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  CHAPTER ONE 

The Working Translocon -  
Structure and Mechanism 

 

1. Introduction 
Most of the genetic information of living organisms is localized in the nucleoid in 
prokaryotes or nucleus in eukaryotes. DNA provides the blueprint and 
instructions to direct life and is via the intermediate messenger RNA, translated 
into proteins that serve as the functional entities of the cell. Cells are embordered 
by a hydrophobic cytoplasmic membrane that insulates the interior or cytosol 
from the environment, and protects cells against toxic substances. The 
cytoplasmic membrane is also the site where enzymes convert energy sources into 
electrochemical energy and where energy requiring processes such as nutrient 
uptake and motility occur. It is imperative to cells to also be able to perform 
enzymatic functions outside of the cell either as constituents of the extracellular 
cell envelop that provides rigidity and protection, or function as enzymes to 
convert macronutrients into smaller molecules that can enter the cell via uptake 
processes. Extracellular proteins are synthesized in the cytosol and thus must be 
translocated across the cytoplasmic membrane before reaching their final 
destination. In bacteria, approximately one third of the cellular proteins are 
membrane proteins1,2, and extracellular proteins3,4, and these need to be inserted 
or translocated into or across the cytoplasmic membrane. These processes are 
essential for life and involve an evolutionary conserved proteinaceous complex 
found in all domains of life5. 
The Sec translocase is the major and universally conserved route for protein 
transport into and across the membrane, found in the endoplasmic reticulum of 
eukaryotes, the cytoplasmic membrane of bacteria and archaea and then 
thylakoid membrane of chloroplasts6. It consists of a protein-conducting channel 
embedded in the lipid bilayer, and peripherally associated components. The 
protein-conducting channel is formed by a heterotrimeric membrane protein 
known as Sec617 in eukaryotes, SecYEG8 in bacteria and SecYEβ9 in archaea. The 
first high resolution crystal structure was of the archaeal pore complex from 
Methanocaldococcus jannaschii10. The channel is formed by SecY (or Sec61a) 
subunit. SecY consists of ten transmembrane segments (TMSs) which are 
arranged as two sets of 5 TMSs that are connected by a hinge region. These two 
sets of TMSs are organized as a clam-shell encompassing a central hydrophilic 



Chapter 1 

11 

interior11 that subcentral is closed by a hydrophobic constriction (pore ring) and a 
periplasmic re-entrance loop (plug). Opening of the pore requires that the 
constriction ring widens and the plug vacates its position to form a vectorial 
channel that allows unfolded polypeptides to cross the lipid bilayer. Because of 
the clam-shell opening mechanism, pore opening also results in the formation of 
lateral opening into the membrane where hydrophobic transmembrane segments 
may be released into the lipid bilayer. Various components can associate with the 
translocon but this differs among the domains of life5,6,12,13. These components 
can be classified as cytosolic chaperones or regulators that are involved in the 
targeting of substrates to the pore, energy transducing ATPases which powers 
translocation, and integral membrane complexes which stimulate translocation. 
Furthermore, translating ribosomes can associate with the translocon allowing 
co-translational translocation or insertion of nascent membrane proteins into the 
lipid bilayer concomitantly with chain elongation at the ribosome. 
The pathway that involves the Sec translocase was the first secretion route 
discovered in bacteria. The initial discoveries, from the genetics to the 
biochemical characterization of the components, culminating into a reconstituted 
protein translocation reaction using purified components was extensively 
reviewed 14,15. In short, initial genetic screening for conditional lethal mutants for 
protein secretion in the era of 1980-1988 resulted in the identification of the 
majority of the sec genes. This was followed by a biochemical analysis that 
involved protein overexpression, purification and functional characterization, 
and the reconstitution to faithfully mimic protein translocation in vitro16 in 1990. 
These advances lead to the elucidation of many of the enzymatic and mechanistic 
features of protein translocation in the pre-structure era. The first high-resolution 
of Sec translocase subunits was in 200310. Structural information allowed a better 
definition of the translocation mechanism and in recent years this was followed 
by advanced biophysical approaches including single molecule and molecular 
dynamic studies to detail the mechanism further. A simplified time line of the 
various milestones in elucidating the many salient features of the canonical 
bacterial protein translocation is provided in Figure 1. Here, I will discuss the 
primary components of the Sec translocase in bacteria, including the structure 
and its working mechanism. Other more specific translocases of the bacterial 
membrane are discussed elsewhere13. 
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Figure 1 
Timeline of important findings/progression in bacterial protein export
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2. Translocation of secretory proteins in bacteria 

Signal sequence 
Proteins that functions outside the cytosol of bacteria are synthesized by 
ribosomes with an N-terminal extension termed the signal sequence. Signal 
sequences share a tripartite organization but differ in amino acid sequence. These 
signals consist of a positively charged N-terminus (N-region), a hydrophobic a-
helix forming core domain of 10-15 residues (H-region) with carboxyl-terminal 
polar domain (C-region) that contains the signal sequence cleavage site (for 
review see133). The signal sequence affects folding of the mature protein domain, 
promotes interaction between the unfolded protein with cytosolic chaperones and 
motor protein SecA134–136, and guides secretory proteins to the translocon. The 
signal sequence is important for channel opening as will be outlined below. 
During translocation, the signal sequence is removed by a universally conserved 
membrane bound peptidase137,138, and the mature region of the secretory protein 
is released at the outer face of the cytoplasmic membrane for folding or further 
targeting to the outer membrane139–141. The structure and mechanism of signal 
peptidases is discussed elsewhere137,138,142,143.  

Targeting routes 
Bacterial secretory proteins can follow two major targeting routes to reach the Sec 
translocase. Typically, the signal sequence and mature protein region is bound by 
the peptidyl-prolyl isomerase trigger factor whereupon the protein is transferred 
to the molecular chaperone SecB75 for posttranslational targeting to the Sec-
translocase (Fig. 2, step A). On the other hand, with nascent membrane proteins 
that carry hydrophobic TMSs and a subset of secretory proteins with high 
hydrophobicity of its signal sequence are recognized by signal recognition particle 
(SRP) (Fig. 2, step B)74 and co-translationally targeted as a ribosome:nascent 
chain (RNC):SRP complex to the Sec-translocase. SRP and trigger factor compete 
for nascent chain binding, but because of the preference of SRP for hydrophobic 
signal sequences, early binding of trigger factor is prevented, and the protein is 
directed into the co-translational targeting pathway. 
While the secretory protein emerges from the ribosome tunnel and enter the 
reducing environment of cytosol, it is kept in unfolded conformation144,145 which 
is stabilized by SecB that bind to the mature domain146 (for review see 
reference147). Other chaperones such as DnaK, trigger factor, and GroEL67, may 
also assist in this process while CsaA148 is a chaperone only present in Gram-
positive bacteria. Upon completion of translation, SecB transfers the completely 
synthesized secretory protein to SecA. Next, SecA binds with high affinity to 
translocon and releases SecB upon the binding of ATP72, whereupon the secretory 
protein enters the translocation pore formed by SecYEG70. The secretory protein 
is then translocated through the pore by means of process that requires multiple 
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cycles of ATP binding and hydrolysis by SecA and protein motive force 
(PMF)124,149,150.  

