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ABSTRACT: The Sec translocon, a protein-conducting channel, consists of a heterotrimeric complex (SecYEG
in bacteria and Sec61Rβγ in eukaryotes) that provides a pathway for secretary proteins to cross membranes,
or for membrane proteins to integrate into the membrane. The Sec translocon alone is a passive channel, and
association with channel partners, including the ribosome or SecA ATPase in bacteria, is needed for protein
translocation. Three recently published crystal structures of SecY are considered to represent the closed
(resting state), pre-open (transitional state determined with the bound Fab fragment mimicking SecA
interaction), and SecA-bound forms. To elucidate mechanisms of transition between closed and pre-open
forms, we performed all-atom molecular dynamics simulations for the pre-open form of Thermus thermo-
philus SecYE and the closed form of Methanococcus janaschii SecYEβ in explicit solvent and membranes.
We found that the closed form of SecY is stable, while the pre-open formwithout the Fab fragment undergoes
large conformational changes toward the closed form. The pre-open form of SecY with Fab remains
unchanged, suggesting that the cytosolic interaction mimicking SecA binding stabilizes the pre-open form of
SecY. Importantly, a lipid molecule at the lateral gate region appears to be required to maintain the pre-open
form in the membrane.We propose that the conformational transition from closed to pre-open states of SecY
upon association with SecA facilitates intercalation of phospholipids at the lateral gate, inducing initial entry
of the positively charged signal peptide into the channel.

Cellular secretion releases metabolites and macromolecules
from the cell and is controlled by hormones, metabolic products,
and enzymes. More than 30% of cell proteins are secreted across
membranes or integrated into membranes. The Sec translocon
plays a central role in these protein translocations (1, 2). It
consists of an evolutionarily conserved heterotrimeric membrane-
protein complex, SecYEG in bacteria and Sec61Rβγ in eukaryotes.
SecY contains 10 transmembrane helices and provides a channel-
like pathway for protein translocation. The SecY translocon alone
is a passive channel, and the driving force for protein translocation
is provided by channel partners, including the ribosome and
SecA ATPase in bacteria (3-8). The association with channel
partners induces pore opening and protein translocation through
SecY. Biochemical approaches (9-11), X-ray crystallography
(1, 12-14), and molecular dynamics (MD)1 simulations (15-17)
have contributed to our understanding of the protein interactions,
structure, and dynamics.

To date, three distinct structures of the SecY complex have
been reported. The first was a “closed” form of Methanococcus
jannaschii SecYEβ (mjSecYEβ) at 3.2 Å resolution (1). Here,
SecY has two linked halves, TM1-5 and TM6-10, clamped
together by SecE to form an hourglass-shaped pore. This form is
characterized by three important structural features: (i) the lateral
gate that is completely closed, (ii) the channel pore that is sealed
by a pore ring on the cytoplasmic side, and (iii) the pore that is
blocked by a short “plug” helix on the periplasmic side. The
opening of the SecY channel would presumably involve lateral
gating motions toward the lipid bilayer and vertical movements
of the plug helix (1, 18).More recently, two new crystal structures
of the SecY complex were reported. One is the “SecA-bound”
form of the Thermotoga maritima SecA-SecYEG complex
(tmSecA-tmSecYEG) at 4.5 Å resolution (13). This structure
contains one molecule of tmSecA bound to one copy of tmSec-
YEG, where the plug helix has moved from the center of the
channel toward the periplasmic side. In addition, the “window” is
wide open at the lateral gate region. The other crystal structure is
a complex ofThermus thermophilus SecYEwith the antibodyFab
fragment at 3.2 Å resolution (Fab-ttSecYE) (14). This structure
contains a hydrophobic “crack” open to the cytosol at the lateral
gate, while the channel pore is closed with the plug helix and the
pore ring. This conformation of ttSecY has been considered as a
“pre-open” form in the translocation cycle, because (i) cross-
linking experiments demonstrate that Fab and ttSecA bind to the
identical region of ttSecY, (ii) the pattern of disulfide bond
formation under the SecA-bound condition is different from that
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without SecA or Fab, and (iii) a MD simulation of the Fab-free
ttSecYE shows a conformational change toward the closed
form (14). However, several questions still remain unsolved:
what is the meaning of the hydrophobic crack in relation to the
conformational changes between the closed and pre-open forms,
and how does the binding of SecA or Fab induce the conforma-
tional change in the transmembrane region of SecY?

