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The SecYEG translocon is a channel in bacteria, which provides a passage for secretory proteins across
as well as integration of membrane proteins into the plasma membrane. The molecular mechanism, by
which SecYEG manages protein transport while preventing water and ion leakage through the
membrane, is still controversial. We employed molecular dynamics simulations to assess the
contribution of the major structural elements - the plug and the pore ring (PR) — to the sealing of
SecYEG in the active state, i.e., with a signal sequence helix occupying the lateral gate. We found, that
the PR alone can provide a very tight seal for the wild-type translocon in the active state for both water

Received 15th June 2021, and ions. Simulations of the mutant 1403N, in which one of the PR-defining isoleucine residues is

Accepted 2nd November 2021 replaced with asparagine, suggest that hydrophobic interactions within the PR and between the PR and
the plug are important for maintaining a tight conformation of the wild-type channel around the PR.

Disruption of these interactions results in strong fluctuations of helix TM7 and water leakage of the
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1 Introduction

Many bacterial proteins, including most secretory proteins, are
transported across the plasma membrane through a channel
that is formed by a conserved membrane protein complex,
called the translocon.' This channel provides a lateral exit into
the bilayer for membrane proteins, while simultaneously offer-
ing a pathway across the membrane for secretory proteins.
The bacterial translocon is a heterotrimeric complex named
SecYEG, consisting of a large subunit, SecY, featuring ten
transmembrane helices (TM), and the two smaller subunits
SecE and SecG (Fig. 1).> A side cut through the translocon
reveals that SecY has an hourglass shape with a constriction in
the center of the membrane. Important structural elements of
SecY include (i) the central pore ring (PR) in the constriction
region, composed of hydrophobic amino acids (Fig. 1), (ii) the
lateral gate (LG) formed by transmembrane helices TM2b and
TM?7 (depicted in green and orange, respectively, in Fig. 1), and
(iii) the partly helical re-entrant loop termed TMZ2a, usually
called the “plug” (yellow in Fig. 1). The PR consists of six
aliphatic amino acids, usually isoleucine (Ile) residues, which
project their hydrophobic side chains inside the channel
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(Fig. 1a and b). Four of them are of particular interest, since
they determine the minimal radius of the PR, and, thus, the
space available for a translocating substrate. They are located
on helices TM5, TM10, TM2b, and TM7 (Fig. 1a). The LG is
open in the beginning of the translocation and provides an exit
for membrane proteins into the surrounding lipid bilayer
during the next stages of translocation. It also accommodates
the signal sequence (SS) of secretory proteins (Fig. 1c). The SecE
unit contains an amphipathic helix and plays the role of a
clamp, keeping the two halves of SecY together. SecG makes
only few contacts with SecY and appears to be of minor
importance for the function of the translocon.

Numerous experimental and theoretical studies explored
how the channel and its interaction partners translocate pro-
teins (see recent reviews'™ and references therein), but a
detailed molecular description of the conformational transi-
tions of the channel during protein transport is still lacking.
Such a picture is of particular importance for understanding
how the translocon prevents leakage of small molecules, i.e.
ions or metabolites, during translocation.

Experimental studies of the permeability of the channel’s
resting state demonstrated that wild type (WT) SecYEG was
impermeable for ions and water.*” On the contrary, the plug-
deletion mutant SecY(AP) and translocons with mutations in
the PR were found to be leaky for chloride (CI7) ions.*?
However, SecY(AP) was sealed for sodium (Na'), potassium
(K" or sulfate ions (SO,>7), thus, still providing a barrier
to some ions.” This effect can explain the functionality of the
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Fig. 1 Architecture of the SecYEG translocon: (a and b) crystal structure of the resting state, (c and d) modified structure “WT-closed”. (a) Crystal
structure of SecYEG from Thermus thermophilus in the resting state according to PDB ID 5AWW; view from the cytosolic side into the channel (flanked
by TM2b, TM5, TM7, and TM10) onto the pore ring (PR) with residues lle 81, Ile 188, Ile 275, and Ile 403. The ellipse indicates the widths of the PR as
measured on the basis of the center-of-mass positions of the lle residues. The plug is seen in the background. (b) Same as in a, but viewed along the
membrane plane (cytoplasm top) and showing besides the Ile residues only TM2b, TM7, and the plug region. (c) Modified structure “WT-closed” with the
signal sequence (SS) inserted into the lateral gate (LG) between TM2b and TM7 as described in the text (Section 2); viewed along the membrane plane and
showing only TM2b, TM7, SS, and the plug. (d) Complete modified structure “WT-closed” inserted into the membrane (cytoplasm top). The z-axis is

normal to the membrane plane and points towards the periplasm (see also Fig. 2).

plug-deletion mutants that was established in experiments with
E. coli cells.® In the case of the PR mutants, SecYEG became
progressively leakier with increasing number of the mutations.®
Moreover, the most severe mutants caused a strong growth
defect. Thus, these investigations demonstrate that both PR
and plug are necessary to effectively seal the resting translocon.

At the same time, the results of molecular dynamics (MD)
simulations revealed that the PR poses the dominant barrier for
water flux, whereas the plug serves to suppress fluctuations of
the PR.” The importance of the interactions between plug and

This journal is © the Owner Societies 2021

PR was also confirmed in a structural analysis of the plug-
deleted channel,® revealing that a new plug can be formed.
Being smaller than the original one, the new plug seemed to
lose most interactions with TM2b, TM7, and PR residues, which
can lead to a destabilization of the translocon’s closed state.
Experimental studies of the translocon in the active state
with inserted substrate showed that the WT channel is sealed
for small molecules and ions.>® On the contrary, permeation
of Cl™ ions through active SecY(AP) was inhibited only moder-
ately by short nascent chains, and reduced by about 90% by
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channel-inserted peptides.’ For the active channel with muta-
tions in the PR, a high permeability for CI” ions was observed
regardless of the sequence of the peptide inside the translocon.