 
Figure 2. Different routes for protein targeting to the bacterial Sec translocase at the 
cytoplasmic membrane. The translocase complex consists of the peripheral membrane 
bound motor protein SecA, the protein-conducting channel SecYEG or translocon, and 
the associated membrane proteins SecDF(yajC) and YidC. (A) Secretory proteins are 
posttranslationally recognized by the molecular chaperone SecB and stabilized in an 
unfolded state. Next, the protein is targeted to translocon-bound SecA, and subsequently 
translocated at the expense of ATP hydrolysis in a process that is stimulated by the proton 
motive force (PMF) by SecA. Signal peptidase (SPase) cleaves the signal sequence from the 
secretory protein at the periplasmic face of the membrane. (B) Membrane proteins and 
some secretory proteins are targeted cotranslationally by signal recognition particle (SRP) 
to the translocon. SRP binds its receptor FtsY, which results in GTP hydrolysis and a 
release of the nascent membrane protein from SRP and subsequent transfer to the 
translocon. (C) Some membrane proteins are inserted to the cytoplasmic membrane with 
the assistance of YidC, but YidC can also assist in the translocon-mediated insertion of 
membrane proteins. 

In the co-translational targeting pathway, SRP specifically interact with the signal 
sequence or hydrophobic TMS of a nascent proteins while it exits the 
ribosome151,152 (for detailed review see153,154). The ternary ribosome:nascent chain 
(RNC):SRP complex then interact with FtsY155 that is bound to the cytoplasmic 
membrane to form an SRP:FtsY heterodimer. This process activates SRP for GTP 
hydrolysis whereupon it releases the nascent chain to SecYEG73,156. Next, the 
growing nascent membrane protein inserts into the membrane in a process that is 
driven by translation and hydrophobic partitioning into the phospholipid bilayer. 
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Newly synthesized TMSs escape the SecYEG pore laterally into the lipid bilayer. 
Co-translationally targeted secretory proteins, however, still require SecA for 
translocation157, and thus their translocation is post-translational. A detailed 
discussion on how the translocon recognizes TMSs, and how membrane proteins 
are inserted into the membrane and fold is described elsewhere158,159. Membrane 
proteins not only insert into the lipid bilayer through the translocon, but 
insertion of a subset of smaller membrane proteins occurs through the insertase 
YidC112. YidC also cooperates with SecYEG113,115 in membrane insertion (for 
reviews see160,161).  
Although the main Sec translocase components are omnipresent in bacteria, 
some Gram-positive bacteria contain additional copies of SecA and/or SecY. 
These non-canonical translocase components are involved in the translocation of 
a subset of specific proteins, including virulence factors162. 
 

3. Structure of the Sec-translocase 

SecB and SRP – Cytosolic chaperones and targeting factors 
During post-translational targeting, secretory proteins are kept in unfolded state 
by the molecular chaperone SecB. SecB is a homotetrameric protein, organized as 
dimer of dimers, as evidenced from its crystal structure99,100,163 (Fig. 3A). The 
tetrameric structure contains two grooves on each side that, on each side, fuse 
into a long groove to form a ~70Å long peptide-binding channel. Likely, the 
polypeptide substrate is wrapped around the SecB tetramer explaining why the 
bound substrates lack stable tertiary structure. The solvent exposed negatively 
charged surface on each side are involved in SecA binding164. This region interacts 
with the positively charged zinc-binding domain at the carboxyl-terminus of 
SecA. Since SecA is dimeric, the two carboxyl-termini capture SecB on both of its 
sides. All of these features provide the functionality to SecB to bind polypeptide 
substrates, to maintain them in a translocation competent unfolded state and to 
deliver them to the SecYEG channel-bound SecA protein70. 
During the co-translational targeting of nascent membrane proteins, SRP binds to 
the hydrophobic TMSs once they emerge from ribosome. SRP of E. coli is a 
riboprotein and composed of 4.5S RNA and a 48-kDA GTPase P48 or Ffh (fifty-
four homolog)165. The crystal structures of several intermediate states of SRP have 
been solved166,167, and detailed information on co-translational-targeting pathway 
intermediates in complex with the Sec translocon168 have been obtained by cryo-
EM (Fig. 3B). SRP interact with the nascent chain at the tunnel exit of the 
ribosome. TMS or signal sequence recognition by SRP promotes the dimerization 
of SRP with the SRP receptor, which is termed FtsY in E. coli. The ‘closed’ state of 
SRP-SR- heterodimeric targeting complex allows binding to the translocon, and 
results in a re-localization of the GTPase complex to the opposite end of the RNA 
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providing a mechanism for coupling GTP hydrolysis to the handover of cargo to 
the translocon. 

 

 

Figure 3. Structures of the cytosolic chaperones SecB and SRP. (A) SecB is shown as a 
homotetrameric protein (PDB: 1OZB) of subunit A, B, C and D, in two orthogonal views. 
Front view on the left shows one side of the ß-sheet of two monomers that are packed into 
a dimer. The side view on the right, shows the peptide binding groove on the dimer-dimer 
interface. Two SecA C-terminal peptides are shown on the side view to bind to the flat 
anionic surface. (B) Structure of SRP in complex with FtsY (PDB: 2XXA). The E. coli SRP 
consists of a 4.5S RNA and 48-kDA GTPase P48 or Ffh which is shown in blue, whereas 
FtsY or SR is shown in green. This complex binds to hydrophobic transmembrane 
segment of nascent membrane proteins once they emerge from the ribosome. 

SecA – a multidomain motor protein 
SecB transfers the unfolded secretory protein to SecA. Since SecB does not 
interact with the signal sequence, this region is available for SecA binding. ATP 
binding to SecA triggers a conformational change to the SecA-SecB complex 
whereupon SecB releases the unfolded polypeptide for transfer to SecA. Next, 
SecA delivers the secretory protein to SecYEG and further directs translocation. 
In bacteria, SecA is an essential component of the Sec-translocase and fulfils 
multiple roles (Fig. 2). Its predominant role is to energize the post-translational 
translocation of the secretory protein through the translocon pore, but it is also 
required for the translocation of large extracytoplasmic hydrophilic loops of 
integral membrane protein during their co-translational insertion. SecA exist 
both in a soluble form in the cytosol and peripherally membrane bound169, where 
it associates with SecYEG69,70 and anionic phospholipids170. The membrane bound 
SecA reflects an intermediate in the targeting cycle where binding of SecA to 
anionic phospholipids triggers a conformational change in SecA whereby it can 
bind SecYEG with high affinity171. 
The structure of SecA has been resolved in different conformational states and 
from different bacterial species101–103,128,172–177. Based on these mostly dimeric 
structures and further biochemical work, a series of subdomains have been 
identified in SecA. The SecA protomer is composed of several subdomains with 
specific functions in either energy generating motor/regulator and 