In this study, we performed all-atomMD simulations of Fab-
free ttSecYE, the Fab-ttSecYE complex, and mjSecYEβ in the
membrane to answer these questions. Significantly, we observed
a strong correlation between the conformational changes in
ttSecYE and the sideways movement of a phospholipid molecule
in the lateral gate region. On the basis of the crystal structures
and the current MD simulations, we propose novel molecular
mechanisms for the early stage of translocation of protein
through the Sec channel.

METHODS

We performed four MD simulations (Sim1-4) listed in
Table S1 of the Supporting Information. Each starting confor-
mation is shown inFigure S1 of the Supporting Information. The
initial structure used in each simulation is the pre-open form of
Fab-free ttSecYE (Sim1), the closed form of mjSecYEβ (Sim2),
and the pre-open form of ttSecYE with Fab (Sim3 and Sim4). In
Sim3, Fab was permitted to move freely, whereas in Sim4, Fab
and the R-helix portion encompassing Lys43-Thr50 of ttSecY,
which exhibit intermolecular contact in the crystal (14), were
weakly restrained to reduce the movement of Fab and to
investigate such an effect on the conformational change of
ttSecYE in the membrane.

All-atomMD simulations were carried out usingNAMD2 and
the CHARMM27 force-field parameters with φ, ψ cross-term
map correction (CMAP) (19-21). The X-ray structures (PDB
entry 2ZJS without Fab for Sim1, 1RH5 for Sim2, and 2ZJS for
Sim3 and Sim4) were embedded in equilibrated POPC bilayers in
150 mM NaCl. The details of the modeling procedure for the
initial structures of the simulations are described in the Support-
ing Information. The systems were subjected to short energy
minimizations to remove steric clashes in the initial structure,
followed by short MD simulations for the equilibration with a
gradual decrease in harmonic restraints on the heavy atoms in the
protein (for detailed procedures, see the text of the Supporting
Information); 100 nsMD simulationswere then carried out in the
NPT ensemble for the production dynamics in Sim1-4. In these
simulations, constant pressure (1 atm) and constant temperature
(300K) weremaintained using Langevin dynamics and Langevin
piston, respectively. The particlemesh Ewald (PME)methodwas
employed for the calculation of the electrostatic interactions (22).
The equation of motion was integrated with a time step of 2 fs.
Protein solvent accessibility, pore inside the protein, and domain
motions in proteins were analyzed using NACCESS (23),
MOLE (24), and DynDom (25), respectively. In this study, we
also performed MD simulations of the same system for Sim1-4
in the NPAT ensemble, and the results were essentially the same
as those in NPT (data not shown).

RESULTS AND DISCUSSION

Summary of the MD Simulations. In Sim1, a structural
change near the lateral gate region is observed, while it is
suppressed in Sim3 and Sim4 (Movies 1, 3, and 4 of the
Supporting Information). In Sim2, the conformation of SecY

