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ABSTRACT: Direct simulations reveal key mechanistic
features of early-stage protein translocation and membrane
integration via the Sec-translocon channel. We present a novel
computational protocol that combines non-equilibrium growth
of the nascent protein with microsecond timescale molecular
dynamics trajectories. Analysis of multiple, long timescale
simulations elucidates molecular features of protein insertion
into the translocon, including signal-peptide docking at the
translocon lateral gate (LG), large lengthscale conformational
rearrangement of the translocon LG helices, and partial membrane integration of hydrophobic nascent-protein sequences.
Furthermore, the simulations demonstrate the role of specific molecular interactions in the regulation of protein secretion,
membrane integration, and integral membrane protein topology. Salt-bridge contacts between the nascent-protein N-terminus,
cytosolic translocon residues, and phospholipid head groups are shown to favor conformations of the nascent protein upon early-
stage insertion that are consistent with the Type II (Ncyt/Cexo) integral membrane protein topology, and extended hydrophobic
contacts between the nascent protein and the membrane lipid bilayer are shown to stabilize configurations that are consistent
with the Type III (Nexo/Ccyt) topology. These results provide a detailed, mechanistic basis for understanding experimentally
observed correlations between integral membrane protein topology, translocon mutagenesis, and nascent-protein sequence.

■ INTRODUCTION

The Sec translocon is a central component of the cellular
machinery for protein secretion and membrane targeting.1

Comprised of a hetero-trimer of membrane-bound proteins
(SecYEG), the translocon operates as a passive channel for co-
translational and post-translational protein translocation2,3 and
for the insertion of transmembrane (TM) domains of integral
membrane proteins.4,5

Structural6−10 and cross-linking11−15 studies provide evi-
dence for large-scale conformational changes in the translocon
that facilitate its protein targeting functions, and extensive
biochemical research has established the effects of translocon
residue mutations and nascent-protein primary structure on
Sec-facilitated protein targeting.16−24 In particular, quantitative
assays have revealed that the hydrophobicity of a nascent-
protein sequence determines its stop-transfer efficiency, i.e., its
relative propensity to undergo membrane integration, rather
than translocation, upon co-translational insertion into the Sec
translocon.20,21 And the fraction of single-spanning TM
domains that adopt either Type II (cytoplasmic-N-terminal/
exoplasmic-C-terminal) or Type III (exoplasmic-N-terminal/
cytoplasmic-C-terminal) membrane topology is strongly
influenced by the physicochemical properties of the translocon
and the nascent-protein sequence.25−32

Yet despite advances in the experimental characterization of
the Sec translocon, important aspects of this cellular machinery
remain inaccessible to direct interrogation. Particularly little is
known about the dynamics of the translocon and nascent
protein during the earliest stages of protein translocation, a

critical period in the regulation of protein secretion, membrane
integration, and membrane protein topology. Outstanding
questions relate to nascent-protein conformations that are
visited in the early stages of insertion, molecular mechanisms
that connect features of the translocon and nascent-protein
residues to its targeted destination and topology, and the
initiation of nascent-protein secondary structure. These issues
are difficult to experimentally probe because they involve
transient interactions and processes, confined molecular
environments, and membrane-bound complexes that create
challenges for high-resolution approaches.
In this study, we introduce a protocol for directly modeling

the dynamics of nascent-protein insertion into the translocon,
and we leverage the specialized Anton computing system33,34 to
perform microsecond timescale simulations of early-stage
protein translocation and membrane integration. The reported
simulations, although short in comparison to second-minute
timescales of the biological process, are nonetheless extremely
long by the standards of state-of-the-art molecular dynamics
(MD) studies and provide a powerful exploratory tool for
investigating the early-stage dynamics of nascent-protein
insertion into the translocon. Insertion of both hydrophobic
and hydrophilic nascent-protein domains is modeled, and
quantitative metrics are employed to characterize nascent-
protein and translocon conformational changes, the formation
of salt bridges and specific interactions, and the development of
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large lengthscale hydrophobic contacts. These simulations,
when interpreted in combination with experimental studies and
previous nanosecond timescale MD simulation studies of the
translocon,35−40 offer new insights into the mechanistic details
of Sec-facilitated protein translocation and membrane integra-
tion.

