane protein like Momp2,
even a short version of the periplasmic domain (less than 30 amino acids) required SecA for
translocation (Deitermann et al., 2005). Likewise, YidC constructs which contained only one
transmembrane domain were shown to be SecA-dependent with no regards to the size of
their periplasmic domains (Deitermann et al., 2005). Therefore, not only the length of the
periplasmic domain but also the presence of a downstream transmembrane domain seems
to be an important determinant for the recruitment of SecA as a part of the translocation

machinery.

It has been proposed that the binding of SecA and the ribosome to the SecYEG
complex was not competitive (Zito & Oliver, 2003) suggesting distinct binding site on the
translocon for SecA and the ribosome. However, as revealed by the three-dimensional
structures (chapter 1), SecA and the ribosome are sharing the same binding site on SecY,
involving mainly the cytoplasmic loops C4 and C5 (Frauenfeld et al., 2011; Mitra et al., 2005;
Zimmer et al., 2008). Mutational analysis revealed that these interactions were important for
co- and post-translational translocation involving the ribosome or SecA, respectively (Cheng
et al., 2005; van der Sluis, Nouwen, et al., 2006). These observations raise an important
guestion: how are the ribosomes and SecA interacting with SecYEG during the
ribosome/SecA-dependent translocation process? To address this crucial question, the
impact of the presence of the ribosome on the SecA translocation was analyzed by in vitro
translocation experiments using IMVs. It has been shown that the SecA-dependent
translocation was occurring only after completion of the protein synthesis in the case of
single-spanning membrane protein whereas for multi-spanning membrane protein the

ribosome release was not a requirement (Deitermann et al., 2005).

Based on these results several hypotheses regarding the requirement of the

ribosome/SecA-dependent translocation were put forward [Fig. 6-4].

157



Mathieu Botte Thesis Chapter 6

A.
Ribosome nascent< tRNA
chain complex Nascent
chain
[ SecA
SRP

i
\
FtsY \‘

Cytoplasm =
Q00000000000 0000000

QOO0 2800000008000 000!
Periplasm

SecYEG

- I?

?

0000000000 XOOO0000000
XOO0000 1090600999000

Figure 6-4. Ribosome/SecA-dependent translocation model. A. Translocation of a single-
spanning membrane protein. B. Translocation of a multi-spanning membrane protein. The ribosome
is colored in light blue, the P-site tRNA and the nascent polypeptide chain in yellow, SRP in black,
FtsY in light grey, SecA in orange, SecYEG in blue, and the lipids in orange. Question marks
highlight the unknown interaction mechanism between the ribosome, SecA and SecYEG during the
ribosome/SecA interplay. (Adapted and modified from (Neumann-Haefelin et al., 2000)).

Insertion of SecA-dependent single spanning membrane proteins require SecA
independently of their periplasmic domain size and SecA interacts with SecYEG only if the
ribosome is released after termination of the protein synthesis [Fig. 6-4-A]. Multi-spanning
membrane proteins depend on SecA for their translocation only if their periplasmic domain is
larger than 30 amino acids (Andersson & von Heijne, 1993), and SecA contacts SecYEG

while the ribosome is still translating the preprotein [Fig. 6-4-B].

Considering the observation that SecA interacts with SecYEG which is engaged in
the co-translational translocation with the ribosome, this model suggests that the ribosome
and SecA have to share the binding site. Even though the oligomeric state of active SecYEG
is still under debate (Duong, 2003; Manting et al., 2000; Mitra et al., 2005; Yahr & Wickner,
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2000), SecYEG oligomers could solve this problem by offering one binding site for SecA and
one for the ribosome. In the context of the holotranslocon, SecA and the ribosome are
expected to use the same binding site which suggests a succession of association and
dissociation events, unless a new binding site for the ribosome or SecA would be offered by
YidC or SecDF. A cryo-EM structure of HTL in complex with SecA and in complex with the
ribosome may shed light on secondary binding sites offered by the holotranslocon.