The above results indicate that the PR plays an important
role in sealing the channel both in the resting and the active
states. For the resting channel, though, interactions between
the PR and the plug were also found to be important. Taking
into account that the active state is characterized by an
expanded PR and has the plug moved down, the question
arises, whether the PR-plug interactions still contribute to
the sealing and, if so, what kind of interactions are important.

Several studies aimed at elucidating the inter-
communication between the PR and the plug, but the reported
results remain controversial. MD simulations performed on the
crystal structure of Methanocaldococcus jannaschii SecYEG (PDB
ID 1RH5)° showed that expanding the PR is a more effective way
to destabilize the plug than intercalation of a cylinder-like
probe at the lateral gate.'® In the latter case, no considerable
movement of the plug toward the external side of SecY was
observed in contrast to the case, where the pore ring was
expanded by passing virtual soft balls.

On the other hand, MD simulations made on a similar
structure from the same organism (PDB ID 1RHZ)’ revealed
that opening of the lateral gate was sufficient to break the
contact between the plug and the rest of the channel, leading to
plug detachment.'” An understanding of the PR interactions is
further complicated by the fact that all MD simulations of the
active channel were performed with “artificial”” systems: either
the open LG was kept fixed in a certain position like in ref. 11
and 12 or the substrate was pushed through without proper
opening of the LG.'>"*'*

In recent years, high resolution structures of the active
channel containing a translocating peptide were reported."
Besides, a high-resolution structure of the resting channel with
a well-resolved plug was also published.'® Combining both, we
prepared a natural active state of SecYEG with a signal
sequence (SS) in a proper position in the LG. This conformation
is characterized by an expanded PR and resembles the initial
stage of translocation, when the SS is already interposed
between LG helices, but the translocating substrate is not yet
inserted in the PR. Since activation of the channel can be
accompanied by a destabilization of the plug (see ref. 1 and
references therein), we also built a setup with the plug shifted
away from the PR. These conformations were used to study
water leakage as well as free energy barriers for ion passage
across the channel. Furthermore, we discuss the contributions
of different electrostatic interactions in the system to the free
energy barrier.

2 Methods

2.1 Overview of setups

The core unit of the simulation is the SecYEG channel in the
resting state obtained from the Thermus thermophilus
crystal structure (PDB ID 5AWW)'® with a resolution of 2.7 A
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(Fig. 1a and b). The structural model of the active state was
created by mimicking the positions of the LG helices TM2 and
TM?7 of the structure with PDB ID 5EUL (Fig. 1c and d). The
latter structure® is a chimera of SecYE from Geobacillus ther-
modenitrificans and SecA from Bacillus subtilis containing the SS
of OmpA (outer membrane protein A) and a short polypeptide
following it. Thus, this structure corresponds to the open
channel with a SS in the LG and a peptide loop inside the pore.
Superposition of the crystal structures 5AWW and 5EUL
demonstrates a drastic shift of TM7, TM8, and TM2b (ESL¥
Fig. S1). These significant movements of LG helices represent
our current understanding of how the channel is opened by
insertion of the SS.

NAMD"” was used to pull helices TM7, TM8, and TM2b
apart, thereby widening the LG (for details, see Section 2.2). The
final configuration of our SecYEG model contains the SS (for
amino acid sequence, see Section 2.2) in the LG, but not the
peptide loop in the channel (Fig. 1c and d). In the following,
this configuration is named “WT-closed”, where ‘“closed”
refers to the closed position of the plug. To elucidate the role
of the latter in sealing the channel, a setup with an open plug
was created by shifting it down from the PR (for details, see
Section 2.3). The resulting configuration with the SS in the LG
is referred to as “WT-open”’.

To study the contribution of the PR to the barrier, the
mutation I403N was introduced into the PR of SecYEG. This
mutation corresponds to one of the amino acid changes in the
prlA4 mutant* (which, however, is a change of Ile 408 in E. coli).
The mutant setups are referred to as “MUT-closed” and “MUT-
open” depending on the position of the plug.

The setups WT-closed and WT-open also formed the basis
for studying the transport of K* and Cl~ ions through the
channel. Depending on the ion type and plug position, we have
prepared the following systems: ‘“Cl-1q-open”, “Cl-1q-closed”
and “K-1q-open”. Here, “1q” refers to the charge state of Asp
410 (see below).

Additional setups were created to study the influence of a
charged residue of SecYEG on the passage of the ions. The
analysis of the distribution of amino acids inside translocons
from different organisms revealed the presence of charged
residues in spatial proximity to the PR in bacteria and archaea
(see ESILt Table S1). These charged residues may affect the
translocation process by exerting electrostatic forces. To
uncover the influence of Asp 410 in T. thermophilus, we calcu-
lated the free energy profiles for CI” and K" ions in the channel
with charged (““1q” case) or uncharged (‘“0q” case) Asp 410. The
“0q” case was only studied with open plug, resulting in the
setups ‘“Cl-0g-open” and ‘“K-0g-open”. The case of uncharged
Asp 410 was approximated by setting all atomic partial charges
of the side chain to zero. All other titratable groups were
modelled in their standard protonation state in all setups.