remains unchanged (Movie 2 of the Supporting Information). In
all the simulations, SecE shows no conformational change. We
observe small rmsd changes (<1.5 Å) in the transmembrane
region of SecY with respect to the initial structures in all the
simulations, implying successful equilibration for our simulation
systems (text and Figure S2 of the Supporting Information). In
all the simulations, we never observed positional and structural
changes for the plug helix and pore ring (rmsd is <1.5 Å for the
plug helix and<1.0 Å for the pore ring). Therefore, no hole at the
center of the channel is created in the simulations (Figure S3 of
the Supporting Information). We further calculate the minimum
and average distances between the CR atoms in residue pairs of
SecY to examine whether the simulated structures of SecY are in
keeping with the disulfide bond cross-linking experiments. We
judged that a disulfide bond is able to form when the distance
between the two CR atoms of these residues is approximately
e7 Å and found that the SecY structures in our simulations are
consistent with the experiments (text, Table S2, and Figures S4
and S5 of the Supporting Information). Thus, SecY after the
structural change in Sim1 is satisfied with three important
structural features in the closed form as well as the experimental
distance restraints. On the basis of these results, we judged that
SecYundergoes a conformational change toward the closed form
in Sim1, while SecY with Fab remain in pre-open forms in Sim3
and Sim4.
Dynamic Properties of the Pre-Open and Closed Forms.

To examine the conformational changes of SecY in detail, we
calculated the tilt angles of the TM helices in Sim1 (Fab-free
ttSecYE) and compared themwith those of Sim2 (mjSecYEβ). In
calculating the tilt angles, we fitted the CR atoms in all TMhelices
to the initial structure, allowing only the rigid-body translations
and rotation in an X-Y (membrane) plane to decouple the
movement of the selected helix and entire protein structure. With
the exception of TM8 and TM9, we did not observe any
significant movements of the TM helices in Sim1. In Figure 1A,

FIGURE 1: Time evolution of the orientation change of TM8b and
TM9a in Sim1 and Sim2. TM8b and TM9a make up the C-terminal
half of TM8 (Ile320-Val329 in ttSecY and Cys327-Thr338 in
mjSecY) and theN-terminal half of TM9 (Thr368-Pro382 in ttSecY
and Leu377-Leu388 in mjSecY), respectively. (A) Time course for
the tilt angle ofTM8b in Sim1andSim2. (B) Plots of the projection of
the unit vectors of TM8b and TM9a onto theX-Y plane (parallel to
the membrane) in Sim1 (left) and Sim2 (right). Cyan and yellow lines
represent the average trajectory of each helix movement, and the
black circles represent the origin of each helix vector.
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TM8b (the C-terminal half of TM8) in Sim1 increases its tilt angle
after 50 ns toward the value observed in Sim2, which remains
constant over 100 ns. Thus, in Sim1, the conformation of SecY
changes to the closed form (Figure 2A). Although the tilt angle of
TM9a (theN-terminal half of TM9) does not change in Sim1, this
portion of the helix rotates∼27� in an counterclockwise direction
around an axis parallel to the bilayer normal (Figure 1B). As a
result, the hydrophobic crack becomes filled by tilting of TM8
toward TM2 and rotation of TM9 toward TM8. The solvent
accessible surface area of highly conserved amino acid residues in
the crack, namely, Ile85, Pro273, Phe276, Ala277, and Tyr326,
decreases by 49.3 Å2 in the most closed structure at 72.96 ns
(Figure 2A), where the distance between Thr92(TM2) and
Val329(TM8) becomes the shortest during the run of 100 ns
(Figures S4 and S5 of the Supporting Information).

In contrast, the conformational fluctuations of SecY in Sim2
are smaller than those observed in Sim1. As shown in Figure 2B,
the final structure of Sim2 is virtually identical to the initial
structure with the exception of the C4 and C5 loops. The tilt
angles of TM8b and TM9a are almost unchanged over 100 ns,
whereas TM8b rotates slightly in a clockwise direction around
the axis parallel to the bilayer normal (Figure 1B). From these
simulations, we suggest that the closed form of SecY is stable in
the membrane, whereas the pre-open form without channel
partners undergoes a conformational transition to the closed
form.
Interaction between SecY and the Channel Partner. In