■ METHODS
Using microsecond timescale MD trajectories with more than 120 000
atoms, we explicitly model the insertion of nascent-protein residues
into the Thermotoga maritima SecYEG channel via the SecA ATPase
molecular motor (Figure 1). The structure of the SecA-SecYEG

complex has been obtained via crystallography.7 The all-atom
simulation cell (Figure 1, middle panel) includes explicit solvent,
counterions, and 222 palmitoyloleoylphosphatidylcholine lipid mole-
cules. Long MD trajectories are performed using the special-purpose
Anton computing system;33,34 to meet the system-size limitations of
the Anton hardware, SecA is truncated at a distance of 15 Å from the
translocon, and the heavy atoms of SecA are harmonically restrained to
their corresponding positions in the crystal structure. The residues of

SecYEG and all other atoms in the system are unrestrained. Full details
of the simulations are described in Supporting Information.

We introduce a non-equilibrium simulation protocol to describe the
SecA-driven insertion of nascent-protein residues into the translocon
channel. The novel protocol includes nanosecond timescale growth of
the nascent amino acid chain at the cytosolic mouth of the translocon
followed by microsecond timescale evolution of the system (Figure 1,
bottom panel). As is emphasized in the final paragraph of the Methods
section, the presented insertion protocol describes necessary features
of SecA-driven nascent-protein insertion, including the sequential
introduction of nascent-protein residues and molecular confinement at
the cytosolic mouth of the translocon channel; however, the detailed
mechanism of the SecA driving force remains an open question.4,41−43

The key features of the insertion protocol are as follows. After initial
equilibration of the SecA-SecYEG complex, a nascent protein
composed of n + 4 amino acid residues is introduced, with the four
residues at the N-terminus aligned with the axis of the translocon
channel and with the center-of-mass position of the remaining n
residues placed at an “insertion point” at the cytosolic mouth of the
translocon channel. Each of the n residues on the C-terminal end of
the nascent protein exists in either an off-state, in which non-bonding
interactions between each residue and the rest of the system are
excluded, or an on-state, in which all interactions are included; residues
in the off-state are tethered to the insertion point via harmonic
restraints. We model the SecA-driven protein insertion using a
repeated two-step cycle composed of (i) growth, in which residues at
the C-terminal end of the nascent protein are sequentially switched
from the off-state to the on-state at a pace of one residue per 5 ns, and
(ii) evolution, in which the system is evolved without growth using
standard MD. The simulations presented in the main text include
three growth/evolution cycles (Figure 1, bottom panel), with each
growth period leading to the insertion of fifteen new protein residues,
followed by an evolution period of 0.9−1.8 μs in time (Table 1). The

Supporting Information provides a full description of the simulation
protocol employed for the nascent-protein growth period, including
the details of off- to on-state switching. Also presented are additional
insertion simulations in which each growth period leads to the
insertion of two new protein residues and each evolution period
extends 100 ns in time.

The insertion protocol is used to obtain four microsecond timescale
simulations of early-stage protein translocation and membrane
integration via the translocon. Each of the simulated insertion
trajectories (T1−T4) employs one of two different insertion points
and one of two different nascent-protein sequences (Table 1). The
nascent-protein sequence is composed of a hydrophobic, N-terminal
signal peptide (SP) and a C-terminal mature domain sequence. In all
cases, the SP sequence (MGPRL11, with residues listed from the N-
terminus) matches the 15-residue synthetic SP that was employed by
Spiess and co-workers for the investigation of integral membrane
protein topogenesis;32 the C-terminal mature domain for the nascent
protein is comprised of either a purely hydrophilic 30-mer of
glutamine (Q30) or a purely hydrophobic 30-mer of leucine (L30).
The first insertion point (IP1) employed in these simulations is
positioned close to the highly conserved β-sheet that connects the
NBD1 and PPXD domains of SecA and that is thought to be the
binding site for the nascent protein44 (Figure 1, top panel); the second