2.2 Systems assembly

To obtain a channel conformation with open LG, we first
performed an overlay of the structures 5AWW and 5EUL based
on the SecE subunit, controlling also the match of the helices

This journal is © the Owner Societies 2021
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TM9. The result demonstrated that not only TM2b and TM7 are
to be displaced in order to open the 5AWW channel, but also
TMS8, which is necessary to provide space for the shifted TM7
(ESLt Fig. S1d). Finally, the SS was placed inside the LG
according to the guidelines given by the 5EUL structure. The
amino acid sequence of the SS construct with net charge +2e is
as follows: KKTAIAIAVALAGFAT.

The assembly protocol included the following steps: (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
dimensions 105 x 105 x 113 A, containing 26888 water
molecules as well as 100 mM KCI to mimic a bacterial
membrane and physiological ion conditions.®*?" The total
number of ions was 48 Cl~ and 123 K' to maintain charge
neutrality including protein and lipids. (ii) To create an open
LG, helices TM2, TM7, and TM8 were pulled by an external
constant force, using steered molecular dynamics (SMD),>* to
the positions of the corresponding helices in the 5EUL struc-
ture. The resulting structure of the active channel with open
LG, referred to as ac5SAWW, is shown overlaid with 5EUL in
ESI,} Fig. S2. (iii) CHARMM"® was used to place the SS in the
ac5AWW structure. (iv) Minimization and equilibration of the
final setup. For example, the WT-closed conformation is com-
pared to ac5SAWW in ESL,{ Fig. S3 and to 5EUL in ESI,} Fig. S4.
Interestingly, the LG helices in the WT-closed conformation
undergo a small shift relative to their positions in acSAWW. It
is also seen that in the WT-closed setup, TM7 is tilted more
towards the channel interior and the plug is closer to the PR as
compared to 5EUL, since WT-closed does not contain a peptide
inside the channel.

2.3 Simulation protocols

General information. The MD simulations were performed
with NAMD" version 2.12 along with the CHARMM36m force
field.>***** The TIP3P model was used for water molecules. All
simulations were done under NPT conditions: constant tem-
perature control was regulated with Langevin dynamics®®
with a 5 ps™" damping coefficient coupled to all heavy atoms
(T = 300 K); constant pressure was maintained at 1 atm by a
Nosé-Hoover Langevin piston barostat*®*’ with decay period
100 fs and a damping time of 50 fs. Periodic boundary condi-
tions were applied in all dimensions. To compute electrostatic
interactions, the particle-mesh Ewald summation was applied
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 steps using the velocity Verlet algorithm. Bonded forces
and short-ranged non-bonded forces were recomputed every
2 fs, long-ranged non-bonded forces every 4 fs. The SHAKE
algorithm was employed to constrain the length of the bonds
involving hydrogen atoms. Coordinates were saved every 4 ps.
The images were prepared with VMD.?®

This journal is © the Owner Societies 2021
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Minimization protocol. All assembled systems were energy
minimized with CHARMM® using 500 steps of steepest descent
followed by 500 steps of the Newton-Raphson algorithm.

Equilibration protocol. The energy-minimized systems were
equilibrated in seven consecutive runs of 1 ns with applied
restraints and an eighth run of 5 ns with all restraints removed.
In the first run, harmonic-restraint forces with a force constant
of 5 keal (mol A%) " were applied to the protein backbone and of
0.5 keal (mol A*)™" to all atoms of lipids. In the next six runs,
the restraints of the protein backbone were slowly released: 2, 1,
0.5, 0.1, 0.05, 0.01 kcal (mol A*)™*. The restraints for lipids were
0.2 kcal (mol A*)™* in the second run and set to 0 in the
subsequent runs.

Unbiased dynamics simulation protocol. For all setups (WT-
closed, WT-open, MUT-closed, MUT-open), we run 100 ns
trajectories to determine the channel’s water permeability.
The conditions of these simulations are described in General
information. Corresponding RMSD plots are given in ESILf
Fig. S5.

Application of external forces. External forces, provided by
different protocols of NAMD, were used to (i) open the LG, (ii)
pull the plug down, and (iii) monitor translocation of the ions
through the pore ring.

(i) The lateral gate of the channel 5AWW was opened by
constant-force pulling of helices TM2, TM7, and TM8, employ-
ing a TCL protocol*® of NAMD."” The force was applied to all
atoms of a pulled helix, while other atoms were kept fixed. The
total time of TM2 shifting was 550 ps. Moving TM8 and TM7 to
new positions required both shifts and rotations and was
produced during 33 ns and 38 ns simulations, respectively.
Forces were recalculated every 500 steps. The simulations were
carried out under the conditions described in the General
information section.

(ii) The conformation of the SecYEG channel with open plug
was created by application of a constant force provided by a
TCL protocol.>® The force was applied to the plug backbone
atoms (residues 40 to 64), while other backbone atoms were
restrained with a force constant of 1 kcal (mol A*)™ exept
residues 30 to 39 and residues 65 to 75, which were kept free.
Pulling-forces were recalculated every 300 steps. The total time
of plug pulling was 2 ns and 2.6 ns for WT' and mutant,
respectively. Other conditions of the simulations are described
in General information.

(iii) SMD with constant velocity protocol, implemented in
NAMD, was used to pull an ion through SecYEG to obtain the
average force and to create windows for umbrella sampling
(US). The pulling was performed with a velocity of 40 A ns™* and
a force constant of 7 kcal (mol A*)™". To estimate the force
exerted on the ion passing the channel, we ran 30 SMD
trajectories of 1 ns, which differ in starting velocities. Estima-
tion of the force was obtained by averaging of the results over
the reaction coordinate and ensemble.

