¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Physical mechanisms of the Sec machinery

’ '.) Check for updates ‘
operationy

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 27176 .
and Frank Muh @2 *

Ekaterina Sobakinskaya
The Sec complex, composed of a motor protein SecA and a channel SecYEG, is an ATP-driven
molecular machine for the transport of proteins across the plasma membrane in bacteria. Today, there
is a consensus about a general "rough” model of the complex activation and operation, which, however,
lacks understanding of the physical mechanisms behind it. Molecular dynamics simulations were
employed to address a way of allosteric activation, conformational transition of SecYEG from the closed
to the open state, and driving forces of protein transport. We found that binding of SecA (in the ATP-
bound state) and the protein signal sequence leads to a transmembrane helix rearrangment that
weakens contacts inside the hydrophobic core of SecYEG and provides a driving force for plug opening.
The conformational transitions are enabled by a delicate interplay between hydrophobic forces on one
side and PEES (proton motive force, external — due to binding with the translocation partners — entropic,
and solvent-induced) on the other side. In the open state, SecYEG still provides a barrier for bulky
residues that contributes to the driving forces of transport. Other important contributions come from
SecA and the membrane potential acting in different stages of protein transport to guarantee a nearly
constant driving force. Given that the different forces act on different types of residues, the suggested
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mechanisms taken together provide a directional motion for any substrate, thereby maximizing the

Open Access Article. Published on 09 October 2024. Downloaded on 1/2/2026 12:39:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/pccp efficiency of the Sec machinery.

Introduction

About one third of all proteins are secreted across or integrated
into biological membranes." Many of them are transported in an
unfolded state by the Sec machinery. The complex consists of
two main components: protein-conducting channel and translo-
cation partner. The channel, also called translocon, is formed by
the hetero-trimeric membrane complex SecYEG in prokaryotic
cells** and Sec61 in eukaryotes.” For co-translational transport,
Sec joins the ribosome and forms a ribosome nascent chain
complex. Post-translational pathways involve binding of specia-
lized energy-transducing factors, e.g., the SecA protein motor as a
translocation partner (in bacteria). While co-translational trans-
port is the main pathway for protein secretion in eukaryotes® and
for membrane insertion in all organisms,® the post-translational
transport is used mainly by prokaryotes for protein secretion.” In
our work, we focus our attention mainly on the latter system,
best described for bacteria. Let us consider the architecture of
the Sec machinery components.
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SecA includes two nucleotide-binding domains (NBD1, NBD2),
together forming the nucleotide-binding site (NBS), where ATP
hydrolysis occurs, stimulated by the channel, acidic lipids and
pre-protein substrate® (Fig. 1a). Other domains important for
translocation are the polypeptide cross-linking domain (PPXD)
and the two helix finger (2HF). PPXD and the adjacent NBS form a
clamp for the transported pre-protein. 2HF is inserted into the
entrance of the channel and believed to interact with the translo-
cating substrate, pushing it into the translocon.” The motor
protein cycles between high- and low-affinity states, dissociating
from and re-associating with the translocon: ATP-bound SecA has
a tight coupling with the channel, while the ADP-bound SecA
corresponds to a weakly associated form.*°

The prokaryotic translocon consists of a large transmem-
brane (TM) subunit SecY, which spans the membrane ten
times, and two small subunits SecE and SecG.* The subunit
SecY has an hourglass shape with a constriction inside the
membrane and is divided into N- and C-terminal halves, TM
segments 1-5 and 6-10, respectively, which are pseudosymme-
trical and linked by the loop on the extracellular side (Fig. 1b).
Important structural elements of SecY include (i) the central
pore ring (PR) at the constriction composed of hydrophobic
amino acids (Fig. 1c), (ii) the lateral gate (LG) formed by
transmembrane helices TM2b and TM7 (marked purple and
light green in Fig. 1b) and (iii) the re-entrant loop TM2a, called
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Fig. 1 Architecture of the Sec machinery. (a) Overall structure with a
peptide inside, cytosol top (PDB 6ITC). Colors: SecY, ice blue; SeckE violet;
translocating peptide, magenta. Main domains of SecA: NBD1, blue; NBD2,
green; 2HF, red; PPXD, yellow. Other domains not important for the present
work are shown in grey. (b) View along the membrane plane on SecYEG,
cytosol top (PDB 5AWW). LG helices TM7 and TM2b are displayed in light
green and purple, respectively, the plug in pink. SecE, violet; SecG, cyan. (c)
View onto the PR from the cytosolic side (PDB 5AWW). Four hydrophobic
PR residues (lle 81, Ile 188, Ile 275, lle 403) are shown explicitly.

the plug domain (marked pink in Fig. 1b), which closes the
channel at the periplasmic side of the membrane. The PR
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consists of six aliphatic amino acids, usually isoleucines, which
project their hydrophobic side chains inside the channel. Four
of them are of particular interest, since they determine the
opening width of the PR, and, thus, the space available for a
translocating substrate. They are located on helices TMS5,
TM10, TM2 and TM7 (Fig. 1c). Taking into account that two
aliphatic amino acids belong to the LG helices, one can readily
see that opening or closing of the lateral gate changes the PR
opening width. Furthermore, the central part of the translocon
includes the hydrophobic core stabilized by hydrophobic inter-
actions between the plug and helices TM7, TM2b as well as the
PR residues.'® SecE contains an amphipathic helix and plays
the role of a clamp, keeping the two halves of SecY together.
The subunit SecG makes only few contacts with both SecY and
SecE and seems to have minor importance for the channel’s
function.

Extensive theoretical and experimental research is per-
formed to reveal how the Sec machinery transports the
proteins.>*®* Today, there is consensus on a general “rough”
model of activation, which includes a series of steps:
(i) association of the channel with protein and SecA following
ATP binding, (ii) opening of the LG by the signal sequence (SS) of
the transported protein (resulting from movements of TM7
and TM2b), and (iii) plug relocation, termed “unlocking”.>"?
However, despite significant efforts, no understanding yet
emerged of the physical mechanism underlying activation and
operation of the SecY machinery. Moreover, several important
phenomena are not yet taken into account in the above model.