Figure 1. Early-stage protein insertion into the Sec translocon.
(Middle panel) The all-atom system employed in the MD simulations,
including the translocon (gray surface, with the helices TM2b and
TM7 in green, the pore residues in orange, and the plug moiety in
violet), the truncated SecA protein (white surface), and the nascent
protein (yellow, blue, red) undergoing insertion from either insertion
point IP1 (left) or IP2 (right). (Top panel) Expanded view of the
interface region between SecA and the translocon, with the two
nascent-protein insertion points (IP1 and IP2) indicated. The SecA
two-helix-finger and β-sheet domains are indicated in light green and
light blue, respectively, and the nascent-protein residues are presented
with the same color scheme as in the middle panel. (Bottom panel)
Schematic illustration of the simulation protocol used to model
nonequilibrium protein insertion. The translocon is shown in gray,
with the lateral gate (LG) region indicated in green, the pore residues
in orange, and the plug moiety in violet. SecA is shown in white, and
the nascent-protein sequence is shown using the same coloring scheme
as in the middle panel. Each period of nascent-protein growth is
followed by a microsecond timescale trajectory at fixed protein length.

Table 1. Summary of the Insertion Trajectoriesa

evolution period (μs)

trajectory IP mature domain no. 1 no. 2 no. 3 total length (μs)

T1 1 L30 0.90 1.54 1.41 4.05
T2 1 Q30 0.90 1.67 1.41 4.18
T3 2 L30 1.38 1.50 1.80 4.88
T4 2 Q30 1.38 1.50 1.80 4.88

aIn each trajectory, the first growth period spans 0.055 μs, whereas the
latter two span 0.075 μs.
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insertion point (IP2) is positioned close to the loop of the two-helix-
finger domain of SecA, which has been suggested to mechanically push
the nascent protein through the translocon.7,42 Exact coordinates for
the insertion points are provided in the Supporting Information.
Although it is generally agreed that SecA utilizes ATP hydrolysis to

drive the nascent protein across the translocon channel,45,46 questions
remain regarding the details of this process, including the oligomeric
state of SecA,47−49 the nature of SecA conformational changes that
generate the driving force for nascent-protein insertion,7,44,50,51 and
the exact roles of ATP binding and hydrolysis events.41,43,52,53 The
goal of the current study is not to investigate the detailed mechanism
of the SecA motor action; rather, we aim to characterize the
conformational dynamics and mechanisms associated with nascent-
protein insertion into the translocon. We thus model only the most
fundamental roles of SecA in the insertion process: providing
confinement of the nascent protein at the cytosolic mouth of the
translocon channel and enforcing sequential insertion of the nascent
protein into the translocon. Although the extent to which this
simplification impacts any conclusions about post-translational protein
translocation is difficult to assess without a better understanding of the
SecA mechanism, we note that co-translational (ribosome-driven)
nascent-protein insertion does not involve explicit coupling of a
molecular motor to conformational changes in the translocon;54 the
insertion protocol employed here is thus at least relevant for the co-
translational pathway. Furthermore, the fundamental issues that are
the focus of this study, including the conformational dynamics of the
nascent protein and translocon, are expected to arise in all biological
pathways for Sec-facilitated protein translocation.2,55

■ RESULTS AND DISCUSSION
Translocon Conformational Response. The insertion

simulations reveal mechanistic features of both early-stage
protein translocation and membrane integration. Figure 2

presents snapshots of trajectories T1 and T2, respectively, at
various times during protein insertion. The system is viewed
from the perspective of the lipid bilayer, with the translocon LG
helices (TM2b and TM7) in green, the pore residues in orange,
and the plug moiety in violet. Prior to the introduction of the
mature domain residues at 0.9 μs, the trajectories are identical,
exhibiting configurations for which the two LG helices are in
close proximity. At longer insertion times, it is seen in both
trajectories that hydrophobic residues (blue) of the nascent

protein localize at the translocon LG helices, which undergo
significant separation.
Figure 3 quantifies the LG conformational changes as a

function of simulation time. The LG is characterized in terms of

its width profile along the channel axis, η, which lies
perpendicular to the plane of the membrane. As is illustrated
in Figure 3A, the LG width profile measures the minimum
horizontal distance between helices TM7 and TM8 (green) on
one side of the translocon LG and helices TM2b and TM3
(yellow) on the other; detailed definitions for both the channel
axis and the LG width profile in terms of the molecular
coordinates are provided in the Supporting Information. Figure
3B presents the LG width profile obtained at various times
during trajectories T1 and T2. The two profiles coincide for the
initial stages of insertion (t = 0.5 μs), with the LG width
narrowing in the region of the translocon pore residues (η ≈
−18 Å) and widening at the cytosolic (η > −15 Å) and lumenal
(η < −20 Å) openings. Significant changes in the width profiles
for these two trajectories emerge at longer times. Comparison
of the width profiles for trajectory T2 (red) at t = 2.0 μs and t =
3.5 μs reveals nearly uniform widening of the LG along the
channel axis, including the region of the pore residues.
Trajectory T1 (blue) also shows extensive widening of the
translocon channel at the cytosolic opening, although it is
accompanied by contraction of the LG width in the regions of
the pore residues and the lumenal opening. For all insertion
times, Figure 3C presents the difference between the channel
width profile for trajectories T1 and T2, which emphasizes the
differing extent to which the LG opens during nascent-protein
insertion.
Figure 4 provides insight into the mechanistic basis for LG