Umbrella sampling. The reaction coordinate for U
chosen as the distance between the ion and the C, atom of Ile
403 in the PR (Fig. 2). The span of the reaction coordinate
was subdivided into windows with an approximate 1 A spacing

530732 was
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Fig. 2 Definition of the reaction coordinate for umbrella sampling of ions.
The z-coordinate of the C,-atom of Ile 403 (cyan sphere) defines the
origin of the z-axis (in A). All lle residues forming the PR are shown in stick
mode. An ion close to the position z = —11 A is shown in magenta.

(¢f ESL7t Fig. S6). The fluctuations in x- and y-direction were
negligible compared to those in the restrained z-coordinate
within the channel. For each window, an independent simula-
tion of 6 ns was performed. Appropriate force constants of
2.5 keal (mol A*)™" were selected, allowing neighboring win-
dows to overlap significantly. We applied the Weighted Histo-
gram Analysis Method (WHAM)**** to construct the potential
of mean force (PMF) from the sorted trajectory files obtained
with US. The unbiased probability distribution of a system
along the reaction coordinate is calculated by a weighted
average of the distributions of the individual windows. The
weights for the windows are chosen in order to minimize the
statistical error of the whole distribution. The Version 2.0.9 of
the WHAM package was used.** The first 1 ns in each window
was treated as an equilibration phase and, hence, ignored for
post-processing.

Computation of pairwise interactions. To calculate the dif-
ference in ion-environment interactions between the position
of the ion in the channel mouth (¢f. Fig. 2) and in the PR area,
we created 60 ns trajectories corresponding to the distances
between an ion and the PR of —11 A (Traj1) and —1 A (Traj2) for
all four setups with open plug. A harmonic restraint potential
with a force constant of 9.0 kcal (mol A%)™* was imposed on an
ion to fix its position in the z-direction. The NAMD protocol for
pairwise interactions®®> was employed to compute electrostatic
and van der Waals energies. The data set obtained from a 60 ns
trajectory included 120 points and represented the interaction
energy averaged over 500 ps. Averaging should eliminate any
correlations in translational and rotational motion of water

25834 | Phys. Chem. Chem. Phys., 2021, 23, 25830-25840
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molecules between neighboring points. For the setup “K-1q-
open”, a 20 ns equilibration was necessary to obtain mean
energy differences with a sufficient statistical significance.

Calculation of the pore ring axes (diameter). The ellipse-
shaped pore ring has its major axis defined between residues
Ile 81 of TM2b and Ile 403 of TM10, and the minor axis is
determined between residues Ile 188 of TM5 and Ile 275 of TM7
(see Fig. 1a). The axis length is calculated as the distance
between the centers of mass (c.0o.m.) of the corresponding
residues and designated TM5-TM7 for the minor axis and
TM2-TM10 for the major axis.

Water flux. As a permeation event, we counted all water
molecules that crossed the position of the z-coordinate of the
pore ring c.o.m. and moved at least 10 A beyond it. The PR
c.o.m. was defined with respect to the four Ile residues forming
the PR.

3 Results

3.1 Water permeability of the channel

We evaluated the SecYEG permeability by calculating the
number of water molecules that crossed the channel during a
(normal) MD simulation. For this purpose, we ran trajectories
of 100 ns: In the setups “WT-closed”, “WT-open”, ‘“MUT-
closed”, and “MUT-open”, 11, 10, 7, and 284 water molecules,
respectively, crossed the channel in both directions during this
time period. (A bidirectional permeation of water was also
observed in ref. 13). These data clearly indicate that the WT
channel is “water proof” in the active state, whereas the mutant
channel is leaky only with the plug open. In contrast, we did not
register any spontaneous ion passage during the simulations in
any of the setups.

The water flux results can be explained based on an analysis
of the PR diameter (Table 1 and ESIL,f Fig. S7). PR diameters
were averaged over 200 ps time frames. The deviation of the PR
diameter from the average value is characterized by the stan-
dard deviation ¢ defined as:

TTA\N 14

I

|- -2
(di —d) (1)
=1
where d; is the frame-averaged distance between the c.o.m. of
the respective Ile residues, d is their average distance, and N is
the number of frames. From Table 1, it is seen that the averaged
TM2-TM10 distance of our modelled channels does not change
significantly with respect to the crystal structure of the resting
state for all setups. There is only a slight widening, when the

Table1 Mean value (standard deviation) of the PR diameter in A along the
100 ns trajectory. For comparison, the PR diameter of the resting state as
inferred from the 5AWW structure is given in the last column. The
increased values for MUT-open are indicated in bold

WT-closed WT-open MUT-closed MUT-open 5AWW

TM5-TM7 7.9 (0.4)
TM2-TM10 12.9 (0.4)

8.5 (0.3)
13.5 (0.3)

8.1 (0.3)
12.7 (0.5)

10.2 (1.2) 7.4
13.8 (0.5) 12.8
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plug is open, which is somewhat larger in the mutant. The
standard deviation is not significantly changed upon opening
of the plug in the WT, indicating an unaltered rigidity of the PR
in the TM2-TM10 direction, but is slightly increased in the
mutant due to movements of TM2b for both plug positions
(¢f ESLt Fig. S7). In the TM5-TM7 direction, we observe no
significant differences between WT-closed, WT-open and MUT-
closed, which all exhibit a slightly larger PR diameter than the
resting state. The notable exception is the MUT-open setup, in
which both the average diameter and the standard deviation
are enlarged indicating a widening of the PR along the TM5-
TM7 direction and an increase in flexibility. Note that this
increase in the PR diameter implies a decrease of the eccen-
tricity of the ellipse defined in Fig. 1a and thus an overall
widening of the PR compared to all other cases studied.