6-4. Transport of folded proteins

The SecYEG translocon complex transports proteins in an unfolded state from the
cytoplasm to the periplasm. However, some secreted proteins need to be folded in the
cytoplasm prior to their transport in the periplasm. This is the case for proteins which require
a cofactor prior to transport (Halbig et al., 1999), for example proteins which require metal
ions to function (Tottey et al., 2008) and hetero-oligomeric complexes in which only one
subunit contains an export signal sequence (Rodrigue et al.,, 1999; Sambasivarao et al.,
2000). In reason of its limited opening of about 24 A in diameter (Bonardi et al., 2011), the
SecYEG channel can accommodate only an unfolded polypeptide chain which measures on
average 12 A in diameter. Therefore, folded proteins require another transport system to
reach their correct destination. Nevertheless, the two translocation systems have been

suggested to cooperate in some cases (see below).

The Tat pathway transports folded proteins (Berks et al., 2000). The PMF-dependent
Tat transport system (Mould & Robinson, 1991; Yahr & Wickner, 2001) is not universally
conserved in bacteria, and it is mainly composed of three membrane proteins TatA, TatB and
TatC. It is capable of transporting folded proteins with a size of up to 70 A in diameter (Berks
et al., 2000). Giving the size of the channel which has to transport a 70 A diameter protein
the main difficulty is to maintain the impermeability of the membrane. This is achieved by
recruiting the channel only when it is needed. Indeed, the formation of the translocation
channel seems to be initiated by the interaction of the protein with the membrane (Mori &
Cline, 2002).

Folded proteins are targeted to the Tat system via a specific signal sequence
containing a conserved twin-arginine motif (Berks, 1996) and which is less hydrophobic than
in the signal sequence in the Sec pathway (Cristobal et al., 1999). At the membrane, TatB
and TatC form an integral membrane protein complex (Bolhuis et al., 2001; Tarry et al.,
2009) which is responsible for the recognition and the binding of the protein at the membrane
(Cline & Mori, 2001). Upon formation of the TatBC-substrate complex, TatA is recruited and
generates a TatABC-substrate complex (Mori & Cline, 2002). Based on NMR structure, TatA

is composed of two helices, one transmembrane helix and one amphipathic helix organize in
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a L-shape with the amphipathic helix contacting the phospholipid head groups on the
cytoplasmic side of the membrane (Hu et al.,, 2010; S. Koch et al.,, 2012). The active
translocation mechanism is enigmatic but the most accepted hypothesis is that TatA is the
main actor of the protein transport as it was the only TatABC component found to interact

with a substrate in transport-stalled experiments [Fig. 6-5] (Panahandeh et al., 2008).

A. Twin-arginine

Folded _/ motif

nratain —
Signal
sequence
Cytoplasm
&) /\ OJVL { (\f 00000 () w
! | \
\;y‘p) OO O O VO(/ uv )u 0& B
Periplasm
TatA TatA
TatB TatC nlinamer
- _J - J . J . J - J
1- Pre-transport 2- Signal sequence 3- TatA recruitment 4- Substrate 5- TatA
organization recognition and oligomerization transport depolimerization
B. \
Ribosome-
> nascent-chain Transmembrane
complex domains

U JOOO()O(‘
| \MVCOJWJ

‘ ( ‘(,‘(‘UJL\ ﬁﬁﬂjj
\‘ DO '\)\)(JO

SecYEG-dependent TatABC-dependent translocation
translocation

Figure 6-5. The Tat-translocation pathway. A. Schematic model representing the TatABC-dependent
translocation. B. Schematic model of the SecYEG-TatABC-dependent membrane protein translocation.
The TatA subunits and oligomers are colored in blue, the TatB and TatC subunit in orange. A folded
protein is represented as a grey sphere with its signal sequence represented as a grey line including the
twin-arginine specific motif represented in red. The white arrow indicates the transport direction. The
numbers reflect the different steps in the Tat-translocation pathway. (Adapted and modified from (Palmer
& Berks, 2012)).
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Recruitment of several TatA subunits by the TatBC complex is suggested be followed
by polymerization of TatA and by formation of a channel-like structure as shown in a low-
resolution EM structure (Gohlke et al., 2005). Different oligomerization states of TatA could
offer a tight channel around the substrate and thus avoid leakage during the transport of
protein (Gohlke et al., 2005; Leake et al., 2008). At the end of the transport, the TatABC
complex may dissociate to maintain the membrane impermeability (Cline & McCaffery,
2007).