B
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ligand/substrate binding (Fig. 4). Preprotein binding occurs at the preprotein 
crosslinking domain (PPXD) or preprotein binding domain (PBD)178–180.  
The C-terminal linker (CTL) and α-helical scaffold domain (HSD)181, together 
with the α-helical wing domain (HWD) and IRA1 localize to the C-terminal 
region of SecA. The CTL interacts with SecB72,182 and phospholipids183. The 
HWD, together with PPXD and HSD, is proposed to provide peptide-binding 
groove173. It is proposed that the energy from ATP binding and hydrolysis is 
converted into conformational movement by the DEAD motor – domain with 
conserved motifs of DNA/RNA helicases184. The motor comprises nucleotide 
binding folds 1 and 2 (NBF-1 and NBF-2). NBF-2 is also known as intramolecular 
regulator for ATP hydrolysis 2 (IRA2) which controls the hydrolysis of 
ATP173,176,185. Movement of motor domain are induced by ATP binding and ADP 
release180,186. Another structure called intramolecular regulator of ATP hydrolysis 
(IRA1) is responsible for inhibiting the ATPase activity of cytosolic and 
unliganded SecA187. 

 

Figure 4. Proposed conformational changes of SecA based on crystal structures. (A) 
SecA protomer of B. subtilis (1M6N), (B) SecA protomer of T. maritima (3DIN) bound to 
SecYEG (not shown).  

The HSD connects all the domains, and mediates the conversion of mechanical 
work to protein translocation101,188. Both the HWD and HSD have been 
implicated in the interaction with SecYEG, and this part of SecA becomes highly 
resistant to protease treatment when bound to SecYEG in the presence of a 
nonhydrolysable ATP analog77,189,190. The B. subtilis SecA structure (Fig. 4a) is 
considered to reflect a closed state, whereas T. maritima SecA structure (Fig. 4b) 
exhibits movement of PPXD toward NDF2 and is considered to be in an open 
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transition state that can bind the preprotein. In the structure of SecA bound to 
SecYEG, the rotation of PPXD toward NBF2 may align the preprotein to the 
lateral gate of SecYEG175,191. Another structure of B. subtilis SecA bound to 
Geobacillus thermodenitrificans SecYE and signal sequence indicate similar 
conformational changes, suggesting that SecA does not undergo further 
significant conformational changes when binding the preprotein177. The 
preprotein is suggested to trail through the clamp formed by the PPXD, HSD and 
NDF2, and then contacts the two-helix finger (2HF) of SecA, guiding it into the 
SecY channel87,176,192. Structural and molecular dynamic studies suggest that clamp 
closure occurs in distinct phases where the PPXD, HSD and HWD act as a unit191. 
A SecA mutant with a defective clamp is inactive for translocation.  
The 2HF of the HSD has been suggested to interact with the polypeptide chain at 
the entrance of the SecYEG pore87. The finger consisting of two helices connected 
by a loo that moves into the cytoplasmic opening of SecY176,177. At the tip of the 
2HF there is a conserved tyrosine residue that may contact the translocating 
polypeptide87,132. It is thought that in the ATP hydrolysis cycle, the movement of 
the 2HF would push translocating peptide into the channel. Translocation activity 
is still maintained when the 2HF is crosslinked to the most flexible cytosolic loop 
of SecY193. On the other hand, crosslinking of the 2HF to a more rigid region in 
the translocon cavity eliminate translocation activity193, suggesting that its 
interaction with the polypeptide is not the only means for providing directionality 
in translocation. The 2HF might act as a guide to align polypeptide for 
translocation194, and work in concert with the clamp94,195. Binding of ATP to SecA 
would result in a conformational change of 2HF that directs polypeptide into the 
translocon, whereas a subsequent positional reset occurs upon ATP hydrolysis 
which is then coupled to the tightening of the interaction between the clamp and 
the polypeptide, thereby maintaining progression of translocation. Opening of 
the clamp would allow the polypeptide to diffuse or slide passively through the 
pore until a next round of ATP binding and hydrolysis.  

SecYEG – a proteinaceous membrane-embedded channel 
The E. coli protein conducting channel comprises of three integral membrane 
protein, SecY, SecE and SecG16 that form a stable heterotrimeric complex in the 
membrane. This complex has been purified to homogeneity, and functionally 
reconstituted into proteoliposomes to faithfully mimic the SecA and ATP-
dependent translocation of preproteins8,63. In early 2000, the translocon has 
extensively been studied by electron microscopy both in eukaryotes95,96 and 
bacteria97,98,196. These studies provided insight regarding its shape. It is resolved 
from the EM-resolved structure that E. coli translocon comprises of 15 TMS; 10 
TMS of SecY, 3 TMS of SecE, and 2 TMS of SeG196, consistent with its polypeptide 
hydropathy profile. These studies, provided insight regarding shapes, interacting 
domain and oligomerization but resolution was insufficient to resolve 
mechanistic aspects of the translocation. In 2004, van den Berg and coworkers 
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resolved the first high resolution crystal structure of SecYEβ from 
Methanocaldococcus jannaschii10 providing architectural detail of the channel 
organization (Fig. 5A). The structure presented a channel in a closed state and 
corresponds to a pseudo symmetrically aligned assembly molding an hourglass 
clamshell structure formed by ten α-helical transmembrane segments (TMS) of 
SecY. TMS 1-5 and TMS 6-10 forming two halves of the clamshell structure. SecE, 
in its minimal form, consists of two TMS that partially enwrap SecY with the N-
terminal amphipathic helix oriented on the cytoplasmic surface, and tilted on the 
outside of TM6 and TM7 of SecY, connected via a hinge region, while the C-
terminal TMS is highly titled and positions at the “back” of the translocon. Secβ 
only comprises one TMS which is localized close to the C-terminus of SecE and 
almost perpendicular to the membrane. 
The overall structure of the M. jannaschii SecYEβ matched the cryo-EM density 
map196 of the E. coli SecYEG, with slight structural differences in the long 
cytoplasmic loops and other conformational differences related to the 
evolutionary lineage. Through cryoEM104,197–199 and X-ray175–177,200–202, further high 
resolution structures were reported. The structures of SecYEG from T. 
maritima175 (Fig. 5C, TmSecYEG) and T. thermophilus202 (TtSecYEG) provided 
insight in the position of the 2 TMS of SecG, whereas a nanodisc-reconstituted 
cryo-EM reconstruction of E.coli SecYEG104 provided further positional 
information on the 2 distal TMS of the E. coli SecE which are not needed for 
activity per se (Fig. 5E) (See below). The various structures provided further 
insights in the structural basis of channel opening, but also signify some 
discrepancies. 
In E. coli, SecE consists of three TMSs unlike the SecE in most other eubacteria 
that entail only one TMS203. In the absence of SecE, SecY is unstable and readily 
degraded by the membrane protease FtsH204. SecE is essential for cell viability and 
protein translocation 205,206, while the conserved region of cytoplasmic 
amphipathic helix and the consecutive TMS suffice to support the SecE 
function203,205,207. The structural data suggests that SecE is important for the 
stability of the translocon208, and also for functionality as in coordinating channel 
opening with ligand (SecA or ribosome) binding209.  
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Figure 5. Cartoon representations of various SecYE(G/ß) complexes. SecY (grey), indicated with lateral gate helices TMS 2b (yellow), TMS 3 
(magenta), TMS 7 (cyan) and TMS 8 (orange), and plug (red); SecE (light yellow/cream); SecG (pale green). (A) SecYEß of Methanocaldococcus 
jannaschii (PDB: 1RHZ); (B) SecYE of Thermus thermophilus (PDB: 2ZJS); (C) SecYEG of Thermotoga maritima (PDB: 3DIN); (D) SecYE form 
Pyrococcus furiosus (PDB: 3MP7); (E) SecYEG of Escherichia coli (PDB: 4V6M), with polypeptide (green); (F) SecYE of Geobacillus 
thermodenitrificans (PDB: 5EUL), with signal sequence (green). See text for more details. 
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Secß present in the M. jannaschii structure (Fig. 5A) is remotely homologous to 
the bacterial SecG. Like Secß, SecG is not essential for viability or translocation, 
but only promote translocation efficiency8,210,211. SecG is required for 
translocation at low temperatures211 or at low PMF212. It also localizes peripherally 
from SecY as demonstrated in the TmSecYEG and TtSecYEG (Fig. 5B and D) 
structures and further biochemical data213–215. At this position, SecG might be able 
to interact with the accessory protein complex SecDF57,216, and also with SecA217–