WT-closed
1.4 = TM2-TM10
m TM5-TM7
1.2
i
< 1.0
2
20.8
3
206
Q
o
S
0.4
0.2
0.0 7 8 9 10 11 12 13 14
dilA
a
MUT-closed
= TM2-TM10
1.6  TM5-TM7
1.4

el
o N

Probability density | A=!
o
o

0.6
0.4
0.2
0.0
di/A
(o
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The influence of the mutation on the role of the plug in
sealing the channel is even more striking when looking at
probability density functions of the PR diameter (Fig. 3). For
both the TM2-TM10 and the TM5-TM?7 directions, the distribu-
tions of the PR diameter d; are relatively narrow and exhibit
essentially one major maximum. Only in the case of TM5-TM7
for the MUT-open setup, the distribution is broad and even
exhibits two major maxima around 10 and 12 A. Generally, we
observed a higher flexibility of the setups with open plug
compared to those with closed plug, as is also evident from
the time series of the RMSD of backbone atoms (ESI,} Fig. S5;
see figure caption for further details concerning the computa-
tion of RMSD). The fluctuations are the same for WT and
mutant, when the plug is closed. Opening the plug increases
the fluctuations in both cases, but to a significantly larger

WT-open )
s TM2-TM10
2.0 . TM5-TM7
T
Z1s
3t
w0
)
k<]
21.0
g
o
8
a
0.5
0.0—¢g 9 10 11 12 13 14
dil A
b
MUT-open
s TM2-TM10
0.7 . TM5-TM7
- 0.6
=
505
=
)
< 0.4
Fo)
50.3
Q
o
0.2
0.1
0.0 -
di/ A
d

Fig. 3 Distributions of the PR diameter d; in the TM2-TM10 (blue) and TM5-TM7 (red) directions for the four setups WT-closed (a), WT-open (b), MUT-

closed (c), and MUT-open (d).
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extent in the mutant. The same trend is observed for the PR
diameters (ESL T Fig. S7).

The second maximum in the TM5-TM7 distance observed
for MUT-open can be traced back to a sudden increase in the
TM5-TM?7 distance by about 2 A that is observed at 70 ns (ESL ¥
Fig. S7b). A detailed analysis of this conformational switch
reveals that the short helices TM7 and TM2b undergo a
translational shift, while the long helices TM10 and TM5 tilt
and rotate. The large-amplitude jump of the TM5-TM?7 distance
of the PR at 70 ns starts with a tilt and rotation of TM5 that can
be seen by comparing the position of Ile 188 at 65 and 72 ns
(ESL T Fig. S8). Interestingly, TM5 rotates “away” from the
TM10 helix, which harbors the mutated residue 403. Very likely,
the TM5-TM10 interaction (¢f. Fig. 1a) is weakened due to a
perturbation of hydrophobic interactions by replacing Ile 403
with the polar Asn. This effect points to the importance of
hydrophobic interactions within the PR. Furthermore, the tilt
of TM5, being accompanied by a shift of TM7, progresses in
time during the MD simulation, increasing the separation
between the PR residues Ile 188 and Ile 275. At the end of the
trajectory, the TM5-TM7 distance reaches the magnitude of the
TM2-TM10 distance (ESI,T Fig. S7b), implying that the ellipse
(cf: Fig. 1a) has essentially become a circle. Taking into account,
that the major part of the 284 water molecules passed the
channel after 70 ns (see ESILf Fig. S9), we conclude that the
eccentricity of the PR with the TM5-TM?7 distance being smaller
than the TM2-TM10 distance provides the major barrier to the
water flux. The fluctuations of the TM2b and TM10 positions do
not contribute much. Also, TM5 is very large and has not
enough space to shift; it can only rotate or bend. Thus, we
suggest that opening of the channel must involve, first of all, an
enlargement of the TM5-TM7 distance and, hence, a move-
ment of TM7.

The time series of the total number of water molecule
crossing the PR in the MUT-open setup (ESL,T Fig. S9) shows
that after the conformational switch, the system reaches a new
equilibrium state (see also the RMSD time series in ESLt
Fig. S5) with a constant (bidirectional) water translocation of
6 molecules per ns.

For the open conformations of both WT and the mutant, the
plug is moving up and sideward, reducing the distance to the
PR and TM4. However, it does not reach the initial configu-
ration it had in the closed conformation, probably, due to
significant deformations as a result of pulling by SMD (ESL+
Fig. S10).

The above data lead us to a surprising observation: with an
open LG and plug, the WT channel still manages to keep the PR
quite tight as in the resting state, so that only about 10 water
molecules can cross the channel in 100 ns. Moreover, the
presence of the mutation in the PR does not break the barrier
either, provided the plug is closed. Only the mutant with the
open plug allows for significant water flux. Our results demon-
strate that the plug and the LG are to a certain extent indepen-
dent of each other: Opening of the LG can proceed without
significant changes in the plug position. This conclusion is in
agreement with ref. 10.
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3.2 Free energy barrier of ion passage

Since no ions were detected to cross the channel during an
unbiased 100 ns dynamics (see Section 3.1), we performed SMD
and US simulations to determine the forces and the free energy
barrier for both Cl~ anions and K' cations (see Methods for
details). The forces exerted on the ions along the channel’s axis
obtained from SMD simulations are shown in Fig. 4. (The time
dependence of the ion position along the z-axis is given in ESI, T
Fig. S11). Interestingly, the difference between maximal forces,
corresponding to a position of the Cl™ ion in the PR area, is in
the same order of magnitude as the error bars, implying that
the forces are essentially the same for the channel with open
and closed plug. This result provides evidence that the PR alone
can act as an efficient barrier for the ion flux.