Interestingly, the Tat pathway is also capable to translocate a small subset of
membrane proteins (Hatzixanthis et al., 2003). This is for example the case of the Rieske
protein (Bachmann et al., 2006; De Buck et al., 2007). This protein belongs to the
cytochrome bc; and bef complexes which play a role in the respiratory electron transport
chain for example. Contrary to the small subset identified previously containing only C-
terminal anchored membrane proteins (Hatzixanthis et al., 2003), in some Gram-positive
bacteria the Rieske protein is connected to the membrane via three N-terminal
transmembrane domains (Niebisch & Bott, 2001, 2003). Surprisingly, it has been shown that
the Rieske protein was strictly depending on the SecYEG complex for the insertion of the first
two transmembrane helices and that the translocation of the folded periplasmic domain as
well as the third transmembrane helix which carries the twin-arginine motif was strictly
dependent of the presence of the Tat translocase [Fig. 6-5-B] (Keller et al., 2012). This result
implies a higher degree of complexity of the Tat pathway as well as the E. coli translocation
pathways in general with possible cooperation between the different translocation systems

for the correct insertion of a membrane protein.

High-resolution structures of the individual subunits as well as the different complexes
formed during the Tat-dependent translocation will be required in order to reveal the exact

mechanism of this transport system.

6-5. Translocation in eukaryotes

6-5-1. Co-translational translocation across the endoplasmic reticulum

(ER) membrane via the SRP/Sec61 pathway

The protein conducting channel is universally conserved. The homologues of the
bacterial SecYEG in eukaryotes are respectively the Sec61a, f and y subunits. Like in
bacteria the co-translational translocation pathway is initiated by the binding of the eukaryotic
SRP to the signal sequence at the ribosomal exit tunnel (Walter & Blobel, 1980) forming a
complex which is then targeted to the membrane via the SRP receptor. Unlike in bacteria,

SRP is able to arrest the preprotein synthesis after binding to the signal sequence at the
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ribosomal exit tunnel (Walter & Blobel, 1981). It has been shown that this translation arrest
was crucial for the correct targeting of the protein and for the cell growth (Lakkaraju et al.,
2008). At the membrane, the ribosome nascent chain complex is transferred to the Sec61

complex.

6-5-2. Post-translational translocation across the endoplasmic reticulum

(ER) membrane via the Sec61-BiP pathway

The main difference in eukaryotes is displayed in the post-translational translocation
mechanism. The SecA protein does not exist in eukaryotes, therefore they developed
another mechanism to translocate the preprotein through the Sec61 complex. Contrary to
bacteria where SecA plays the role of an active motor and acts on the cytoplasmic side of the
membrane by “pushing” the preprotein through the channel, in eukaryotes, the BiP protein
functions “passively” in the lumen of the endoplasmic reticulum (ER) by a ratcheting
mechanism [Fig. 6-6] (Matlack et al., 1999).
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Figure 6-6. The BiP-dependent post-translational translocation model. Schematic
representation of the different steps of the BiP-dependent translocation pathway. The Sec61
complex is represented in blue, the sec62/63 complex in purple, BiPs in complex with ATP in light
brown, BiPs in complex with ADP in dark brown, cytosolic chaperones in black, the polypeptide
chain in yellow and the membrane bilayer in orange (adapted and modified form (Park & Rapoport,
2012)).
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Post-translational translocation starts after translation termination by the recognition
and binding of the preprotein by Hsp70-like cytosolic chaperone (Plath & Rapoport, 2000).
This chaperone-preprotein complex is then interacting with the Sec61 complex which is
associated with an additional membrane protein complex, the Sec62/63 complex (Meyer et
al., 2000). This Sec62/63 complex is not conserved and can contain additional nonessential
components like Sec71p and Sec72p in the yeast complex (Deshaies et al., 1991). After
binding of the preprotein to the Sec61-62/63 complex, the chaperones are dissociated from
the preprotein and their rebinding is suggested to be prevented by Sec62 and Sec63 (Plath &
Rapoport, 2000). At this step the preprotein can move in two directions by Brownian motion,
either toward the cytosol or toward the ER lumen. The backward movement has been
suggested to be prevented by the binding of BiP on the lumenal side of the ER (Matlack et
al., 1999). Interaction between BiP and Sec63 in the ER lumen would induce ATP hydrolysis
and a change of BiP conformation which will cause the trapping of the preprotein and
therefore preventing the backwards movement (Matlack et al., 1999). After binding of several
BiP molecules to translocate the entire preprotein, exchange of ATP for ADP in the BiP

binding pocket would release the preprotein in the ER lumen (Matlack et al., 1999).