Sim3, Fab itself shows significant flexibility, while SecY remains
stable (Figure 3A). We detected a 21� rotation of the Fab itself

around an axis almost parallel to the bilayer normal and an
18� bending motion of the upper half of the Fab around the
axis closely parallel to the bilayer (Figure S6A of the Support-
ing Information). The rmsd of Fab fluctuates around 3.0 Å
(Figure S6B of the Supporting Information). Despite such large
motions of Fab in Sim3, TM8b andTM9 are observed to tilt only
slightly toward TM2 (Figure 3A and Figure S7 of the Supporting
Information), which consequently decreases the solvent accessi-
ble surface area of the hydrophobic crack by approximately
28.6 Å2 in the final conformation of Sim3. The changes are
significantly smaller than those in Sim1 (Fab-free ttSecYE). In
Sim4, themovements of TM8b andTM9a are suppressed and the
hydrophobic crack remains intact over 100 ns (Figure 3B and
Figure S7 of the Supporting Information). These results suggest
that the conformational flexibility of SecY is determined by the
movements of Fab.

The epitope recognition site in Fab makes intensive interac-
tions with Arg351 in ttSecY, which is located in the highly
conserved motif sequence, 348PGIRPG353, in the C5 loop (14).
Arg351 is an indispensable residue for channel activity (26-28),
because both the ribosome and SecA recognize its side chain
pointing toward the cytoplasm. During the simulations (Sim3
and Sim4), the epitope recognition site in Fabmaintained a stable
interaction with Arg351 (Figure 3A,B). To investigate the
structural properties of the PGIRPG motif, we calculated the
rmsd for this region. In Sim3, the average rmsd of the backbone
atoms in the PGIRPGmotif was<0.4 Å, indicating its structural
rigidity in the Fab-ttSecYE form. Interestingly, the rmsd of
the same region in Sim1 was also <0.4 Å, suggesting intrinsic
rigidity. To examine the conformational properties of the
PGIRPG motif, we compared the fluctuation of the backbone
dihedral angle of Gly349 in this motif with that of Gly256 in the
C4 loop. As shown in panels C and D of Figure 3, Gly349 is
trapped at one of the conformational states of glycine while
Gly256 fluctuates between multiple local minimum states. Other
residues in the C4 and C5 loops also demonstrate a similar
tendency (Figure S8 of the Supporting Information). The two
proline residues, Pro348 and Pro353, likely restrict backbone
dihedral angle rotation in the PGIRPG motif.

Because the Fab is not an actual channel partner, we investi-
gated the structural properties of the PGIRPG motif making a
model of SecA-bound SecYE in the pre-open form. Cross-linking
experiments have indicated that the Leu775Cys mutation in
ttSecA and the Pro352Cys mutation in the PGIRPG motif of
ttSecY form a disulfide bond on oxidation (14). On the basis of
this information, we docked ttSecA (PDB entry 2IPC) on
ttSecYE in the pre-open form to create a Fab-ttSecYE-like
structure and performed an all-atom MD simulation for 20 ns
(Figure S9 of the Supporting Information). It was found that the
interfacial region between ttSecA and ttSecY was similar to that
of Fab-bound ttSecYE, and the fluctuations of the dihedral
angles in the PGIRPG motif were suppressed as observed in
Fab-bound ttSecYE. The conformation of ttSecYE hardly
changed over the 20 ns MD simulation. The rigidity in the
PGIRPG motif of SecY may facilitate binding of the channel
partner and also be critical to the induced conformational change
in TM8 and TM9.
Protein-Lipid Interactions during the Conformational

Transition of SecY. To further investigate stabilization of the
pre-open form of SecY, we analyzed the motion of lipid
molecules near the hydrophobic crack region of SecY. In the
starting structure of Sim1, no lipid molecule is located inside the