The difference in the peak positions around z = 0 A in Fig. 4
is caused by the different paths taken by the ions. The paths are
determined by both the spatial distribution of amino acid
residues, which act as obstacles, and the distribution of electric
fields produced by charged and polar residues of the channel.
Moreover, the position of the plug close to the PR (in the closed
state) can also influence the ion’s trajectory by providing a
spatial obstacle and inducing electrostatic interactions with
the ion.

The extracted forces can be used for calculations of the free
energy with the help of the Jarzynski equality.*® According to
this equation, the free energy difference AF between two states
can be calculated from the average work W in a non-
equilibrium process:

eI = (e ) )

where $ = 1/(kgT). In the stiff-spring approximation,®” when the
reaction coordinate closely follows the constraint center, the
work W;_,, performed along the path of the SMD trajectory
while driving the system from state 1 to state 2 with constant
velocity can be connected to the free energy difference between
initial and final states:

AF = —f~ 1 In{(exp{—pW; _,})} 3)

800 —— Cl-1g-closed

—— Cl-1g-open
—— K-1g-open
600

=20 -16 -12 -8 -4 0 4 8 12

Fig. 4 Average force f acting on the ion as a function of the ion's position
along the collective variable — the relative z-coordinate defined in Fig. 2 —
for the setups Cl-1g-open (blue), Cl-1g-closed (red), and K-1g-open
(green).
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Fig. 5 Potential of mean force (PMF) as a function of the ion's position
along the collective variable — the relative z-coordinate defined in Fig. 2 —
for the setups Cl-0qg-open (red), Cl-1g-open (blue), K-0g-open (orange),
and K-1g-open (green).

Here, the average is taken over the ensemble of trajectories with
different starting velocities.

We calculated the free energy difference between the initial
state, corresponding to the CI~ or K' ion located in the
cytoplasmic part of the channel (z = —11 A), and the final state,
corresponding to the respective ion being located in the pore
ring system (z = 0 A), where the forces are maximal. Averaging
over 30 trajectories yields 33 & 3 and 29 + 3 kecal mol ™" for CI~
and K" ions, respectively, with the plug open, confirming that
the differences in barriers are within the error limits. It may be
noticed that there is a second maximum in the f(z) curve for Cl-
1qg-closed, which is due to interaction of the ion with the plug.
Thus, while the plug in its closed conformation provides a
barrier against ion flux, this barrier is not crucial in the WT,
since ion permeation is already efficiently prevented by the PR.

The results of the US calculations, representing the depen-
dence of the PMF on the relative distance between ion and PR,
are shown in Fig. 5 (for details, see Methods; probability density
functions of the US simulations are given in ESI,{ Fig. S6; a
description of the error calculations - based on ref. 38 - is
presented in ESIL 1 Fig. S12). We can compare the free energy
difference for the setups Cl-1g-open and K-1g-open with the
results of the SMD simulations. The PMF difference between
the states corresponding to z =0 A and z = —11 A equals 38 +
2 keal mol~! for both ions, which is in quite good agreement
with the SMD results. The remaining discrepancy is likely due
to the limited sampling in SMD. The PMF profiles show that
the free energy barriers have the same magnitude for CI™ and
K" in the setups with the same charge state of Asp 410. For both
ions, the barrier is decreased by about 5 kcal mol ", when Asp
410 is uncharged.

To better understand the factors contributing to the PMF
barrier, we analyzed the enthalpic part of the free energy
difference, AH, by comparing electrostatic and van der Waals
interactions in the two states corresponding to z = —1 A and
z=—11 A. The following components of AH were distinguished:
the coupling between protein (P) and ion (I; the CI~ or K" ion),
AHp;, between water (W) and ion, AHyw;, between water
molecules, AHy, as well as between protein and water, AHpyy.
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Table 2 Mean interaction enthalpy differences (standard errors) in kcal mol™
between the two trajectories Trajl and Traj2 decomposed as described in the
text

Setup AHp; AHyy; AHyw AHpw
Cl-0g-open —53.7 (1.8) 60.6 (2.1)  —106.6 (36.7) 85.6 (27.2)
Cl-1g-open —54.6 (1.4) 64.9 (1.8)  —101.4 (32.4) 156.6 (34.8)
K-0g-open 303 (3.7)  —15.7(3.4) 216.9(38.3)  —233.5(29.6)
K-1g-open 313 (2.8)  —18.9(3.0) 80.9 (38.8) —121.8 (26.8)

The interactions were computed from 60 ns trajectories (see
Methods) corresponding to z = —11 A (Traj1) and z = —1 A
(Traj2). (The fluctuations of interaction energies corresponding
to the window with z = 0 A were too high to provide reliable
results in calculations of enthalpy differences.) The mean
differences between averaged interaction energies were calcu-
lated by subtracting the value obtained for Traj1 from that for
Traj2. The computed differences for every type of interaction
were analyzed with the independent-samples ¢-test (Student’s
t-test) performed with the SPSS Statistics package?® (for details,
see ESL¥ Section T1 and ref. 40). The test demonstrated
statistically significant differences between the means of the
interaction energies for all cases. The mean differences and
their standard errors are given in Table 2.