Surprisingly, this translocation mechanism based on Brownian motion is pretty similar
to the “Brownian ratchet model” proposed for post-translational translocation by SecA and
discussed in chapter 1-1-4 (Tomkiewicz et al., 2007). However, this model is under debate in
bacteria especially because it is in contradiction with the step-wise translocation mechanism
of SecA (Schiebel et al., 1991).

6-5-3. Eukaryotic accessory proteins

SecDFYajC and YidC are not conserved in eukaryotes. Like SecYEG in bacteria, the
Sec61 complex can associate with accessory proteins to post-translationally modify proteins,
assist in membrane protein folding and assembly of complexes. In addition, the necessity of

preprotein modification in order to achieve the maturation exists in eukaryotes.

In addition to Sec62/63 (Meyer et al., 2000), Sec61 has been shown to interact with
the oligosaccharyl-transferase (OST) complex which is responsible of co-translational N-
linked glycosylation of the preprotein (Scheper et al., 2003; Shibatani et al., 2005). Other
proteins associating with Sec61 were identified, like the TRAM protein (translocating-chain
associating membrane protein) (Goérlich et al.,, 1992), the TRAP complex (translocon-
associated protein complex) (Ménétret et al., 2008; Shibatani et al., 2005) and RAMP4 (Pool,
2009). Even though their exact roles remain unclear, the TRAM protein and TRAP complex
are suggested to be involved in efficient translocation of substrates (Fons et al., 2003; Snapp

et al., 2004) and the RAMP4 is proposed to stabilize the preprotein and to regulate its N-
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linked glycosylation (Schroder et al., 1999; Yamaguchi et al., 1999). Taken together, these
accessory factors and their role in eukaryotic protein translocation are poorly characterized.
This may be due to the absence of protocols for extraction of the intact complexes from the
membrane or recombinant production of the factors.

Consequently, the three-dimensional information regarding these complexes are
limited to the Sec61 complex. Cryo-electron microscopy structures exist of Sec61-ribosome
complex (Beckmann et al., 2001; Ménétret et al., 2000). Even though one the cryo-EM
structure suggested the presence of an additional protein, the resolution was too low to
identify the partner associated with Sec61 (Ménétret et al., 2000). In summary, eukaryotic
membrane protein integration, folding and co-translational translocation is a field of rich

discovery.

6-6. Concluding remarks

The structural study of the holotranslocon and the observation that a lot of structural
information is missing regarding the translocation pathway in prokaryotes and in eukaryotes
reflects the difficulties of studying membrane proteins and in particular membrane protein
complexes which are unstable. Large membrane proteins are often studied by electron
microscopy as they often fail to crystallize However, to achieve high resolution structures,
cryo-EM studies are still limited to proteins larger than 100 kDa. Smaller membrane proteins
have traditionally been studied by electron crystallography (Breyton et al., 2002; Henderson
et al., 1990; Kiuhlbrandt et al., 1994; Lotz et al., 2008). Larger membrane protein complexes
may be more difficult to overexpress, to solubilize from the membrane and may show a
higher degree of heterogeneity. Clearly, hybrid approaches are required to study membrane
protein complexes. Biochemical and biophysical analyses needs to be combined with cryo-
electron microscopy, X-ray crystallography of individual subunits/ domains and novel tools
like crosslinking mass spectrometry in order to obtain a more complete picture of the
structure and function of the machine studied. In the near future, the use of direct detectors
and improved image processing software to sort for structural heterogeneity is expected to
lead to higher-resolution cryo-EM structures, a better insight into the molecular organization

of the complexes and therefore to a better understanding of the studied processes.
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