219. Additionally, the structure of TtSecYEG shows that the cytoplasmic SecG loop 
covers the pore ring, while crosslinking at this position inhibits translocation202. 
Various studies suggested an SecA dependent topology inversion of the two SecG 
TMSs during translocation220–223, but crosslinking approaches that fixed the 
topology of SecG did not inactivate translocation224. Both SecG and SecE maintain 
their interactions with SecY during translocation225, and currently there is no 
plausible mechanism on the basis of these structures that would support the idea 
of topology inversion. 
SecY is the central unit of the conducting channel with all characteristics of a 
gated channel. The pseudo symmetrical arrangement of the two sets of five TMSs 
of SecY forms an hourglass shape pore with a cytoplasmic and periplasmic entry 
and exit funnel, respectively. Uncharged amino acid dominates the walls of the 
internal cytoplasmic funnel, whereas the rim contains both positive and negative 
residues. In closed or resting state, six hydrophobic residues forming a central 
constrictions project their side chains radially inward to form a tights seal 
preventing leakage of water or ions226,227. The constriction ring provides a 
hydrophobic gasket around the translocating polypeptide thus prevent undesired 
ion leakage228. At the periplasmic funnel, or trans side of the constriction ring, a 
small α-helix TM2a or reentrance loop forms a plug domain that obstructs the 
exit path of the pore227,229. The two halves of the SecY clamshell structure are 
connected by an external loop between TM5 and TM6, which act as a hinge. 
Viewed from the cytoplasmic side, termed ‘front’ (Fig. 5), the structure would 
open with TM2b, TM3, TM7 and TM8 as main elements of a lateral gate. Upon 
opening, this gate provides access to the lipid bilayer175. These lateral gate are tiled 
in the membrane and connected to protruding cytoplasmic loops between TM6 
and TM7 and between TM8 and TM9 that extend ~20Å above the membrane 
plane10. These loops provide the binding sites for the cytosolic partners, SecA200 or 
ribosome104,175,230 as established by crosslinking and mutagenesis studies200,231,232. 
The available structures of SecYEG/ß and its eukaryote homolog Sec61 complex, 
display different conformational states; Figure 5 (A-F) represent presumptive 
subreactions in the channel opening mechanism. The M. jannaschii SecYEß 
structure (Fig. 5A) is in a closed state indicated by a compact structure, the 
narrow constriction of the hydrophobic ring and the position of the plug domain 
obstructing the channel. In the ‘closed’ state, the lateral gate, is also closed. The 
structure of TtSecYE (Fig. 5B), which was crystallized with Fab fragment bound 
to one of the cytoplasmic loop that interacts with SecA, exhibit a partial 
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displacement of helices at the cytoplasmic side of the lateral gate. This suggest 
that binding of cytosolic partners to the cytoplasmic loops already triggers a 
conformational change of the translocon, partially cracking open the lateral gate. 
In this structure, the interaction between SecY and SecG is also weakened202. The 
binding of cytosolic partner introduces a hydrophobic crack or crevice as 
confirmed by a FRET study, that disrupts three polar interactions between TM2 
and TM7 which play a role in stabilizing the idle complex. The crack at the lateral 
gate, termed ‘primed’ state, would then be available for the binding of signal 
sequence233, where it is also become exposed to the lipid82 in order to induce a-
helicity to the signal sequence. 
In the structure of TtSecYEG (Fig. 5C) bound to a SecA monomer stabilized by 
an ATP hydrolysis intermediate, the C-terminal half of SecY is notably shifted 
outward thereby opening a window in the lateral gate to the lipid bilayer. Such 
displacement caused a gap between side chains of TM2 and TM7 of about 5 Å. 
The displacement of the TMSs and its interactions would consequently change 
the conformation of the complex, including exposing hydrophilic surface of the 
pore interior to the hydrophobic lipid bilayer, a widening of the hydrophobic 
constriction ring and a destabilization of plug domain at the periplasmic funnel. 
These changes of translocon conformation resulted in formation of a vectorial 
translocation path and is also referred to as ‘pre-open’ state. The crystal structure 
of the Pyrococcus furiosus SecYE was resolved with partial insertion of TMS10 
from neighboring SecY into the channel, as such mimicking a polypeptide within 
the channel (Fig. 5D). The structure showed a larger opening of the lateral gate 
and a further widening of hydrophobic ring, albeit in that particular structure the 
plug domain still blocked the vectorial passage. Since the inserting polypeptide is 
hydrophobic, this structure may resemble an intermediate in the membrane 
protein insertion process where hydrophobic TMS may slide into the lipid bilayer 
from the lateral gate without the formation of a vectorial aqueous path. The 
structure of SecYEG reconstituted in nanodiscs bound to a ribosome-nascent-
chain (RNC) of a membrane protein showed an even wider opening of lateral gate 
(Fig. 5E). Such opening was caused by residing of substrate polypeptide near to 
the lateral gate prying open the N- and C-terminal halves of SecY. The structure 
also displays a displacement of plug domain, but the periplasmic end of the 
vectorial pathway in this structure is hindered by a periplasmic loop. This 
‘unlocking’ of the translocon by binding of signal sequence is also shown by 
previous FRET study234, where it also showed that the signal sequence binding 
alone is not sufficient for plug displacement for full vectorial channel opening. 
The structure of G. thermodenitrificans SecYE (Fig. 5F) was resolved in a bound 
state with SecA and with a covalently linked OmpA signal sequence and a short 
polypeptide linked to the SecA 2HF177. The structure also showed a large opening 
of the lateral gate, and a further widening of the hydrophobic ring. The ß-
stranded plug structure moves to the periplasmic side towards the back of the 
channel, away from lateral gate. T. maritima SecY (Fig. 5C) and P. furiosus SecY 
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(Fig. 5D) show a wider opening of the lateral gate at the periplasmic side, as 
compared to the structure of G. thermodenitrificans SecY. This is mainly caused 
by a re-positioning of TM7 which is now closer to TM3, and also from the tilt of 
TM7. This conformation in turn, however, provides a wider opening of the 
hydrophobic ring, allowing a signal sequence to intercalate into the channel. The 
C-terminal region of the signal sequence replaces the ‘closed’ state of periplasmic 
end of TM7 in the M. jannaschii structure, where its side chains point into the 
periplasmic cavity previously occupied by the plug, thus sealing it from the 
surrounding lipid molecules. This is in agreement with a recent study that showed 
that full opening of the complex, including a complete displacement of the plug, 
is only achieved in the presence of a polypeptide and upon the binding of ATP to 
SecA234.  