Analysis of the data in Table 2 reveals that interaction energy
differences of the same type have different signs for K" and CI ™.
While PW and WI interactions make a positive enthalpic
contribution to the free energy barrier for the CI~ ion, WW
and PI interaction changes are positive in the case of K'. The
charge state of Asp 410 has a negligible influence on AHp; and
AHywy;. Therefore, we can write for the change in AH due to
charging of the Asp side chain:

AH(1q) — AH(0q) ~ AHww(1q) — AHww(0q) + AHpw(1q)
— AHPW(Oq) (4)

There is a significant positive contribution to the difference in
AH between charged and uncharged Asp 410 due to protein-
water interactions of 71 + 44 kcal mol* for CI~ and 112 +
40 keal mol ™ for K, which - in view of the standard errors - is
essentially the same for both ions and likely due to the coupling
of Asp 410 to water molecules inside the channel. Interestingly,
there is a second contribution from water-water interactions,
which is 6 + 49 kecal mol™* for CI™, but —136 + 55 kecal mol *
for K'; this is different even taking into account the standard
errors. The disparity between the two types of ions is likely
related to their influence on the water network in the channel,
as different signs of the charge enforce different orientations of
the water molecules (see snapshots in ESI,T Fig. S13). Thus, the
charge state of Asp 410 influences the enthalpic barriers for the
variously charged ions in a different way as one might have
expected, but the effect is not due to direct Asp-ion interactions,
but rather indirect due to WW and PW interactions. However,
the differences in the enthalpic barrier are efficiently counter-
balanced by entropy changes, as is obvious from the free energy
barriers, which are not only the same for both ions, but also

Phys. Chem. Chem. Phys., 2021, 23, 25830-25840 | 25837


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp02702f

Open Access Article. Published on 03 November 2021. Downloaded on 7/29/2025 1:12:48 PM.

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

(cc)

PCCP

shifted by the same amount of only 5 kcal mol™" due to a
change in the charge state of Asp 410 (Fig. 5).

To see what determines the difference between Cl~ and K,
we have to consider all contributions to AH, ie.:

AH(CI) — AH(K) = AHp(Cl) — AHpi(K) + AHywa(C1) — AHyw(K)
+ AHww(Cl) — AHuw(K) + AHpw(Cl) — AHpw(K)

(5)
In the case of uncharged Asp 410, we have (Table 2):
AHp(Cl) — AHpi(K) ~ —(AHwi(Cl) — AHwy(K)) (62)
AHww(Cl) — AHww(K) ~ —(AHpw(Cl) — AHPW(K))( .
6

Thus, there is a compensating trend, indicating correlations
between PI and WI as well as WW and PW interactions,
resulting in a negligible value of AH(Cl) — AH(K). The situation
is different for charged Asp 410: the WW and PW interactions
do not compensate each other, and we obtain AH(Cl) — AH(K) =
94 + 67 keal mol ", Again, this difference is entirely counter-
balanced by entropy changes.

Thus, to summarize these unexpected results: The free
energy barrier to ion passage through the translocon is the
same for oppositely charged (monovalent) ions and only mar-
ginally affected by the (negative) charge of a nearby amino acid
side chain in the channel. The enthalpic contribution to the
barrier is dominated by changes in water-water and protein-
water interactions.

4 Discussion

The results of our studies demonstrate, first of all, that the
translocon in the active state, i.e. with a SS occupying the LG,
provides a tight barrier for both water and small ions. The seal
is provided by hydrophobic interactions between TM7, plug
and PR residues, which we refer to as the hydrophobic core of
SecY, and which is also relevant for sealing the channel in the
resting state (Fig. 6). These interactions, presumably, stimulate
folding of SecYEG into a compact and tight conformation: The
plug is very close to the PR, the PR residues are close to each
other, and opening of the LG by virtue of inserting the SS does
not break the hydrophobic interactions. The same type of
hydrophobic core is present in other organisms (ESI,} Fig. S14).

Secondly, leakage of the translocon is triggered by a high
mobility of the TM7 helix resulting from weakened interactions
in the hydrophobic core. If some of these interactions are still
present, like in the conformations WT-open or MUT-closed, the
channel is sealed. In the former case, interactions between Ile
residues of the PR help to keep the barrier, while in the second
case the plug prevents fluctuations of TM7. The importance of
the interactions between plug, TM7 and TM2b was also dis-
cussed in ref. 6, where an analysis of the structure 2YXR,
corresponding to plug-deleted SecY, demonstrated that the
newly formed plug is moved away from the PR compared to
the location of the plug in the WT structure. Moreover, the
new plug lost almost all interactions with TM2b and TM?7.

25838 | Phys. Chem. Chem. Phys., 2021, 23, 25830-25840

View Article Online

Paper

Pore ring

™7

Fig. 6 Hydrophobic core interactions in the resting channel (based on
crystal structure 5SAWW). Color code for amino acid types: grey, hydro-
phobic; green, polar; blue, positively charged; red, negatively charged (the
latter two in the standard protonation state). Hydrophobic residues in close
proximity are explicitly shown.

Taking into account that the plug-deleted channels are leaky,
we can speculate that the absence of the plug may prevent
formation of the compact structure, which results in weakening
of the hydrophobic interactions and, presumably, loosening of
TM?7. Similar considerations apply to PR mutants: substitution
of Ile residues in the PR with polar ones weakens the interac-
tions among the PR residues and, at the same time, those with
the plug, which may lead to a channel with widened PR and
shifted plug. Confirmation of this hypothesis requires analysis
of high-resolution structures of mutants, which are not yet
available.