FIGURE 2: Snapshots of the MD trajectory in Sim1 and Sim2.
(A) Initial (at 0 ns) and most closed structure (at 72.96 ns) of Fab-
free ttSecYE inSim1. (B) Initial (at 0 ns) and final structure (at 100 ns)
of mjSecYEβ in Sim2.
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crack. However, one lipid near the lateral gate moves into the
crack in the pre-open form (Figure 4A) and exits by a lateral
movement when SecY adopts the closed form (Figure 4B). The
intercalation of the lipid molecule is also observed in Sim3 and
Sim4, although in the former the lipid also exits from the crack as
observed in Sim1 while in the latter it stays for the entire 100 ns.
To assess the movement of this lipid and the relationship with the
conformational transition of SecY more quantitatively, we
measured the distance between this lipid and Tyr326 in the
hydrophobic crack (Figure 4C). In Sim1, Sim3, and Sim4, the

distance approaches ∼2 Å after 10 ns. In Sim1, the distance
increases and largely fluctuates after 50 ns, indicating dissociation
of the lipid headgroup from the hydrophobic crack. In Sim3, the
distance also fluctuates after 60 ns, again showing the exit from
the crack. In contrast, the distance during Sim4 remains un-
changed. As shown in Figure 2A (Sim1), TM8 tilts toward TM2
and the hydrophobic crack is filled during the conformational
transition of SecY. This conformational change occurs at 55 ns
(Figure 1A, red line) and correlates with the increase and
fluctuation of the distance between the lipid and Tyr326
(Figure 4C, red line). Thus, the lateral movement of the lipid
molecule is synchronized with the conformational transition of
SecY. We also performed a simulation for Fab-free ttSecYE in
which the intercalated lipid was restrained to stay in the crack.
Significantly, SecY remains in a pre-open form (Figure S10 of the
Supporting Information). The changes in protein-lipid and
intraprotein interactions are likely essential for the conforma-
tional transition of SecY, and in fact, the transition may be
triggered by the lateral movement and intercalation of the lipid
molecule. Because Tyr326 is the only polar residue among the
highly conserved residues (Ile85, Pro273, Phe276, Ala277, and
Tyr326) forming the hydrophobic crack (14), we considered
whether there might be specific interactions between Tyr326
and the intercalated lipid. However, an analysis revealed no clear
hydrogen bonding interactions between them, suggesting that the
lipid may simply fill the crack or void. The inhibition of
formation of the disulfide bond between Thr92(TM2) and
Val329(TM8) under SecA-containing conditions (14) may be
due to this intercalated lipid molecule.

The functional importance of protein-lipid interactions dur-
ing translocation of protein through the Sec channel has been
demonstrated in experimental and theoretical studies. The cross-
linking experiments indicated that the signal sequence interacts
not only with TM2 and TM7 helices but also with surrounding
lipid molecules during protein translocation (29). The cross-
linked lipid may correspond to our intercalated lipid. Gumbart
and Schulten have performed simulations of the lateral gate
opening of mjSecYEβ with strong artificial forces using the
Steered MD method and observed the intercalation of one or
two lipid molecules in the lateral gate region (17). They also
suggested that the entry and exit of lipid molecules from the

FIGURE 3: Effect of the binding of Fab on the conformational change of SecY. (A and B) Conformational change of Fab-bound ttSecYE in
(A) Sim3 and (B) Sim4, in a comparison of the initial (0 ns, transparent gray) and final (100 ns, colored) structure. The structures are fitted to the
CR atoms of SecY. The inset is the interfacial region between Fab and the C5 loop of ttSecYE, where the structures are fitted to the CR atoms of
Fab. The PGIRPG motif presented in the stick model is colored blue (0 ns) and red (100 ns). (C and D) Fluctuations of the backbone dihedral
angles of (C) Gly349 in the C5 loop and (D) Gly256 in the C4 loop, in a comparison of Sim1 and Sim3.

FIGURE 4: Lateral movement of the intercalated lipid molecule
located in the hydrophobic crack. (A and B) Cytoplasmic view of
the lateral gate region of SecY in Sim1. The intercalated lipid is
outlined in the sphere model, where the green spheres represent the
carbons of the choline group. The structure observed at 43 ns was
defined as the pre-open form, in which the distance between Thr92
andVal329was largest before the conformational transitionoccurred
(see Figure S4B of the Supporting Information). The side chains of
Thr92, Val329, and the highly conserved hydrophobic residues in the
crack region are outlined in the stick model. (C) Time evolution of
the minimum distance between the side chain atoms of Tyr326 and
the intercalated lipid in Sim1, Sim3, and Sim4.
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lateral gate are related to the conformational changes of
mjSecYEβ, which is similar to our proposal. However, we think
that the putative role of the lipid, which we discuss in this work, is
different from theirs: they discussed the role of such lipid in lateral
gate opening of SecY, when SecY integrates a protein into
membranes. We are proposing another role of a lipid molecule
at the early stage of protein translocation through the SecY
channel upon the channel-partner binding.