Specific crosslinking experiments have been conducted to probe the interactions 
between and within the translocon subunits during protein translocation. 
Crosslinking of the hydrophobic ring residues abolishes translocation supporting 
the notion that polypeptides moves through the center of the SecY83. Crosslinking 
of TM2 to TM7 at the mid of the lateral gate reveal that the gate need to open to 
at least 5 Å to allow translocation88. The lateral opening mechanism is also 
supported by a FRET study92. This opening must occur along the lipid bilayer 
interface, from the cytoplasmic surface92, this thesis (chapter 2) to the periplasmic 
surface93, although crosslinking of the gate at periplasmic interface of the 
membrane is less inhibitory for translocationthis thesis (chapter 2 and 3) as compared to 
that at cytosolic interface or mid of the lateral gate. The conformational changes 
that occur during channel opening also includes a movement of the plug domain. 
Although plug domain is not essential235,236, it is required to seal the channel86. 
Crosslinking studies have shown that the plug is able to move and interact with 
SecE84,237, but the movement is rather small and does not need to occur all the way 
up to the SecE C-tail229,238. However, in the G. thermodenitrificans SecYEG 
structure with a covalently bound signal sequence in the lateral gate, the plug 
domain moved all the way close to the C-tail of SecE177.  
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Figure 6. Analysis of translocon conformation. (A) Scatter plot of Principal Component Analysis (PCA) visualizing the variance of available Sec 
translocon structures characteristics based on distances of amino acid residues between various points making up the lateral gate, hydrophobic 
ring and plug domain. (B) Dendogram of Agglomerative Hierarchical Clustering (AHC) of the structures. (C) Crystal structure of SecYEß (PDB: 
1RHZ). SecY (grey), indicated with lateral gate helices TMS 2b (yellow), TMS 3 (magenta), TMS 7 (cyan) and TMS 8 (orange), SecE (light 
yellow/cream), SecG (pale green). Hydrophobic ring is indicated with arrow. Lateral gate opening is measured by the distances of the nearest 
residues at the cis- (TM2b-TM8), mid- (TM2b-TM7) and trans- (TM3-TM7) side. (D) Hydrophobic ring is composed of six hydrophobic 
residues that are part of TM2b, TM5, TM7 and TM10, and are represented in the sticks and mesh configuration. (E) Constriction ring residues of 
SecYEß. A pseudoatom is generated to generate a pseudocenter to calculate the distance of plug domain to center of hydrophobic ring. Note: In 
the 3JC2 structure, the plug domain is missing, and a pseudoplug was generated by averaging the distance from all other available structures. 
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The large number of translocon structures in different conformations allows a 
detailed analysis of distances between relevant amino acids that are part of the 
lateral gate, constriction ring, and plug domain. By performing ordination 
analysis of these distances, the various structures can be clustered in related 
conformational states. Based on standardized distance value (Supplementary 
Table 1), there are some extreme or outlier positions suggesting large movements 
with the lateral gate, hydrophobic ring and plug domain. Extreme cis-side lateral 
gate opening is observed in the openings exhibited by structure 5ABB and 5CH4, 
whereas mid-side opening is seen in 3J46, while trans-side opening is observed in 
3DIN and 4V6M. Extreme plug-domain displacement is seen in 5EUL. Not all of 
these are reflected on the scatter plot of PCA, presumably due to effect of 
incorporation of distance values between hydrophobic ring residues. However, 
these measurement and analysis could provide basis for further exploration of the 
translocon passage structure. From the clustering analysis, most of the structures 
are more or less related to 1RHZ, representing the ‘closed’ state conformation 
(Fig. 6A and B). However, the grouping/clustering does not illustrate/represent 
the previously described processes from closed state to the wide opening of lateral 
gate and plug displacement. Based on correlation data (Supplementary Table 2, 
numbers in bold), there is a strong correlation between the partitioning of lateral 
gate at different positions. Movements of the lateral gate at the cis-side correlate 
with movements of the mid-part of lateral gate, while later movements further 
correlate with movements of hydrophobic ring residues that are between TM2b-
TM7 and TM5-TM7. The opening of the mid part of the lateral gate is indeed due 
to movements of SecY halves. Opening of the trans-side of the lateral gate 
significantly correlates with movement of hydrophobic ring residues that of TM5-
TM7, each belonging to different halves of the SecY translocon, and also 
correlates with movement of hydrophobic ring residues that of TM2 and TM5. 
Partitioning of the trans-side of lateral gate also correlates with a movement of the 
plug domain away from the hydrophobic ring. Also, the widening of the trans-
side funnel perturbs the interaction of the plug with hydrophobic residues in the 
channel. All features of the channel opening are all structurally interconnected. 
Associating membrane protein complexes 
To catalyze its activities, the translocon also interacts with a number of accessory 
membrane proteins. One of these complexes is the membrane-embedded 
SecDFyajC complex57,239. SecD and SecF are both integral membrane proteins 
with six TMS and a large periplasmic domain240,241 (Fig. 7A). YajC is a small, non-
essential membrane protein found to associate with SecF and SecYEG57,116. While 
translocation in vitro does not require SecDFyajC16, translocation in vivo is greatly 
reduced without SecD and SecF242. It is proposed that SecDF utilizes the PMF to 
complete protein translocation after ATP-dependent initiation of translocation by 
SecA241. In this mechanism, the periplasmic “head” domain of SecDF would 
function as kind of PMF-driven lever to pull the translocating protein into the 
periplasm. 
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YidC is a member of YidC/Oxa1/Alb3 family243 and is essential for cell viability112. 
It plays role in inserting various Sec-independent protein244–247, but also assist Sec-
dependent protein248–254 or its proper folding255–257. YidC co-purifies with SecDF116 
or SecYEG113. It localizes at the lateral gate of SecY, where it contacts all four TMS 
of lateral gate117. However, these contacts are lost when a ribosome nascent chain 
binds to SecYEG. YidC consists of conserved core domain of five TMSs, with a 
hydrophilic cavity to localizes to the hydrophobic lipid bilayer region and that is 
open towards the cytoplasm118 (Fig. 7B). It has been suggested that the 
hydrophobic cavity locally disrupts the phospholipid bilayer structure and that 
this might be the site where TMS of membrane proteins slide into the membrane. 
For detail review of YidC, please refer to references258,259 
Several other factors might interact with the translocon, i.e. FtsY260, Syd261–264, 
Ppid265 and YidD266-chapter 4 and fulfil functions in targeting and folding. 
 