Our results also suggest a possible interpretation of electro-
physiological experiments,® where the channel, activated by
inserting a SS, exhibited a voltage sensitivity of ion permeation.
We speculate that TM7 might be a voltage sensor due to the net
dipole moment of the o-helix backbone. The position of TM7
critically determines the minimal width of the pore ring and
even a 2 A shift can significantly affect the permeability of the
channel as shown for water in the present work. The TM7 helix
does not contain any charged residues and is composed,
mainly, of hydrophobic amino acids (see Fig. 6). The helix
dipole amounts to 55 D (ESILi Fig. S15). Application of an
electric field could result in a tilt or rotation of the helix and, in
this way, affect the tightness of the PR/plug region similar to
what is observed in the present work for the MUT-open setup.
Further MD simulations with applied voltage will be necessary
to clarify this issue.

The enthalpic part of the barrier for ion transport through
SecYEG is determined by different electrostatic couplings,
depending on the sign of the ion’s charge, whereby changes
in protein-water and water-water interactions are important.
The water interior of the translocon was already subject to
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4142 1t was shown that water in the channel

investigations.
behaves differently from bulk water exhibiting anomalous
diffusion, retarded rotational dynamics and alignment of the
dipoles along the channel’s axis. These data - taken together
with our results — show that water plays a critical role in
translocon function. A further detailed analysis of the water-
network in the channel is required to understand its contribu-
tion to electrostatic couplings and free energy barriers.

The phenomenon of enthalpy-entropy compensation has
been studied experimentally and theoretically mainly in the
context of protein-ligand binding (for recent reviews, see ref. 43
and 44). Here, we observe - to the best of our knowledge for the
first time - a similar effect in the context of ion permeation
through a membrane channel. Clearly, oppositely charged ions
will interact differently with a given channel, so that the
existence of an enthalpic barrier to ion permeation is not
warranted for all kinds of ions. Our data clearly show the
differences in AH for K and CI™. It is reasonable, then, that
compensating entropy changes come to the rescue of the
channel’s impermeability. Thus, the sealing of protein chan-
nels and nanopores against ion leakage may be considered as a
new field, in which enthalpy-entropy compensation is relevant.

In this respect, it is interesting to compare our results with
data from Baron et al,*> who computed the free energy,
enthalpy and entropy change for binding of a charged ligand
to a nonpolar cavity based on US. It was found that the
unfavorable AG for ligand binding is caused by a large positive
AH due to loss of water-water interactions that is only partly
compensated by the entropy term. This trend does not depend
on the sign of the ligand’s charge. In contrast, we observe a
dependence of the sign of AHww on the sign of the ion’s
charge. The difference is likely due to the presence of charged
and polar amino acid residues in the translocon’s ‘“walls”.
Baron et al.* also observe a switch of AHwy from positive to
negative, when they place an appropriate charge in the cavity
wall. In our case, however, there is remarkably perfect
enthalpy-entropy compensation, so that the translocon is not
able to distinguish between K" and Cl~ regarding the permea-
tion barrier. It should be noted that this indifference for the ion
type may be removed by a mutation-induced weakening of
interactions in the hydrophobic core or by an applied trans-
membrane potential. Hence, our data are not necessarily in
contradiction to experiments, in which anion selectivity of
SecYEG was observed.® As mentioned above, the effects of a
membrane potential remain to be investigated.

Charged amino acid residues are located in spatial proximity
to the PR in the translocon of many organisms (see ESI
Table S1). We wondered whether such a charged group may
influence the barrier to ion penetration or contribute to ion
selectivity. Remarkably, a negative charge on Asp 410 in
T. thermophilus increases the free energy barrier for both ion
types by the same amount, while the barrier remains suffi-
ciently large to block ion permeation in the absence of the
charge. Thus, the role of a charged group close to the
PR remains elusive. One may speculate, though, that
the 5 kcal mol " difference in the free energy barrier due to
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Asp 410 becomes important, when the translocon’s structure is
perturbed as in mutants or under a membrane potential.

The large free energy barrier for ions raises an important
question regarding the mechanism of protein translocation:
how can a peptide bearing a charged side chain be transported
through the channel? As we shall show in a forthcoming
publication, the case of a charge on a peptide is significantly
different from that of an ion.

5 Conclusions

The SecYEG channel in the active state, i.e., with a SS helix
occupying the LG, provides a strong barrier to water and ion
flux. Although the PR is slightly widened in the WT translocon
compared to the resting state, hydrophobic interactions
between the plug, TM7 and the PR - constituting a hydrophobic
core — are still able to keep the pore tight. The PR alone is
effectively sealing the WT translocon. Perturbing the hydro-
phobic core, e.g., by mutations of PR residues, can lead to water
leakage, if a significant part of the hydrophobic interactions is
disrupted, which depends on the position of the plug. Thus, the
role of the plug in sealing the channel is not unequivocal, but it
seems to be of minor importance for the WT. The plug does not
play a role in sealing the channel against ion permeation either,
while the PR provides a significant free energy barrier for CI™
and K'. Due to remarkable enthalpy-entropy compensation,
this barrier is the same for both types of ions. The negative
charge on a nearby aspartate does not contribute significantly
to the barrier. Important open questions that remain to be
tackled in future work are related to the translocation of
peptides with charged groups and the influence of a membrane
potential on the free energy barrier.
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