It is well-established that phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG) are the major plasma membrane
components in Escherichia coli and that anionic phospholipids
are necessary for protein secretion in vivo and in vitro (30). The
negatively charged headgroup of lipids has been proposed to be
important for effective interaction with the positively charged
N-terminus of the translocating signal sequence (31, 32). In our
previous paper, substitution of the amino acid residues in the
hydrophobic crack in the lateral gate abolished SecYactivity (14),
which suggested that the hydrophobic crack provides a binding
site for the signal sequence. Together with the simulation results,
the deleterious effect on activity may come from weaker hydro-
phobic interactions between SecY and the intercalated lipid.
These suggestions lead to the hypothesis that the intercalated
lipid molecule between TM2 and TM8 (hydrophobic crack) in
the pre-open state of SecYmay facilitate the swift intercalation of
the signal sequence.
Molecular Mechanisms for the Early Stage of Protein

Translocation. We proposed a mechanism for the conforma-
tional transition of SecY from closed to pre-open forms upon
SecA binding in our previous paper (14). On the basis of the
current MD simulations and recent experiments, we expand the
mechanism indicating the role of the conformational change of
SecY and protein-lipid interactions. Figure 5 shows the outline
of the proposed mechanism for the early stage of protein
translocation, where we adopt the back-to-back model for Sec
dimerization (33, 34). The closed form of SecY, with the plug
helix centrally located in the channel and the lateral gate closed, is
a dominant conformation under the SecA-free condition. SecA

approaches and recognizes the highly conserved PGIRPG motif
in the C5 loop of SecY. Binding changes the conformation of
SecY and opens the hydrophobic crack between TM2 and TM8,
without altering the position of the plug helix, to yield a pre-open
form. The rigidity of the PGIRPGmotif may be important to the
induction of the conformational change in the transmembrane
region of SecY.Our simulations clearly demonstrated that during
the conformational transition, a lipid molecule near the lateral
gate of SecY immediately intercalates into the hydrophobic crack
by sideways movement to stabilize the pre-open form of SecY.
The negatively charged phosphoryl portion of the lipid head-
group may also act to attract the positively charged N-terminus
of the signal sequence (31, 32) for initial entry of a translocating
protein into the channel. We suggest that these dynamic inter-
actions involving not only protein-protein but also protein-
lipid interactions play key roles in SecY channel function.

CONCLUSIONS

In this work, we performed all-atommodelMD simulations of
the protein-conducting SecY channel in membranes to investi-
gate molecular mechanisms underlying the conformational tran-
sition between closed and pre-open forms of SecY. The closed
form of SecY is stable with hardly any structural changes
occurring during simulation, and the pre-open form without
the channel partner quickly reverts to the closed form. The
binding of Fab suppresses this conformational change in SecY.
Importantly, the conformational transition between pre-open
and closed forms correlates with the lateral movement of a lipid
molecule in and out of a hydrophobic crack. We suggest that the
stabilization of the pre-open formof SecY is achieved by not only
the channel-partner binding but also the intercalation of the
phospholipid in the hydrophobic crack of SecY.

It should be pointed out, however, that the time scale of the full
functional cycle for protein secretion is much longer than the
current simulations and the mechanisms of interconversion
between pre-open and SecA-bound forms remain unrevealed.
Further crystal structures, biochemical experiments, as well as
long time all-atom model or coarse-grained model MD simula-
tions for the SecA-SecY complex and with other Sec family
proteins will be required to reveal the molecular mechanism
underlying later stages of translocationof protein through the Sec
translocon.
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