For example, mutations in the loop between TM8 and TM9
(the TM8/TMO linker), a binding site of SecA,"*"* were shown to
abolish movement of the plug towards SecE (evidenced by
diminished crosslinking), indicating on transmission of signals
between remote parts of the channel'® (Fig. 1a) that implies
allosteric activation. Furthermore, an important factor in the
function is the proton motive force.'® (To avoid confusion of
the proton-motive force with the potential of mean force (PMF),
we use the abbreviation AYH" for the former.) AYH' reduces
significantly the concentration of ATP required for protein
translocation."” There is evidence that it interacts with the
helices of SecYEG,'® although the mechanism by which A¥H"
influences translocation is not clear. Integrating the above
phenomena into a consistent biophysical model will provide
detailed knowledge about activation and operation of the Sec
machinery and contribute to the understanding of how the free
energy difference between ATP and ADP is transduced into
directed mechanical forces driving protein transport.

In the literature, abundant data are accumulated that shed
light on the “main players” and reveal important interactions
between them. (Available structures of the open SecYEG'>" are at
low resolution and cannot provide much detailed information.)
The first periplasmic loop (P1) as well as helices TM7, TM10, TM2,
and TM5 are demonstrated to be the structural sites of prid
mutations,”>*" which affect the functionality of the channel.*
Among the most extreme mutations, which cause lethality, com-
bined with L108R (priG1) in SecE, are the changes I408N
and L407R of adjacent residues in TM10 and 1278N in T™M7.>***
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At the same time, none of the residues of TM7 and TM10 is in
direct contact with residue Leu 108 of SecE, but coupled with
TM5> (see ESI¥ A1 for more details). All helices, mentioned
above, form the LG and the PR and tightly interact with the plug.

The importance of the coupling between the plug and
helices TM5, TM10, TM2b, and TM7 for the Sec machinery
function is revealed in electrophysiology experiment. Mutants
with the plug fully or partly deleted showed transient channel
opening, resulting in ion conductance.’®?” In this case, a
new plug is formed, which lost all interactions with TM5 and
TM10 and most interactions with TM2b and TM7.%® As a result,
SecYEG becomes less “tight” and easier to open. This hypothesis
can also explain why plug-deleted mutants allow the transloca-
tion of proteins with defective or missing signal sequences,
similar to the prlA mutations in and around the PR.>! Further-
more, disulfide bridges between cysteine (Cys) residues
mutated into the plug and TM10 lead to inactivation of SecYEG,
while the application of long crosslinkers restores normal
translocation.>® Mutation of residue Leu 406 to lysine in
TM10, located in the hydrophobic core domain of SecYEG
(M. janaschii), leads to displacement of the plug toward the
extracellular side.? Interestingly, opening of the plug implies a
large-amplitude motion as is evident from other cross-linking
experiments: If residues 67 in SecY (plug) and 120 in SecE
(E. coli), which are more than 20 A apart,> are mutated to Cys
and cross-linked by a disulfide bridge through addition of
sodium tetrathionate (NaTT), channel opening with massive
ion flux is observed.”” Addition of dithiothreitol (DTT) to
reduce the disulfide bridge restores the channel in the closed
state. Another interesting observation is that NaTT-treatment of
a single-Cys mutation in the plug (position 67 in SecY) results
in fluctuations of the plug between closed and open states. This
result suggests that modification of Cys 67 by NaTT"" destabi-
lizes the plug in the closed position, most likely by perturbing
the hydrophobic core.’® The above results raise the following
question: What forces trigger the plug movement during Sec
machinery activation under native conditions?

In the case of the eukaryotic channel Sec61, relocation of the
plug away from the PR was stimulated by movement of TM7
and TMS in the presence of Sec62 and Sec63, as is evident from
cryo-EM structures.®” However, these structures did not include
a translocating substrate and did not feature the movement of
other helices. In contrast to the bacterial counterpart, helices
TM5 and TM7 of Sec61 are more polar than the ones of SecYEG,
suggesting that hydrophobic interactions in the center are
much weaker. Thus, to enable opening of the bacterial channel,
the plug must be released from a quite tight hydrophobic core
that requires significant weakening of many contacts.

Here, we present an all-atom molecular dynamics (MD)
study, aimed at revealing the pathway of the Sec machinery
activation and operation and identifying the physical mechan-
isms that enable it. The activation process involves the opening
of the channel stimulated by the movement of helices upon
binding with SecA and the SS. In our work, we determined a key
set of helices, whose displacement is crucial for the opening.
Special focus was put on the conformation of the plug, which is
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important for the peptide transport. Starting from a high-
resolution crystal structure of the closed channel (PDB ID
5AWW??), we have created two open structures. In one of them
- open - the displacement of the key-set helices stimulated the
release of the plug and its transition to the open position.
(The latter was determined with metadynamics simulations.)
The second structure - half-open - represents SecYEG with an
open LG and the plug in a closed state. For both conformations,
we determined the barrier to peptide translocation, which
shows the role of the plug during protein transport. As follows
from the review above, a prerequisite for SecYEG operation,
especially in vivo, is the proton motive force AYH'. The
obtained open structure was analyzed in terms of the influence
of the membrane potential AY¥, which is an important part of
AYH". Here, we revealed the role of AY on the Sec machinery
in both ATP- and ADP- bound states. Based on the results, we
describe the forces stimulating activation of the Sec machinery
and suggest ways of its regulation. Furthermore, all findings are
integrated into a consistent biophysical model of the Sec
machinery and discussed based on the fundamental principles
of molecular machine operation.

Results

Main players of the conformational transition: the key set
of helices

To understand the allosteric mechanism leading to an opening
of the SecYEG channel, first of all, we performed a structural
analysis of the closed and open states. Here, the goal was to
identify helices, which play an active role in conformational
transitions of the channel. As in our earlier work,*® we selected
the 5EUL structure'® as a model of the open state. The latter
represents a chimera of SecYE from Geobacillus thermodenitri-
ficans and SecA from Bacillus subtilis containing the SS of OmpA
(outer membrane protein A) and a short polypeptide following
it (for amino acid sequence, see Methods - Systems assembly).
It was crystallized in the presence of ADP and beryllium
fluoride (BeF,). The latter locks SecA into a conformation close
to its ATP-bound state.®?* Thus, the 5EUL structure corre-
sponds to the active channel with an SS in the open LG and a
peptide loop inside the pore.