 
Figure 7. Structure of SecDF and YidC, viewed from the membrane side. (A) Structure 
of T. thermophilus SecDF (PDB: 3AQP) composed of periplasmic domain (P1 – head an 
base, and P4), and 12 TMSs of SecD (TM1-6) and SecF (TM7-12). (B) Structure of E. coli 
YidC (PDB: 3WVF) with the periplasmic P1 domain, TM region and C1 region.  

4. Mechanism of translocation through the pore 
Several models for the protein translocation mechanism have been suggested, 
namely: Brownian ratchet, power stroke, subunit recruitment, piston, peristalsis 
and reciprocating piston. As the name implies, the Brownian ratchet model 
suggests that translocation occurs through a random Brownian movement of the 
polypeptide, where the unfolded polypeptide moves freely in the translocation 
pore but its movements is directed by chaperones on the cis and/or trans-side of 
the channel126. SecA function may be to open the channel through its interactions 
with the SecY pore, and then allow the polypeptide to diffuse through the 
channel. By binding the polypeptide at the cis-side, SecA would also prevent 
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backsliding of the protein. By repeated binding and release events, a stepwise 
translocation can occur although in such mechanism the step-size will not be 
uniform. A recent study based on MD simulation and single molecule FRET 
suggests a regulation of SecA nucleotide exchange by the substrate-SecY channel 
interaction94. However, this model does not explain a near to uniform size step 
translocation78,124,125. 
In vitro studies have shown that translocation is a stepwise process where binding 
of ATP to SecA induces a translocation progress of 20-25 amino acid 78,124,125, 
followed by ATP hydrolysis, that by an unknown mechanism causes a further 
translocation progress with a similar step size. These observations suggest a power 
stroke mechanism where SecA would push polypeptide segments into the 
channel. This pushing mechanism would depend on multiple contacts between 
preprotein and SecA178,180,267. It has been proposed that the 2HF in SecA functions 
in the mechanism87 as suggested from its apparent ‘movement’ in different SecA 
structures (Fig. 4). The hydrophobic tip with its conserved tryptophan would 
interact with the translocating protein through side-chain interactions. 
Considering that the 2HF conformational change is relatively small, it remains 
difficult to relate a power stoke movement of this region as it would fall short in 
translocating the step size observed in vitro. Comparison of various SecA 
structures, including that of SecA bound to SecYE with a signal sequence177, 
indicate the extent of conformational change of within SecA in particular the 
clamp closure191 and the protrusion of 2HF176,177. It is evident that the 2HF works 
in concert with clamp94,195 during the ATP binding-hydrolysis cycle. Binding of 
ATP would result in a conformational change of the 2HF guiding the polypeptide 
into the translocon, where subsequent ATP hydrolysis is coupled with a clamp 
action that captures the polypeptide to prevent back-sliding. Release of the 
polypeptide by the clamp, would allow the polypeptide to traverse passively until 
a next round of ATP binding-hydrolysis. This suggest a process in which ATP 
hydrolysis generates a power stroke on the polypeptide, and allow it to slide 
through the opening of the channel132. In the presence of a PMF, translocation 
occurs very fast without the apparent accumulation of translocation 
intermediates. In this process, SecDF may pull large segments of the polypeptide 
across the pore whereupon the secretory protein will fold at the trans-side (or 
periplasm). 
Studies on the reconstituted translocation components have shown that SecA 
cycles between the cytosol and cytoplasmic membrane268. While SecA binds to 
lipids with low affinity, binding is enhanced when negatively charged lipids are 
present170,269. Without the negatively-charged phosphatidylglycerol, SecA does not 
bind to the membrane170. The N-terminus of SecA is highly amphipathic. Its 
positively charge characteristic plays a critical role in membrane binding270,271. 
Also, the positively charged N-terminus of the signal sequence interacts with 
negatively charged phospholipids272–275. In its membrane-bound state, SecA 
exhibits a higher affinity to SecB/preprotein complex70 most likely because of 
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binding of the unfolded secretory protein170. SecA next binds to membrane 
embedded SecYEG complex with high affinity in nanomolar range90. It was 
previously shown that anionic membrane phospholipids are important for 
protein translocation276. Experiments with a defined distribution of phospholipids 
in nanodiscs show that this require the presence of large lipid surface171. SecA 
gains access to the translocon via this lipid-bound intermediate state171. 
An intriguing aspect of the SecA structure is its ability to dimerize (see 
reference131). Various lines of evidence demonstrate that SecA is active as a dimer. 
The two SecA protomers have a high binding affinity, i.e., a Kd in the 
subnanomolar range. To imply the SecA dimer in the translocation mechanism, a 
subunit recruiting mechanism has been proposed in which SecA undergoes 
dimerization or monomerization at the translocation site. This model was 
inspired by in vitro observations that the acidic phospholipids induce 
monomerization of SecA whereas, primarily based on physiological interaction 
findings that long-chain phospholipid monomerize SecA while adding signal 
peptide binding would cause dimerization127. The model requires that 
dimerization of SecA is a dynamic process where the SecYEG bound SecA 
monomer would recruit a second SecA protomer. 
Based on the crystal structure of an antiparallel SecA dimer with a central 
opening at the dimer interface, a piston model was proposed128. According to this 
model, the SecA-bound preprotein is pushed through the pore by means of an 
ATP dependent power stroke128. A further extension of this model is the 
peristalsis model, which built upon docking of the dimeric SecA onto SecYEG, 
framing a large vestibule between the protein complexes129,130. After binding of 
ATP, the central opening of dimeric SecA would trap the polypeptide and a 
subsequent change in conformation of SecA would shrink the dimensions of this 
vestibule dimension concomitantly with the opening SecYEG channel. This 
would direct polypeptide segments to translocate to the trans-side, whereas 
backsliding is hindered by the trapping of the polypeptide with the SecA dimer 
central opening. ATP hydrolysis would reverse the SecA dimer conformation and 
close the SecYEG channel. Following polypeptide segments are then translocated 
by repeated cycles of the aforementioned ATP-dependent steps.  
A further refinement of this model involves an asymmetrical association of the 
dimeric SecA with SecYEG and takes into account a ligand dependent 
equilibrium of SecA monomer-dimer. It also integrates the findings that 
translocation occurs in at least two distinct steps involving SecA-preprotein 
binding and ATP-binding, whereas SecA releases the preprotein upon ATP 
hydrolysis. The reciprocating piston model131 includes SecA membrane cycling 
via a monomeric intermediate. In this model, the SecA dimer binds to SecYEG 
with high affinity277,278, where one protomer bind directly to SecYEG while the 
other SecA protomer is bound to the SecYEG-bound protomer109. These reactions 
prime SecA for ATP binding and hydrolysis170,279. Next, the SecA dimer accepts 