opening in Figure 3. Figure 4A,B presents snapshots from
insertion trajectories T1 and T2, respectively, after t = 3.5 μs of
simulation time; the simulation cell is viewed along the channel
axis from the cytosolic side of the membrane, and the density
field of the membrane lipid tails is shown in grayscale. The
density field represents the number density of heavy atoms in
the hydrophobic lipid tails projected onto the x − y plane of the

Figure 2. Structural features of the nascent protein and translocon at
various times along the insertion trajectories T1 and T2. The
translocon is shown in gray surface, with the two LG helices in
green, the pore residues in orange, and the plug moiety in violet. The
nascent-protein SP and the hydrophobic mature domain of the nascent
protein are colored in blue, while the hydrophilic mature domain is
colored in red.

Figure 3. Translocon LG width profiles along trajectories T1 and T2.
(A) Illustration of the LG width profile, which is indicated with red
arrows. The coordinate associated with the channel axis is indicated at
left. (B) The LG width profiles for trajectories T1 (blue) and T2 (red)
at various times. The data at time 0.5 μs are repeated in the dashed
black curve. (C) The difference in the LG width profiles between
trajectories T1 and T2.
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simulation cell; it is plotted with Gaussian smoothing on a
lengthscale of 2 Å. For clarity, only the LG residues of the
translocon (green) and the residues of the nascent protein
(blue, red) are shown explicitly, and the set of points at a
distance of 18 Å from the channel axis are indicated (orange).
In both trajectories, the nascent protein is localized in the
region of the LG helices, with hydrophobic residues (blue) in
close contact with the hydrophobic lipid tails. The more
hydrophobic nascent protein (Figure 4A) partially exits the
translocon channel in favor of the membrane interior.
To quantify the relative degrees to which trajectories T1 and

T2 exhibit membrane integration, Figure 4C plots the number
of nascent-protein residues, N, that exit the translocon channel
as a function of simulation time; specifically, the figure reports
the number of residues for which the corresponding α-carbon
lies beyond 18 Å from the channel axis (indicated in orange in
Figure 4A,B) and falls between −30 and 0 Å along the channel
axis (indicated in Figure 3A). Markedly different behaviors are
seen for the two trajectories, with insertion of the more
hydrophobic peptide leading to a much greater degree of
membrane integration.
For trajectories T1 and T2, the differences in the channel

width profiles seen in Figure 3 correlate with the differing
degree of membrane integration in Figure 4. For both
trajectories, the hydrophobic SP binds at the LG, leading to
partial opening, as was predicted in earlier free energy
calculations of the translocon conformational landscape in the
presence of a hydrophobic substrate.40 In trajectory T1, the

more hydrophobic nascent protein partitions directly from the
cytosolic region of the channel, without inducing any widening
of the LG in the channel pore or lumenal regions (Figure 3B,
blue). In trajectory T2, the hydrophilic nascent protein does not
partition into the membrane interior and instead remains
localized in the translocon channel; to accommodate the
volume of the growing protein, the LG widens along the entire
channel axis, including the region of the pore residues (Figure
3B, red).
Finally, Figure 4D plots the structural response of the

translocon plug moiety during the insertion trajectories, with
the distance between the pore and plug residues plotted as a
function of simulation time. This distance measures the
minimal separation between the α-carbon atoms of the six
residues of the translocon pore (residues 82, 86, 187, 191, 274,
396) and the α-carbon atoms for the residues in the plug
moiety (residues 65−74). For trajectory T1, the results show
little change in the pore−plug distance, despite the significant
degree of membrane integration observed.
The insertion trajectories presented in Figures 3 and 4