Overlay of the 5AWW (closed) and 5EUL structures reveals a
drastic shift of TM7, TM8, and TM2b (Fig. 2a) that is, obviously,
induced by SS binding. Other helices feature a less pronounced
displacement, which can be a result of both opening of the
translocon and inaccuracy in atom coordinates (ESL T Fig. S1).
Moreover, in contrast to the structures of the closed SecYEG,
the plug in 5EUL is completely disordered. This can be due to
the fact, that the plug is shifted down to the periplasmic side,
so that it is easy accessible for the detergents, which solvate
non-polar groups. Hence, in our structural analysis, we take
into consideration also other data from the literature. Further-
more, a criterion for a helix to play an important role in channel
opening is a contribution to loosening of the plug from the
hydrophobic core.

This journal is © the Owner Societies 2024
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Fig. 2 Comparison of the 5SAWW and 5EUL structures. Only selected
helices are displayed. (a) Side view of the displacement of helices in the
open channel (5EUL, red) with respect to the closed state (SAWW, iceblue).
(b)—(d) Interaction between the residues of the plug and TM10 (b), TM5 (c),
and TM2b (d) in the closed channel (SAWW). Interacting residues are shown
explicitly. All residues are colored according to their type: hydrophobic
(white), polar (green), positively charged (blue), negatively charged (red).

The results of Lycklama a Nijeholt et al.*® indicate a proxi-
mity of TM10 and the plug that is confirmed by the structure
5AWW of closed SecYEG (Fig. 2b). The structure also reveals
hydrophobic interaction between the TM9/TM10 linker and the
plug (Fig. 2b). On the other hand, the plug interacts only with
the loop in the open translocon. Superposition of 5AWW and
5EUL gives a hint that helix TM10 might shift upwards and
slightly backwards during opening of SecYEG (Fig. 2a; ESL+
Fig. S1), thus weakening coupling with the plug. The displace-
ment of TM10 can be coupled to the upwards motion of TM9
(ESLt Fig. S1), driven by the binding between the TM8/TM9
linker and the translocation partner.’® Further examination of
the resting state 5AWW indicates that the plug interacts with
residues of TM5 (Fig. 2c).

In the active translocon, the plug moves away from the PR to
the periplasmic side, losing these contacts. At the same time,
overlay of the two structures demonstrates a slight “backside”
shift of TM5 (Fig. 2a and ESI,} Fig. S1) that can contribute to
weakening the interaction with the plug in the closed state,
thus, facilitating its movement to the open configuration. TM5
can be involved in the SecYEG opening through its contacts
with TM10 and SecE (see Introduction).

The closed conformation reveals coupling between residues
of TM2b and the plug that is a part of the hydrophobic core
(Fig. 2d). Obviously, opening of the LG breaks this interaction
and contributes to unlocking of the plug. Thus, we can say that
a decisive role in the transition of the channel to the active state
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is played by the key set of helices TM7, TM2b, TM8, TM9, TM10
and TM5 (see also Introduction), which respond to the binding
of the translocation partners and release the plug from the
hydrophobic core. Moreover, while movement of LG helices
and TMS is stimulated by the incoming SS, other helices react
likely to binding of SecA.

To create the channel conformation “open” - resulting from
insertion of the SS and binding of SecA - the above key-set
helices were pulled to their positions in the SEUL structure by
means of steered molecular dynamics (SMDj; see Methods and
ESIT M1). The resulting conformation represents a transition
state and is called “transit-open” structure (ESL,T Fig. S18 and
Table S2). Next, to determine the location of the plug, we
computed the free-energy landscape as a function of pairwise
distances between the plug and helices TM5, TM2b and the
TM9/10 linker (see Methods and ESIt M2, M3) in the transit-
open structure. This computation was done with metady-
namics, which is an MD technique for reconstructing the
free-energy surface as a function of a few selected degrees of
freedom, referred to as collective variables (CVs).?*® As detailed
in the ESIt (M2, M3), we have the three CVs d;, d,, and ds,
corresponding, respectively, to the center-of-mass (COM) dis-
tances between (1) plug residues 62 to 64 and TM2b residues
76 to 78, (2) plug residues 54 to 61 and TM5 residues 188 to 191,
and (3) plug residue 54 to 61 and TM9/10 linker residues 392 to
394. To monitor the convergence of metadynamics trajectories,
we ran different simulations with lengths ranging from 2 to
60 ns and used the generalized distance metric as described in
ESI,{ M3 as convergence criterion. Based on this measure, the
40 ns trajectory was chosen to determine the open conforma-
tion of the plug. When the plug position was settled, the
obtained structure was complemented with a translocating
substrate (see Methods and ESI,T Fig. S18 and Table S2). The
resulting open channel was used to create both ATP- and ADP-
bound states without explicitly modeling SecA.

To mimic the ATP-bound state in further simulations, we
imposed soft constraints on the backbone of helices TM3, TM8
partly, TM9, TM10, as well as the TM6/7 and TM8/TM9 linkers
(see ESL,# M6 and Fig. S14). The ADP-bound state of the Sec
machinery was modeled by applying soft constraints only on
the backbone of residues 344-365 of TM9, thus imitating weak
binding with SecA and preventing drifting of the channel.

To better understand the role of the helix movement during
the transition from the closed to the open state, we prepared a
channel conformation “half-open”, where the LG is open, but
the plug is closed, thus corresponding to an intermediate step
(ESL} Fig. S18 and Table S2). This configuration features a
widened LG accommodating the SS and a peptide loop inside
SecYEG. SMD was used to pull helices TM2b, TM7 and TM8
apart, widening the LG (for details, see Methods and ESIT M1).
As a result we obtained an intermediate structure, named
“transit-half”’, which was used to insert the SS with peptide
loop to obtain the structure ‘“half-open”. Note that in our
earlier work,'® we investigated a similar structure (called
“active state”), which was obtained by putting the SS without
the peptide loop into the structure “transit-half”.

Phys. Chem. Chem. Phys., 2024, 26, 27176-27188 | 27179
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Half-open channel: conformation and protein transport

Overlay of selected helices for the closed and half-open con-
formations demonstrates significant shifts of TM7, TM8, TM2b
(Fig. 3a). At the same time, changes in the positions of TM5, the
plug, and other helices, originating from adaptation to the
presence of the peptide during equilibration, are not so pro-
nounced (Fig. 3a; ESL, Fig. S2). Hence, accommodation of the
translocating substrate inside SecYEG requires only opening of
the lateral gate and shift of TM8 to provide room for the
movement of TM7.