Chapter 1



Chapter 1 

30 

the preprotein from SecB280, and upon ATP binding, SecA would cause a partial 
opening of the SecYEG channel281, insert a hairpin-like structure of signal 
sequence and adjacent mature domain of preprotein282,283, and release SecB72. ATP 
hydrolysis would cause the release of one of the SecA protomer from the complex, 
that can rebind in a following translocation step. It is unclear if the dissociation of 
the SecA protomer is complete as previous data on PrlA mutants of SecY have 
been shown to bind SecA more tightly while also causing increased translocation 
rates. However, cycling of SecA is supported observations that SecA mediated 
translocation occurs at concentrations that are far in excess to the concentrations 
needed to saturate binding to SecYEG. Rebinding of the SecA protomer to the 
SecYEG-bound SecA might also be responsible for the nucleotide independent 
translocation step similar to that of peristalsis and subunit recruitment 
models77,284. Repeated cycles of ATP binding and hydrolysis, and SecA 
dissociation and re-binding will result in stepwise preprotein translocation. In the 
absence of a SecA interaction, translocation may occur through passive sliding of 
the polypeptide through the channel. Retrograde movement of polypeptide is 
prevented by trapping the preprotein at the cis-side of the membrane, but also by 
SecDF that likely binds the preprotein at the trans-side of the membrane.  

 

5. Scope of this thesis 
Our understanding of the mechanism of protein secretion has advanced 
significantly after proceeded for more than three decades of experimental. 
Following the identification of its genes, proteinaceous components were 
purified, overexpressed and reconstituted into in-vitro reconstituted system to 
interpret intimate details of the enzymatic and mechanism underlying the 
translocation processes. The result of various studies in regard to translocation 
mechanism and its apparatus are discussed in Chapter 1. The availability of high-
resolution structures enabled detailed mechanistic interpretations of the various 
components during translocation processes and how it relates to conformational 
changes within the Sec-translocase. In this thesis, the role of the lateral gate of 
SecY and its opening mechanism is further investigated in relation to the 
translocon plasticity and its interaction with the associating motor protein, SecA. 
Chapter 2 describes the use of variable-length chemical crosslinkers to probe the 
dynamics of lateral gate opening on the cis-, mid- and trans- side of the 
translocon providing further insights in the degree of the lateral gate opening. In 
Chapter 3, the lateral gate was probed with an optical switch to examine its 
plasticity. The result further supports the fact that lateral gate opening at its trans-
side is less restrictive, showing the lateral gate is flexible and dynamic with 
different degree of opening throughout its lining which opens like a wedge. 
Chapter 4 examines the interaction of translocon with its associating protein, 
SecA, by investigating the activity of a single translocon reconstituted into 
nanodiscs. The result showed that SecA binding cause partitioning of lateral gate 
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and is nucleotide-dependent process. It also verifies that monomers of SecYEG 
are sufficient for protein translocation. Chapter 5 aimed to monitor the dynamics 
of the 2HF of SecA by means of measuring FRET signals of fluorophores 
conjugated to the 2HF domain and the cis-side of SecYEG. Our findings 
demonstrate strong FRET signal upon establishment of interaction between the 
two proteins. Nevertheless, our experimental setup was unable to measure further 
dynamics upon the addition of either nucleotide or substrate. These findings 
suggest further explorations are needed to elucidate the intricate details of the 
translocation mechanism.  
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Supplementary information 
S1. Standardized value of amino acid residues distances 

Protein 
Structure 
(PDB ID) 

lateral gate hydrophobic ring residue Ring - 
plug 

cis mid trans 1-3 1-4 1-5 1-6 2-3 2-4 2-5 2-6 3-5 3-6 4-5 4-6 5-6  
1RHZ -0.41 -0.20 -0.64 -0.76 0.17 -0.85 -0.57 -0.15 -0.16 -0.82 -0.53 -0.80 -0.22 -0.65 -0.38 -0.33 -0.19 
2WW9 -0.67 -0.48 -0.51 -0.82 -0.28 -0.66 -0.38 0.91 0.06 -0.86 -0.58 -0.45 0.31 -0.92 0.01 -0.59 -0.46 
2WWA -0.63 -0.26 -0.45 -0.82 -0.21 -0.72 -0.52 0.86 0.74 -0.60 0.45 -0.54 -0.16 -0.65 -0.90 0.27 -0.40 
2WWB -0.48 -0.53 -0.61 0.98 0.69 0.44 1.32 -0.43 -0.93 -0.46 -0.67 -0.45 0.78 -0.44 0.08 -0.26 -0.27 
2ZJS 1.57 -0.53 -0.59 -0.76 -0.86 -0.63 -0.43 -1.10 -0.63 -0.86 -0.18 -0.54 -0.51 -0.58 -0.57 -0.26 -0.06 
3BO0 -0.71 -0.59 -0.64 -0.76 0.17 -0.53 -0.57 -0.15 -0.16 -0.82 -0.49 -0.80 -0.22 -0.65 -0.31 -0.86 -0.59 
3BO1 -0.82 -0.86 -0.64 -0.76 -0.02 -0.85 -0.57 -0.15 -0.16 -0.82 -0.53 -0.80 -0.22 -0.65 -0.38 -0.86 -0.59 
3DIN -0.71 1.46 2.33 0.65 -0.99 0.66 -0.99 1.47 0.74 0.48 -1.47 1.80 0.43 2.14 2.15 -0.72 1.82 
3DKN -0.67 -0.59 -0.45 -0.76 -0.02 -0.85 -0.57 -0.15 -0.16 -0.67 -0.53 -0.80 -0.22 -0.65 -0.38 -0.59 -0.48 
3J45 -0.56 -0.53 -0.45 -0.49 -0.67 -0.59 -0.38 -0.99 -0.72 -0.67 -0.18 -1.48 -0.80 -0.85 -1.03 -0.13 0.09 
3J46 1.28 3.12 -0.32 -0.38 0.30 1.82 1.28 -0.43 1.04 2.98 2.40 1.55 1.07 0.82 0.27 -0.20 -0.30 
3J7Q -0.44 -0.53 -0.61 0.05 -1.05 0.76 0.38 -0.88 -0.59 0.70 1.29 0.55 1.89 0.65 1.24 -0.59 -0.17 
3JC2 -0.44 -0.53 1.19 0.32 2.24 1.95 -0.14 0.46 1.86 1.89 -0.49 2.27 -1.50 3.03 -0.12 3.17 -1.55 
3MP7 0.83 1.46 -0.03 -0.44 -0.73 -0.05 -1.18 -0.10 0.36 0.27 -0.09 0.71 -0.16 0.48 -0.90 -0.26 -0.93 
4CG5 -0.63 -0.42 -0.35 -0.33 0.17 -1.17 -0.57 2.70 3.02 0.52 1.20 0.55 1.42 0.44 0.79 -0.46 0.09 
4CG6 0.90 0.30 0.79 2.61 2.17 1.40 1.51 0.02 -0.50 0.63 0.09 -1.05 -0.45 -0.61 -0.83 -0.13 -0.33 
4CG7 -0.63 -0.53 -0.51 1.09 0.95 1.72 0.85 -0.26 -0.16 0.70 -0.62 0.49 1.13 0.54 0.01 0.14 -0.25 
4V4N -0.71 -0.59 -0.35 1.14 -0.60 -1.21 -1.37 1.75 -0.16 -0.93 -0.44 -0.45 -1.33 -0.71 -0.51 -0.72 -0.40 
4V6M -0.26 1.30 3.05 2.12 1.40 -0.79 -0.85 0.07 0.14 0.52 -0.53 0.90 -0.80 0.51 -0.31 -0.20 1.87 
5A6U -0.44 -1.09 1.14 -1.15 -1.44 0.63 0.14 -1.55 -0.93 0.77 -0.58 0.99 -0.57 0.24 0.59 1.19 -0.59 
5ABB 2.66 1.46 -0.64 1.14 1.33 0.92 1.94 1.13 1.26 0.74 1.65 0.11 -0.04 0.71 1.18 0.60 0.33 