exhibit important mechanistic features of early stage membrane
integration (trajectory T1) and protein translocation (trajectory
T2). The corresponding analysis of trajectories T3 and T4
reveals similar mechanistic features (Figures S1−S3). Although
it is important to avoid over-interpreting the small number of
illustrative MD trajectories presented here, these long timescale
simulations nonetheless reveal details of the conformational
changes that are central to regulation of stop-transfer efficiency
in Sec-facilitated protein translocation. In particular, we note
that the results in Figures 3 and 4 are consistent with the
observation that cross-linking of the LG helices inhibits the
protein translocation pathway,14 since trajectory T2 exhibits
significant opening of the LG. Figure 4D is also consistent with
experimental evidence that the conformation of the plug moiety
is not significantly altered upon membrane integration,15 as well
as the observation that deletion of the plug moiety has little
effect on stop-transfer efficiency.21 In addition to finding little
movement of the plug upon membrane integration, ref 15
reports more significant displacement of the plug during
protein translocation; we note that Figure 4D also shows a
greater degree of displacement of the plug moiety for trajectory
T2 than for trajectory T1, although our simulations probe stages
of the protein translocation that are too early to exhibit the full
degree of plug displacement.

Nascent-Protein Hydrophobic Contacts. In addition to
its role in the regulation of stop-transfer efficiency, the Sec
translocon influences the orientation, or topology, of integral
membrane proteins. One such effect is that increasing SP
hydrophobicity leads to a diminished fraction of proteins that
undergo integration in the Type II orientation,29−32 suggesting
that hydrophobic contacts involving the nascent protein play a
role in regulating integral membrane protein topogenesis.56,57

Here, we explore this effect by characterizing the degree to
which the insertion simulations exhibit hydrophobic contacts
that stabilize nascent-protein configurations that are consistent
with the early stages of either Type II or Type III membrane
integration.
Figure 5 illustrates the nascent-protein conformational

dynamics that accompany early-stage membrane integration.
Figure 5A−D presents snapshots of the trajectories T1 and T3
after 3.5 μs of simulation, with parts A and B showing the
configuration of the SP relative to the translocon LG and parts
C and D characterizing the solvation environment of the SP.

Figure 4. Early-stage membrane integration. (A,B) Representative
configurations from trajectories T1 and T2 after t = 3.5 μs of simulation
time. The nascent-protein residues (hydrophobic in blue, hydrophilic
in red) and the translocon LG helices (green) are shown in atomistic
detail. The density field for the hydrophobic lipid tails is projected
onto the x−y plane, with gray indicating low density and white for high
density. The orange circles indicate positions that are 18 Å from the
center of the channel axis. (C) The time evolution of the number of
nascent-protein residues, N, that partition into the membrane during
the insertion simulations. (D) The time-evolution of the pore-plug
distance in the insertion simulations.
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The corresponding results for trajectories T2 and T4 lead to
similar conclusions and are presented in Figure S4.
Figure 5A,B illustrates strikingly different configurations for

the nascent protein following early-stage insertion into the
translocon. In both cases, the SP intercalates between the two
LG helices. However, in part A, the SP adopts a partially helical
conformation with the N-terminus buried inside the translocon
channel. This orientation of the nascent protein enables the
hydrophobic residues of the SP to extend across the LG and to
make contact with the membrane hydrophobic lipid tails. In
part B, the SP remains disordered, with the charged N-terminus
exposed to the lipid phosphate head groups; the remainder of
the SP occupies the interior of the translocon, and the LG
helices widen to a lesser degree than in part A. The nascent
protein in part B adopts a looped configuration that has been
anticipated for early-stage Type II membrane integration;58 in
contrast, the buried N-terminal configuration for the nascent
protein in part A is more consistent with the early stages of
Type III membrane integration.56