In Fig. 4, we show the free-energy profile for Lys 31 of the
peptide being pulled through the translocon along the z-axis
(red curve). This profile was obtained from umbrella sampling
(US)*” with the reaction coordinate being the distance in the
z-direction of the C, atom of Lys 31 to that of Ile 403, where the
z-axis is normal to the membrane. The zero of this reaction
coordinate axis is basically the PR position (ESL Fig. S12; see
ESIt M4 for details; see also our earlier work'® for similar
simulations with ions). One can readily see that despite the LG

Fig. 3 Overlay of SecYEG in the half-open conformation (blue) with (a)
the SAWW structure (yellow) and (b) the 5SEUL structure (magenta).
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Fig. 4 PMF profile for Lys 31 in the peptide in SecYEG along the z-axis for
the half-open channel (red), the open channel (blue) and the open channel
with the mutant peptide W26A/Y27G (green).

is widened through insertion of the SS, the channel provides a
high barrier for peptide transport as represented by the free
energy profile of Lys 31. Note, that the PMF is highest, when Lys
31 has passed the PR (z = 0), since the major contribution to the
barrier comes from interaction of the peptide with the plug
around z =10 (ESL Fig. S3). Interestingly, the plug did not shift
significantly, while the peptide was pulled during the SMD
(ESL Fig. S4). This result underscores that strong forces fix the
plug in its closed conformation.

Open channel: conformation and protein transport

The SecYEG conformation obtained after shifting the key-set
helices and metadynamics simulation of the plug’ s position is
shown in Fig. 5a-d. In Fig. 5e, we show a contour plot of the
PMF landscape as a function of the CVs d, and d; at d; = 17 A
Plots for other values of d; can be seen in ESL{ Fig. S11. The
PMF profiles for all trajectories reveal a complex structure with
several minima reflecting the flexibility of the plug (Fig. 5e;
ESI, T Fig. S11). For larger values of d,, a major minimum in the
PMF landscape around d, = 14 A and d; = 11 A becomes evident.
As the open conformation of the plug, we finally chose a
structure corresponding to the minimum in PMF with collec-
tive variables d; = 17.1 A, d, = 14.2 A, d; = 11.4 A (Fig. 5e). This
conformation is the closest to the 5EUL as seen from the
overlays in Fig. 5c¢ and d.

Here we underline, that the main goal of the opening
procedure was to provide a configuration, which enables releas-
ing the plug. The position of the helices TM7, TM5, and TM8
were mimicked with higher precision, than the ones of TM9
and TM10. The latter were moved slightly to adjust the location
of the TM9/10 linker, which is significant for interaction with
the plug. TM2b underwent a larger shift, than given by the
5EUL structure. Matching TM2b exactly with the position of the
helix in 5EUL still preserves a quite strong coupling with the
plug (data not shown).

This journal is © the Owner Societies 2024
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Fig. 5 Structure of the open channel. (a) and (b) Overlay of the conformation (blue) obtained after metadynamics simulations (corresponding to
dy=17.1A d> =142 A, ds = 11.4 A) with the SAWW structure (yellow) in two side views. Only key-set helices and the plug are shown. (c) and (d) Same as in
(a) and (b), but overlain with the 5EUL structure (magenta). Only key-set helices and the plug are shown. (e) PMF landscape (in kcal mol™) for
the collective coordinate d; = 17.1 A. (f) Scheme of the conformational transitions of the translocon in the two dimensional space of coordinates r,,
representing the plug position and ry, representing the positions of the key-set helices. SMD is used to change the positions of the key-set helices from
those in the closed structure (5SAWW) to those corresponding to the 5EUL structure (transit-open channel), leaving the plug in a closed conformation
(blue arrow). Metadynamics is used to find an open conformation of the plug while restraining the helix positions (red arrow). The native path from closed

to open, in which key-set helices and the plug possibly move together, remains unknown (green arrow).

The procedure outlined above to find a conformation with
an open plug involves two steps as sketched schematically in
Fig. 5f: first, the key-set helices are moved and then the plug is
relaxed. This two-step procedure (blue and red arrows in Fig. 5f)
is not meant to represent the native opening mechanism. The
latter actually remains unknown (green arrow in Fig. 5f). The
simulations merely indicate that moving the key-set helices in
response to the interaction with SecA in the ATP-bound state
and insertion of the SS contributes to the plug opening. We
hypothesize that this interplay between helix and plug

This journal is © the Owner Societies 2024

movement is the key physical mechanism of “unlocking” the
plug. However, the details of conformational changes in this
process remain elusive.

An important aspect of the plug transition from the closed to
the open state is the interplay of different forces. While the
PMF profile, obtained in our work, explicitly displayed the role
of the interactions between the plug and selected TM helices,
the free energy landscape depends also on the coupling to the
solvent (water). The latter can also influence conformational
transitions significantly. To analyze the situation, we follow the
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theoretical philosophy of Ben-Naim®® and partition the protein
into groups (numbered by the index 7) with location vector r;.
The free energy landscape depends on the position vectors of
all groups, denoted here collectively by 7. To find the probable
direction into which group 7 will move, we have to determine
the gradient of the free energy with respect to r;. For example,
the force acting on the plug is given by:

Fryp) = =V,U(r) + F'(rp) (1)

where U(r') is the internal potential of the protein being at a
specific conformation r' and F*'(r,) is a solvent-induced force
for a fixed conformation of the plug and averaged over all
possible configurations of the solvent molecules. For the latter
we have:*®

FS!(ry) = J[fvpu(rp, X)]pXl)dX, @)

where the first multiplier under the integral is a direct force
acting on the group by the solvent molecules in configuration
X,, and p(Xy|7’) is a conditional probability density of water
molecules at X,, given the protein at conformation . Eqn (2)
reveals that, provided the water density is not negligible, a
strong gradient in the group-water interaction U(r,, X,,) will
stimulate a force. In other words, a change of the water
environment contributes to the conformational change.