5AWW 0.83 0.52 -0.61 -0.66 -0.73 -0.76 -0.38 -0.77 -1.23 -0.96 -0.58 -0.61 -0.80 -0.88 -0.90 -0.06 -0.12 
5CH4 2.13 -0.53 -0.48 -0.55 0.04 -0.50 0.19 -0.38 -0.85 -0.86 -0.35 -0.76 -0.74 -0.78 -0.90 -0.13 -0.09 
5EUL -0.48 -0.48 0.90 0.00 -0.99 0.69 -0.57 -0.82 -1.15 -0.02 -0.67 0.80 -0.92 0.44 -0.83 -0.72 3.41 
5GAE -0.52 -0.37 -0.53 -0.66 -1.05 -0.82 2.41 -1.05 -0.72 -0.86 2.40 -1.20 2.59 -0.99 2.92 2.71 0.15 

 

Values of standardized measurement. Lateral gate partitioning, hydrophobic ring opening and plug domain displacement are measured based on shortest 
distances between representing amino acid, of each Sec translocon structure. Each measurement is then standardized, prior to subsequent analysis. Those 
in bold in bold-cell-borders are considered extreme position or condition, as values is x<-1.96 or x>1.96. Those in bold with regular cell-borders are 
distances with value of -1.95<x<-1.5 or 1.5<x<1.96, indicating distances that rather significantly differ compared to ‘closed’ state. Lateral gate openings 
are measured at three position, cis-side, mid-side and trans-side. Hydrophobic ring residue are measured among those located in different 
transmembrane helices; TM2b – residue 1 (75/Ile) and 2 (79/Val), TM5 – residue 3 (170/Ile) and 4 (174/Ile), TM7 – residue 5 (206/Ile), TM10 – residue 6 
(406/Leu); numbers refers to amino acid sequence number in structure 1RHZ.   
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Table S2. Correlation matrix of residue distances (Pearson (n-1)) 

 

Distances between various measurement of lateral gate partitioning, hydrophobic ring opening, and plug domain displacement are analyzed to 
see its correlation. Those in bold indicate strong correlation between the measurement.  

Variables cis mid trans 1-3 1-4 1-5 1-6 2-3 2-4 2-5 2-6 3-5 3-6 4-5 4-6 5-6 Ring - plug
cis 1 0.477 -0.155 0.120 0.200 0.215 0.366 -0.116 -0.001 0.188 0.329 -0.025 -0.141 -0.014 -0.125 0.044 -0.074
mid 0.477 1 0.290 0.287 0.189 0.331 0.154 0.163 0.331 0.571 0.352 0.430 0.109 0.366 0.151 -0.083 0.188
trans -0.155 0.290 1 0.474 0.192 0.259 -0.233 0.097 0.126 0.391 -0.342 0.602 -0.295 0.573 0.122 0.136 0.603
1-3 0.120 0.287 0.474 1 0.638 0.400 0.247 0.278 0.089 0.321 -0.066 0.191 -0.090 0.287 0.030 -0.026 0.302
1-4 0.200 0.189 0.192 0.638 1 0.416 0.309 0.283 0.400 0.399 0.017 0.135 -0.185 0.294 -0.182 0.231 -0.084
1-5 0.215 0.331 0.259 0.400 0.416 1 0.476 -0.161 0.131 0.802 0.123 0.610 0.089 0.666 0.159 0.312 0.100
1-6 0.366 0.154 -0.233 0.247 0.309 0.476 1 -0.272 -0.085 0.300 0.627 -0.118 0.534 -0.037 0.462 0.463 -0.125
2-3 -0.116 0.163 0.097 0.278 0.283 -0.161 -0.272 1 0.764 0.079 0.011 0.205 0.002 0.257 0.138 -0.176 0.032
2-4 -0.001 0.331 0.126 0.089 0.400 0.131 -0.085 0.764 1 0.510 0.315 0.495 0.142 0.563 0.237 0.165 -0.065
2-5 0.188 0.571 0.391 0.321 0.399 0.802 0.300 0.079 0.510 1 0.367 0.799 0.157 0.769 0.239 0.292 0.094
2-6 0.329 0.352 -0.342 -0.066 0.017 0.123 0.627 0.011 0.315 0.367 1 -0.010 0.619 -0.016 0.462 0.313 -0.163
3-5 -0.025 0.430 0.602 0.191 0.135 0.610 -0.118 0.205 0.495 0.799 -0.010 1 0.001 0.925 0.272 0.225 0.338
3-6 -0.141 0.109 -0.295 -0.090 -0.185 0.089 0.534 0.002 0.142 0.157 0.619 0.001 1 -0.016 0.720 0.076 -0.110
4-5 -0.014 0.366 0.573 0.287 0.294 0.666 -0.037 0.257 0.563 0.769 -0.016 0.925 -0.016 1 0.325 0.336 0.320
4-6 -0.125 0.151 0.122 0.030 -0.182 0.159 0.462 0.138 0.237 0.239 0.462 0.272 0.720 0.325 1 0.365 0.140
5-6 0.044 -0.083 0.136 -0.026 0.231 0.312 0.463 -0.176 0.165 0.292 0.313 0.225 0.076 0.336 0.365 1 -0.122
Ring - plug -0.074 0.188 0.603 0.302 -0.084 0.100 -0.125 0.032 -0.065 0.094 -0.163 0.338 -0.110 0.320 0.140 -0.122 1
Values in bold are different from 0 with a significance level alpha=0.05
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Table S2. Principal Component Analysis 

 

 

   

Eigenvalues:

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17
Eigenvalue 5.042 3.132 2.019 1.829 1.371 1.292 0.802 0.432 0.407 0.219 0.167 0.120 0.082 0.051 0.020 0.009 0.006
Variability (%) 29.658 18.422 11.875 10.760 8.063 7.602 4.719 2.542 2.392 1.287 0.983 0.708 0.485 0.299 0.119 0.050 0.036
Cumulative % 29.658 48.080 59.955 70.715 78.779 86.380 91.100 93.642 96.033 97.320 98.303 99.011 99.496 99.795 99.913 99.964 100.000
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