Figure 5C,D presents the nascent-protein solvation environ-
ment for these two configurations, including the density of
water molecules (light blue) within 8 Å of the SP (dark blue).
In part C, the absence of solvent density at the interface
between the SP and the lipid tails is clear; the LG helices
separate to make room for this hydrophobic contact, and water
molecules at the cytosolic mouth of the translocon evacuate the
space between the hydrophobic residues of the SP and the
interior of the lipid membrane. Part D reveals a different
solvation environment for the SP, with water molecules

solvating the LG region due to the presence of the charged
SP N-terminus and the hydrophilic lipid heads.
Figure 5E quantifies the magnitude and time dependence of

the hydrophobic contact between the SP and the membrane
interior. For both trajectories, the contact surface area between
the SP residues and the lipid molecules are plotted as a function
of simulation time; details of the surface area calculation are
provided in the Supporting Information. For trajectory T1, in
which the N-terminus of the SP is buried in the channel
interior, the hydrophobic contact area increases markedly with
simulation time; sharp increases in the curve correspond to the
periods of peptide growth in the insertion simulation protocol.
In contrast, the loop configuration adopted by the SP in
trajectory T3 leads to consistently small hydrophobic contact
area at all times.
These results suggest that nascent-protein configurations that

are on-pathway for Type III integration exhibit significant
hydrophobic contact between the SP and the membrane
interior, whereas configurations that are consistent with early-
stage Type II integration exhibit aqueous solvation of the LG
region. It follows that increased hydrophobicity of the SP
residues will preferentially stabilize configurations of the kind
shown in Figure 5A,C, enhancing the degree to which the
nascent proteins undergo Type III integration. Similarly,
mutation of positively charged residues on the N-terminus of
the nascent-protein SP will destabilize configurations of the
kind shown in Figure 5B,D, decreasing the degree to which
nascent proteins undergo Type II integration. Both of these
trends have been experimentally observed.29−32 The simulation
results presented here suggest a simple mechanistic basis for
understanding the sensitivity of integral membrane protein
topology to hydrophobic residues in the nascent-protein SP
sequence.

Nascent-Protein Salt-Bridge Formation. Finally, we
investigate the mechanism by which nascent-protein salt-bridge
formation influences the topology of integral membrane
protein TM domains. The mutation of negatively charged
residues at the cytosolic mouth of the translocon alters
observed fractions of Type II and Type III integral membrane
proteins, suggesting that electrostatic interactions involving the
nascent protein play a role in conferring integral membrane
protein topology.26 Furthermore, favorable interactions involv-
ing the translocon are thought to facilitate the translocation of
Arg-containing peptide sequences59,60 and to reconcile large
discrepancies between the experimentally observed stop-
transfer efficiency of Arg-containing peptides and computed
water/membrane transfer free energies.20−22,61−63 We explore
these effects by characterizing the interactions of the translocon
with positively charged residues in the nascent protein during
insertion.
Figure 6A presents representative configurations from the

insertion trajectories, viewed along the channel axis from the
cytosolic side of the membrane. These snapshots reveal salt-
bridge contacts that are formed between the Arg residue of the
nascent-protein SP (blue) and either negatively charged
residues on the translocon (E330, E110, and D404; yellow)
or the phosphate head groups of the lipid bilayer (red). The
configurations in panels E330, E110, and D404 are obtained
from trajectory T2 after 0.5, 1.4, and 2.6 μs of simulation time,
respectively, whereas panel PO4

− corresponds to trajectory T3
after 2.6 μs. Figure 6B presents the time-dependence of salt-
bridge contacts in the simulations. The contacts are defined to
include configurations for which the protonated nitrogen atom

Figure 5. The SP adopts configurations that differ with respect to
orientation, secondary structure, and solvation environment along the
simulated insertion trajectories T1 and T3. (A,B) The conformation of
the nascent protein in trajectories T1 (part A) and in trajectory T3
(part B). The nascent protein is presented in blue, with the N-terminal
residue highlighted in yellow. The translocon is shown as a gray
surface. (C,D) Formation of the hydrophobic interface between the SP
(blue) and the lipid bilayer. Water within 8 Å of the SP is shown as a
light blue surface. (E) The hydrophobic contact area between the SP
and the surrounding lipid molecules, plotted as a function of time in
trajectories T1 (blue) and T3 (red).
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of either the Arg residue or the N-terminus of the SP is within 4
Å of the anionic oxygen atom of the corresponding translocon
residue or phosphate group. The corresponding time-series
plots for trajectories T1 and T4 are provided in Figure S5. The
structural alignment used to determine the eukaryotic
homologues of residues E330, E110, and D404 is presented
in Figure S6.
It is clear from Figure 6B that salt-bridge contacts form