Hourglass shape and hydrophobic core lead to water deple-
tion in the central regions of SecYEG." Thus, a change in the
hydration level experienced by the plug can lead to a gradient in
the coupling with the solvent along the translocon axis. How-
ever, calculation of the force in eqn (2) exerted on the plug
along the transition path is a complicated task. Here, we merely
estimate the difference in plug-water coupling between the
half-open and open conformations (see ESI,i M5 for details).
The enthalpic difference amounts to —18.2 + 3.8 kcal mol ™"
and represents a significant gradient in interaction energy that
can contribute to the transition to the open state. We can
speculate that the contribution of plug-water interaction to
the enthalpy difference between closed and open conforma-
tions of the translocon is in a similar order of magnitude.

The opening of the plug has an effect on the PMF for the
transport of Lys 31 of the peptide: The translocation barrier is
significantly reduced (Fig. 4, blue curve), but there remains a
still pronounced barrier up to z =7 A and a higher barrier for
z > 10 A. Comparison of the PMF profile for the wild type (WT)
peptide (blue curve) and that of a mutant, in which the bulky
residues Trp 26 and Tyr 27 of the peptide are replaced by the
small amino acids Ala and Gly, respectively (green curve),
reveals that the major part of the barrier in the WT is caused
by the translocation of these bulky residues. The PMF increase
for z > 10 A can be traced back to Trp 34 being present in both
the WT and the mutant peptide. Therefore, the barrier for
transport is primarily determined by interaction of bulky
residues with the channel especially on the periplasmic side.
In this context, it is noteworthy that the positively charged Lys
31, being present in the mutant peptide, does not give rise to a
significant barrier by itself.
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Translocation through the open SecYEG reveals that, in
contrast to the half-open channel, the movement of the peptide
stimulates an additional shift of the plug (¢f ESI,T Fig. S4 and
S5), which is in agreement with ref. 15. This increased mobility
of the plug in the open conformation results, obviously, from
weakening of interactions with other helices.

Influence of the membrane potential

To test the influence of the electrostatic part AY¥ of the proton
motive force AWH", we performed simulations with an applied
voltage oriented such that the positive potential is at the
periplasmic side. These simulations were performed with the
open channel in both the ADP- and ATP-bound states. Note
that in our simulations, SecA is absent and hence is the NBS.
The effects of SecA in the ADP- and ATP-bound states are
mimicked by imposing different constraints on backbone
atoms of SecY as described above. To observe effects along a
relatively short trajectory of 400 ns, we stimulated the system by
applying a voltage of 1.1 V during the first 200 ns, which was
then reduced to 0.3 V during the second half of the run (for
further details of these simulations, see ESI,i M6).

In the case of the ADP-bound state, we also performed a
reference simulation of 400 ns length with the same starting
conformation, but with zero voltage. These two simulations are
referred to in the following as “volt-“ and “relax’-simulation/
trajectory. For the ADP-bound state, AY¥ stimulates motion of
all channel helices and the SS. The most significant impact is
observed for the positions of helices TM2b, TM7 and the plug
(Fig. 6a and b; further structures comparing the volt- and relax-
trajectories are presented in ESIL Fig. S6 and S16).

Upon application of the external field (volt-simulation),
TM2b moves outwards. In contrast, in the relax-simulation,
we observe motions driving the helix inwards that result in a
pronounced decrease in the PR distance TM2b-TM10 (Fig. 6b;
ESI, Fig. S16). The latter is defined as in our earlier work'® as the
COM distance between residues Ile 81 and Ile 403 quantifying the
opening of the PR between helices TM2b and TM10 (Fig. 1c;
¢f also Fig. 1a in ref. 10). Displacement of the plug in the volt-
trajectory brings it closer to TM5, in contrast to the relax-
simulation, where it undergoes an upward shift only (Fig. 6b).
The dynamics of TM7 reveals rotations in opposite directions for
the two simulations (Fig. 6a and ESL Fig. S16). This leads to a
widening of the LG in the case of the applied voltage, and the
opposite effect for the relax-trajectory. Furthermore, in the latter
case, motion of both TM7 and the plug reduces the space
available for the substrate, which should raise a barrier for
translocation. In contrast, the distance TM7-plug increases, when
the voltage is applied (ESL Fig. S16).

Therefore, according to our results, the major effect of the
membrane potential in the ADP-bound state involves keeping
the LG open and shifting the plug away from the center of the
translocon. Based on the observed dynamics, we can suggest
the following simplified model of the above phenomena:
The reorientation of the helix dipoles of TM2b and SS in
the external field brings these helices closer to each other
(Fig. 6c and d). To avoid overlap, the SS helix undergoes a
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TM2b/3
linker

TM3/4 linker

Fig. 6 Overlay of the conformations obtained in the volt- and relax-simulations of the ADP-bound state. The last frames of the volt- and relax-
trajectories are red and blue, respectively, while the starting conformation is colored cyan. Presentations in (a) and (b) are side views along the y- and x-
axis, respectively. Changes in the dipole orientation of the helices TM2b and signal sequence (SS), when the external electric field is applied (black arrow),
are shown in (c). Movements of selected helices, stimulated by the voltage, are shown in (d)-(f) with side views along the y- and x-axis, respectively, in (d)
and (e), and a view from the cytoplasm in (f). The small black arrows indicate the motions of the corresponding helices.

lateral displacement versus TM7. The latter moves aside,
thereby widening the LG and PR (Fig. 6d). Ending up in the
proximity of the TM2b/3 linker, the N-terminus of the SS
enforces a lateral shift that stimulates the consecutive motions
of TM2b, TM3 and TM4 (Fig. 6e). As a result, the TM3/4 linker
pulls the plug closer to SecE and fixes it in this position
(Fig. 6f). This, together with the rearrangement of the TM9/10
linker contributes to the backside shift of the plug.

In the case of the strong coupling between SecA and SecYEG,
corresponding to the ATP-bound state, the most significant
changes are observed also for TM2b, TM7 and the plug (see
ESL Fig. S7 and S15), but the movements are less pronounced
compared to the ADP-bound state.

The above results and considerations can be used to interpret
ion conductivity data from electrophysiological measurements.*®
To this end, we calculated the single channel conductivity g. In
the experiment, g was estimated to be 700 pS for a salt concen-
tration of 450 mM. At the same time, the registered leak current
through a single channel containing a stalled peptide amounted
to 0.8 A (for 75 mV and an average salt concentration of 300 mM)
that corresponds to g ~ 11 pS.

To compute the conductivity in the ADP-bound state, we
notice that the main passage of ions lies between TM7 and

This journal is © the Owner Societies 2024

TM10. The distance TM7-TM10 undergoes significant fluctua-
tions in the first half of the trajectory (ESIt M6, Fig. S16f) that
induces a large flux of ions between 100 and 170 ns (ESI} M6,
Fig. S17). Thus, to separate this effect from the rest of the
simulations, where the translocon conformation was getting
stabilized, we computed g averaged over the first and the
second half of the volt trajectory separately, yielding 59 and
9 pS, respectively. Taking into account, that in our simulations
the salt concentration was 100 mM, we can approximately
recalculate our values for comparison with experiment, obtain-
ing g ~ 266 pS and 27 pS, respectively.

In the ATP-bound state, the ion conductivity was observed
only for the first half of the trajectory and amounts to g ~
4.4 pS that yields 13 pS for experimental conditions of 300 mM
salt. Considering the short simulation time and the approx-
imate nature of the computations, the conductivity obtained in
our work matches the experimental values well by the order of
magnitude. We also note that the translocon in in vitro mea-
surements is likely more flexible than in the MD simulations.

Having in mind the above results and considerations, we
can give the following interpretation of the experimental
observations. Application of the membrane potential destabi-
lizes the channel’s conformation causing fluctuations of helix
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positions and tilt angles, especially for TM7 and TM2b in the
ADP-bound state. This results in an electric current as regis-
tered in the experiment. Here, according to our results, the
distance between TM7 and TM10 plays an important role.
Stabilization of the SecYEG open conformation leads to a
decrease of the current. Upon removal of the external voltage,
ion flux is still observed experimentally.** According to our
results, we hypothesize that under these conditions, it is mostly
the ATP-bound state that conducts the ions. Similar to the ADP-
bound state, the ions flow between helices TM7 and TM10.
Therefore, one can check our hypothesis experimentally, for
example, by cross-linking the peptide with TM7 and TM10.

Physical model of the Sec machinery activation: PEES forces

The PFM profiles from US simulations demonstrate that the
half-open channel is very tight engendering barriers for the
peptide transport. The plug is held in place by the interactions
within the hydrophobic core and provides the major contribu-
tion to the barrier for a substrate. Thus, we suggest that in
addition to the SS intercalation, external forces exerted by the
translocation partner are needed to stimulate complete SecYEG
opening and activation of the Sec machinery. It is the addition
of SecA and ATP that fully promotes the plug displacement. The
latter significantly reduces the barrier for transport as demon-
strated by the PMF profile of the open channel. Here, the
remaining barrier is due to the interaction of bulky amino
acids of the substrate with the PR and the plug in accordance
with ref. 40 (see ESIt A2). This barrier for bulky residues
contributes to preventing backwards movement of the peptide.
Another characteristic of the channel’s open conformation
is its non-equilibrium nature that implies a need for external
forces to maintain it. In the ATP-bound state, it is the coupling
with SecA (simulated here with appropriate constraints) that
keeps the channel in this conformation. Upon detachment
of SecA (simulated here by less stringent constraints to mimic
the ADP-bound state), the channel tends to a more closed
conformation (see relax-simulations above). However, the
membrane potential A¥Y can counteract this relaxation (see
volt-simulations above) and thus plays an important role in
keeping the translocon active. This finding can explain the
significant drop of the ATP concentration necessary for protein
transport in the presence of the proton motive force.'” Similarity
in action of ATP-bound SecA and AYH" is also supported by
experiments, where it was shown that the requirement for AYH"
can be partially suppressed by a large amount of SecA or with
prlA4 mutations that promote an increased affinity to SecA.*'™**
An additional influence of AYH" on the initial stages of translo-
cation can originate from the stabilization of the SecYEG open
conformation, thus facilitating binding with activated SecA.'”
Taking into account data from the literature (see Introduc-
tion) and the results of the present study, we can suggest the
following physical model of the Sec machinery activation.
Binding of SecA in ATP-bound state induces conformational
changes in SecYEG and helps to overcome barriers originating
from interactions between helices, especially, in the hydropho-
bic core. More precisely, binding of SecA, presumably, shifts
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TM9 by the TM8/TM9 linker, which as a consequence can drive
TM10 by the TM9/TM10 linker (ESL,{ Fig. S8). Intercalation of
the signal sequence into the lateral gate further contributes to
weakening of the hydrophobic core, which leads to the side
movement of helices TM2b and TM7 and stimulates the “dom-
ino” stacking movement of other helices (Fig. 7). Sequential
shifts are transferred to SecE, pushing it backwards, which pulls
TM10 and TM5 back as well. “Domino” stacking of helices also
leads to a displacement of SecG helices and linkers between
them (Fig. 7), which facilitates the release of TM7 and TM5.
The above rearrangements weaken the contacts of the plug
with TM7, TM5, TM2b, and TM10. At the same time, the TM9/
TM10 linker, following the movement of the corresponding
helices, pulls the plug to the side. The translocating substrate,
in turn, promotes downward motion of the plug, blocking
upward displacement. The movement of the plug away from
the pore ring leads to an increased exposure to water, which
penetrates the channel after widening of the pore. Interaction
with water molecules can provide favoring enthalpy for plug
polar residues, facilitating the movement on the periplasmic
side. Remaining interactions of the plug with TM9/10 in the
open state help to prevent a further shift on the periplasmic

Fig. 7 Overlay of the closed (5AWW, green) and open (blue) conforma-
tions of SecYEG: (a) and (b) correspond to side views along the y and x
axes, respectively; (c) and (d) are perspectives from the cytoplasmic side.
Only selected helices are shown. SecG in the closed and open channel is
colored yellow and red, respectively. SecE in the closed and open channel
is depicted in violet and magenta, respectively. The small black arrows
indicate motions of the corresponding helices upon opening of the
translocon.
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side, which guarantees the plug can return to the closed
position, when translocation is over.

The coupling with the translocation partner SecA fixes the
channel in the open state. The latter is characterized by a widened
interior room that reduces the barrier for translocation and
provides sufficient water environment for partitioning of a
secreted substrate into the periplasm. Upon hydrolysis of ATP,
AYH', if applied, helps to maintain the open state and, probably,
also provides the driving force for a substrate.**> In the cells,
where in contrast to in vitro systems only a limited amount of ATP
is available, the PMF is especially required. So, we suggest, that
consecutive cycles of ATP hydrolysis lead to accumulation of ADP
in the environment that would considerably weaken the SecA-
driving force for translocation. As a support of this hypothesis, we
refer to the results of ref. 17, where upon addition of a significant
quantity of ADP, the translocation rate in the presence of AYH"
was three times higher than in its absence.