almost immediately upon nascent-protein insertion trajectories
and persist over microsecond timescales. In the first micro-
second of trajectory T2, which corresponds to the initial
translation of the hydrophobic SP sequence, the nascent
protein forms transient contact with the lipid head groups, as
well as residues E330 and E110 of the translocon. At longer
times, following translation of mature-domain residues,
trajectory T2 exhibits extended salt-bridge contact with residue
D404. In contrast, trajectory T3 immediately forms salt-bridge
contact with the phosphate head groups of the membrane lipid
molecules that persist throughout the length of the simulation.
The observed salt-bridge contacts involving the nascent

protein are consistent with experimental observations that
negatively charged translocon residues play a role in establish-
ing the orientation of integral membrane protein TM domains.
In particular, we see the N-terminus of the nascent protein
interacting at the earliest stages of insertion with the
homologue of residue E110; mutation of this residue was
experimentally found to decrease membrane integration for
TM domains in the Type III orientation and increase
membrane integration of TM domains in the Type II
orientation.26 Furthermore, long-lived salt-bridge contacts
between the nascent protein and residue D404 are observed
in trajectory T2; mutation of the homologues of residues D404
and E330 is experimentally found to increase membrane

integration of TM domains in the Type III configuration and
decrease integration of TM domains in the Type II
orientation.26 The position of residue D404 and E330 at the
cytosolic mouth of the translocon (Figure S6) suggests that
these residues favor configurations that are consistent with
Type II membrane integration; the results for trajectory T3 in
Figure 6B, as well as in Figure 5B,D, suggest that a similar effect
may arise from interactions of the N-terminus with the
phosphate head groups of the membrane bilayer.54,56

■ CONCLUSIONS

We have introduced a simulation protocol for modeling the
non-equilibrium dynamics of nascent-protein insertion into the
Sec translocon. The approach is employed in combination with
microsecond timescale MD trajectories to investigate early-
stage Sec-facilitated protein translocation and membrane
integration. Analysis of multiple, long timescale simulations
reveals important molecular features of protein insertion into
the translocon, including SP docking at the translocon LG,
large lengthscale conformational rearrangement of the trans-
locon LG helices, and partial membrane integration of
hydrophobic nascent-protein sequences.
All-atom simulations reveal the role of specific molecular

interactions in the regulation of protein secretion, membrane
integration, and integral membrane protein topology. In
particular, it is shown that hydrophobic nascent-protein
domains stabilize open configurations of the translocon LG
and facilitate partitioning of the nascent protein into the
membrane lipid bilayer. Furthermore, we find that particular
salt-bridge contacts between the nascent-protein N-terminus,
cytosolic translocon residues, and phospholipid head groups
favor conformations of the nascent protein that are consistent
with the Type II topology, whereas increased SP hydro-
phobicity stabilizes nascent-protein configurations that are
consistent with the Type III topology.
This work reports new insights obtained from detailed,

microsecond timescale MD simulations, and it provides a
mechanistic basis for understanding experimentally observed
correlations between integral membrane protein topology,
translocon mutagenesis, and nascent-protein primary sequence.
However, we also emphasize the limitations of all-atom MD
trajectories for studying slower (i.e., second to minute
timescale) features of Sec-facilitated protein translocation that
give rise to experimentally observed kinetic effects,32,65 and
more generally, the biological timescales of protein biogenesis
and transport. Regardless of important recent advances in the
computation of MD trajectories, the accessible timescales for
atomistic simulations will remain many orders of magnitude
shorter than biologically relevant timescales for the foreseeable
future. Ongoing efforts to understand protein biogenesis and
transport must also involve the development of new methods
and strategies for coarse-grained theoretical descriptions of the
protein translocation machinery (Zhang, B.; Miller, T. F.,
submitted).

■ ASSOCIATED CONTENT

*S Supporting Information
Detailed simulation protocols and supplementary trajectory
analysis. This material is available free of charge via the Internet
at http://pubs.acs.org.

Figure 6. Formation of salt bridges involving the N-terminus of the
nascent protein. (A) Representative configurations associated with salt
bridges that are observed in the insertion trajectories. The SP is shown
in blue, with its Arg residue shown in the space-filling representation.
The translocon is shown in white ribbon, with the two LG helices in
green. The negatively charged residues on the translocon are shown in
yellow, and the lipid head groups are shown in orange and red. (B)
The time-evolution of the salt bridges formed during trajectories T2
(red) and T3 (blue).
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