The physical mechanism of the translocon conformational
transition from the closed to the open state partially resembles
the folding-unfolding process of globular proteins, driven by the
interplay of the dominant forces - hydrophobic interactions and
entropy.”® (It should be noted, however, that the dominant role of
the hydrophobic effect in protein folding has been questioned by
Ben-Naim.*®) In the case of SecYEG, hydrophobic core interactions
are the main forces responsible for folding of the channel and
keeping it in the closed state. They are quite tight (in the WT
translocon), since leakage of ions would be lethal for a cell. So,
external forces due to the binding with translocation partners are
needed to break them. (The softening of these interactions can be
also reached by mutations in the critical regions.) When weakening
is reached, other mechanisms - solvent-induced forces and con-
formational entropy — come into play. Release of the plug from the
hydrophobic core presumably raises the conformational entropy,
which can destabilize the channel similar to effects in globular
proteins.”® In particular, deletion of long-range contacts (i.e. pair-
wise interactions of residues with a large separation in the amino
acid sequence, not spatial distance), which removes configurational
constraints from the protein in its unfolded state, leads to an
increase in the entropy of the unfolded conformation and its
stabilization (see ref. 47 and references therein). AYH' works
together with the above forces and contributes to shift the free-
energy balance between closed and open conformations of SecYEG
in favor of the latter. Thus, we have an ensemble of forces,
including the proton motive force, external forces (due to binding
with the translocation partner), entropic and solvent-induced forces
(PEES), which enable the channel to transition from the closed to
the open conformation and maintain the latter. Therefore, it is the
delicate interplay between the above forces - hydrophobic on the
one side and PEES on the other side - that provides flexibility of the
translocon and ensures functionality of the Sec machinery.

Discussion

The presented model of the Sec machinery activation, which
involves the PEES forces, relies strongly on the interaction
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between helices, especially in the hydrophobic core. Hence,
disruption of the latter, by deletion of the residues or their
mutations, strengthens the solvent-induced and entropic forces
that shifts the free-energy balance to the open state, and as a
consequence, affects the Sec complex function. Examples include
channel leakage and growth defect upon replacement of a few
isoleucines by glycine in the pore ring?® and lethality of the double
mutant 1408N(SecY)-L108R(SecE).>*** The plug-deleted mutants
are shown to transport preproteins with defective or missing
signal sequences and show transient openings.”>*” In this case,
by losing most interactions with the hydrophobic core, the new
plug becomes more flexible, which enlarges its conformational
space. To further verify our model, we suggest the following
mutations. (The analysis below is based on the E. coli structure
5GAE.”)

The residues Ile 191, Ile 192, and Ile 195 as well as Ala 197 and
Val 196 of TM5 are involved in coupling with TM7, TM10 and
SecE. Moreover, Ile 195 - part of the hydrophobic core - contacts
also the plug residue Phe 67. Hence, substituting them with
polar or charged amino acid can weaken interactions and
influence the opening of the translocon. Additional mutations,
which destabilize the coupling between TM9 and TM10, include
substitution of Ile 381, Ile 384, and Glu 389 of TM9 as well as Leu
407 and Gly 402 of TM10. Breaking of interactions between the
TM9/10 linker and the plug should interfere with the movement
of the latter. Residues of the plug - important for this coupling -
include Met 63 and Met 66. They are located in close proximity to
Phe 399 in E. coli. Furthermore, substitution of Phe 67 in the
plug with a polar or charged residue should destabilize the
hydrophobic core of SecYEG. In particular, introduction of a
negatively charged amino acid should result in an effect similar
to NaTT-treatment®>”*' (¢f. Introduction).

Many mutations described in the literature (see above) and
suggested in our work break long-range contacts between
different domains of SecYEG. Furthermore, the binding sites
of SecA and SS are coupled to the important conformational
variables — distances between TM9/10 linker, TM2b and the plug
(see ESIt M3) - representing long-range contacts as well. The
domino staking motion resulting from propagation of the local
deformations in the binding sites affects the third conforma-
tional variable related to the long-range contact between the plug
and TMS5. The disruption of the above interactions presumably
leads to significant entropy changes — mostly due to release of
the plug - that destabilize the closed conformation. Therefore,
the channel activation is accomplished through an allosteric
mechanism that employs long-range interactions coupled to
intrinsic conformational variables. We suggest that such an
interplay can be an effective allosteric mechanism also in other
complex proteins (see ref. 48 and references therein), especially
in the case of remote entropy compensation.*® Here, ligand
binding accomplishes rigidification of one part of the protein,
while another domain gains flexibility and thus compensates for
the entropy loss upon binding.

Finally, we will analyze the operation of the Sec complex to
understand how it enables directed motion of a substrate
inside the channel. The molecular machines in the cell operate
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in the regime, where viscous forces dominate inertial forces.>
So, movement is completely overdamped, and any direction of
motion is rapidly randomized by collisions with the surroundings.
There are two requirements to provide separation between for-
ward and reverse trajectories: spatial asymmetry, non-equilibrium
driving or a combination of both (see ref. 50 and references
therein). The non-equilibrium driving provides temporal asym-
metry to molecular machine dynamics, whereas spatial asymme-
try permits a directed response to the energy input.

In the case of the Sec complex, we observe a quite high
translocation barrier for bulky residues. (It was demonstrated
that the presence of a barrier, where a system can transiently
“get stuck”, provides distinct forward and reverse trajectory
distributions.”") The probability to overcome the barrier under
equilibrium conditions is low, so a non-equilibrium driving
force is required. This can be supplied as a pushing force by the
2HF of SecA.’ There are also hints from experimental data, that
the membrane potential can exert a pulling force. While several
thousand ATP molecules are hydrolyzed for each proOmpA in
the absence of ATP, this ratio falls to under 200 in the presence
of AYH"."® In addition, a stepwise mechanism of translocation
coupled to ATP hydrolysis would be very slow and inefficient.®?
Action of both mechanisms (2HF and AYH") in different stages
of protein transport would guarantee a nearly constant driving
force. Thus, the translocation barrier together with external
forces would be an efficient combination of spatial asymmetry
and non-equilibrium driving guaranteeing separation between
forward and reverse trajectories. Furthermore, given their
influence on different types of residues (bulky or charged),
the suggested mechanisms - barrier, 2HF and AYH", - taken
together would provide a directional motion for any substrate,
which significantly increases the efficiency of the machine.
From this point of view, the models suggested in the literature
that lack either spatial asymmetry or non-equilibrium driving
are much less effective.”>*

Our physical model still needs further building blocks. The
complete understanding of the physical mechanism underlying
protein transport by the Sec complex requires elucidating the
partitioning process (membrane insertion vs. secretion) and a
more detailed investigation of the role of AYH", in particular,
the H" part (i.e. ApH). As shown above, A¥ can significantly
improve the efficiency of the machinery. ApH might be related to
pK, shifts that may lead to (de)protonation of the charged
residues (such as Lys 31) with consequences for a uni-
directional pulling force that may be exerted by AY. A cornerstone
of the proposed mechanism is related to the properties of water
inside the channel, which are proven to be different from those of
bulk water,> and water attached to the plug. This, in turn, can
also influence the partitioning of the proteins between insertion
into the lipid bilayer and secretion.

Building a complete biophysical model of the Sec machinery
will contribute to an understanding of the molecular machine’s
operation and suggest a method of control of selective protein
traffic (e.g., by ApH, AY) in artificial channels. This, in turn, will
promote the development of high-demand applications, related to
the design of active surfaces and biological nanopore technology.
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Methods

Systems assembly

The assembly protocol involved the following procedures:
(i) CHARMM-GUI**>® was used to add missing atoms to the
5AWW structure, which subsequently was embedded in a lipid
bilayer composed of 296 lipid molecules: 70% dioleoyl-glycero-
phosphatidyl-ethanolamine (DOPE) and 30% dioleoyl-glycero-
phosphatidyl-glycerol (DOPG) as well as a water box with dimen-
sions 105 x 105 x 113 A, containing 26 888 water molecules as
well as 100 mM KCl to mimic a bacterial membrane and
physiological ion conditions.**” The whole system was charge
neutral and included 48 Cl~ and 123 K' ions. (ii) To create the
half-open and open conformations, the TM helices were pulled by
an external constant force, using steered molecular dynamics
(SMD),*® to the positions of the corresponding helices in the
5EUL structure. The resulting structures are referred to as transit-
half and transit-open, respectively (ESL1 Fig. S18). (iii) In the case
of the open channel, the position of the plug was determined with
the help of well-tempered metadynamics.> (iii) CHARMM?> was
used to place the peptide inside transit-half as well as inside
the structure obtained from metadynamics from transit-open. The
peptide was composed of 37 residues, including the SS: Lys Lys
Thr Ala Ile Ala Ile Ala Val Ala Leu Ala Gly Phe Ala Thr Val Ser Leu
Ser Leu Ser Asp Asn Thr Trp Tyr Thr Gly Ala Lys Leu Gly Trp Ser
Gln Tyr. To reveal the role of bulky residues, we have also created
a mutant peptide with the two substitutions W26A and Y27G. (iv)
The last step of the procedure was minimization and equilibration
of the final setup (ESI, T Fig. S18). As an example, we show the half-
open structure embedded in the membrane in ESI,{ Fig. S19.

Simulation protocol: general information

NAMD version 2.13 along with the CHARMM36m force field
was applied for MD simulations.’®®>°" The TIP3P model was
used for water molecules. All simulations were run under NPT
conditions: constant temperature control was regulated with
Langevin dynamics® with a 5 ps~' damping coefficient coupled
to all heavy atoms (T = 300 K); constant pressure was main-
tained at 1 atm by a Nosé-Hoover Langevin piston barostat®*®*
with decay period 100 fs and a damping time of 50 fs. To
compute electrostatic interactions, the particle-mesh Ewald
summation was used with a grid spacing of 1 A, and the
short-range real-space interactions were cut off at 12 A using
a smooth switch function beginning at 10 A. The equations of
motion were integrated in 2 fs or 1 fs steps using the velocity
Verlet algorithm. The number of time steps between evalua-
tions of the short-range non-bonded interactions and the full
electrostatic interactions were equal to 2 and 4, respectively.
The SHAKE algorithm was employed to constrain the length of
the bonds involving hydrogen atoms. Coordinates were saved
every 2 ps. The images were prepared with VMD.*

Minimization and equilibration

All assembled systems were energy minimized with CHARMM
using 500 steps of steepest descent followed by 1000 steps of
the Newton-Raphson algorithm.
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After energy minimization, structures were equilibrated. For
transit-half with the peptide inside, equilibration was performed
with nine consecutive runs. In the first run, harmonic-restraint
forces with a force constant of 5 kcal mol™* A~* were applied
to the protein backbone and of 0.5 kcal mol~* A~ to atoms of
lipids. In the next six runs, the restraints of the protein back-
bone were released to the following values: 2, 1, 0.5, 0.1,
0.05, 0.01 kcal mol™* A2 The restraints for lipids were
0.2 kcal mol™" A~ in the second run and set to 0 in the
subsequent runs. For the eighth and ninth runs, we released
all constraints. The total equilibration time was 12 ns.

A similar protocol was applied to the structure obtained
from metadynamics from transit-open with the peptide inside.
The procedure included eight consecutive runs, resulting in a
total simulation time of 17 ns. In the first run, harmonic-
restraint forces with a constant of 2.5 kcal mol™* A2
applied to a backbone of the key-set helices, the plug and the
peptide, and of 0.5 kcal mol™ A~ to lipids and ions. In the next
runs, the constraints on the peptide were released: 1.5, 0.8, 0.4,
0.2, 0.1, 0.05 kcal mol™* A2 The force constants for lipids
decreased in the following two runs: 0.3 and 0.1 kcal mol * A2,
For ions, we applied 0.5 kcal mol™* A2 for the next three runs
and then released up to 0.2 and 0.1 in the 5th and 6th run,
respectively. Constraints on the backbone of the key-set helices
and the plug were kept throughout the whole procedure to
mimic strong coupling with SecA.

Details of other protocols are given in ESIT M1-M6.
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