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Atomistic simulations
All atomistic simulations were implemented within the TCL
scripting protocol of the NAMD package (1).

All simulations were performed on the Sec channel from
the archaeal Methanococcus jannaschii species, for which a
high resolution crystal structure of has been reported (2).
The molecular dynamics (MD) protocol that we employ fol-
lows that of Gumbart and Schulten (3). The channel was
simulated in an explicit membrane composed of 254 palmi-
toyloleoylphosphatidylcholine (POPC) lipid molecules and an
explicit solvent of 24296 rigid water molecules. Interactions
were described using the CHARMM27 force field (4), includ-
ing the TIP3P model for the water molecules. Counter-ions
(Na+ and Cl−) were included to achieve electroneutrality and
a salt concentration of approximately 50 mM (see Fig. S1).
The protonation state of the histidine residues was chosen to
be neutral. The initial system contains 115402 atoms in a
simulation cell of size 110 Å× 110 Å× 100 Å. The system was
described using orthorhombic periodic boundary conditions.
Long-range electrostatics were calculated using the particle
mesh Ewald (PME) technique (5). From the initial configura-
tion of the system with the translocon in its crystal structure
geometry, the system was equilibrated for production runs.
This equilibration involved a 2000-step minimization, followed
by a 0.5 ns NVT simulation with harmonic restraints (k = 2.0

kcal mol−1Å
−2

) applied to all atoms except the lipid tails,
followed by a 1 ns NPT simulation with harmonic restraints
applied only to the protein backbone, followed by a 3.5 ns
NPT simulation with no restraints.

Production runs were performed in the NPT ensemble,
with Langevin dynamics (damping coeffient 5 ps−1) to keep
the system at 300 K and with Nose-Hoover Langevin barostat
(damping period 200 fs, damping time 100 fs) (6, 7) to main-
tain the pressure at 1 atm. The dynamics were integrated
using a multiple-time-stepping approach (8), in which a 1 fs
timestep was used for bonded interactions, a 2 fs timestep
was used for short-range non-bonded interactions, and a 4
fs timestep was used for long-range electrostatic interactions.
Short-range interactions were truncated at a distance of 12
Å, using a smoothing function in the range of distances from
10-12 Å.

Coarse-grained simulations
All CG simulations were implemented within the TCL script-
ing protocol of the NAMD package (1).

We employ a coarse-grained (CG) representation that
combines the MARTINI coarse-graining algorithm for the
lipid molecules, water molecules, and ions (9) and the residue-
based coarse-graining scheme of Shih et al. for the amino-acid
residues (10). The CG system was initialized by positioning
the CG particles for the amino acid residues and the lipid
molecules at the center-of-mass of the corresponding moieties
in the atomistic model. The system was then solvated with
CG particles representing water molecules and the counter-
ions. The ion number and type were set to be the same as
in the corresponding atomistic system. The final CG system
contained a total of 9882 particles. All CG simulations were
run in the NPT ensemble, with Langevin dynamics (damping

coefficient 5 ps−1) to keep the system at 323 K and Langevin
piston (damping period 5 ps, damping time 2.5 ps) to main-
tain the pressure to 1 atm. A temperature of 323 K, rather
than 300 K, was used because CG simulations at the higher
temperature were found to better reproduce all-atom simula-
tions of the lipid structure at 300 K (9,10).

From the initialized configuration, the system was relaxed
in preparation for production runs. A 5000-step minimization
was first performed with the protein backbone and lipid heads

harmonically restrained (k = 1.0 kcal mol−1Å
−2

). Then,
a 5 ns CG MD simulation run was performed with a 5 fs
timestep and with the protein backbone and the lipid heads

harmonically restrained (k = 1.0 kcal mol−1Å
−2

and 0.2 kcal

mol−1Å
−2

, respectively). Finally, the whole system was re-
leased to relax along a 10 ns long trajectory with a 10 fs
timestep. All other CG simulations were also performed us-
ing a 10 fs timestep.

Collective variables
Detailed definitions and illustrations for all collective variables
employed in the paper are presented here. In general, if an
α-carbon is used to define a collective variable in the atomistic
representation, then the corresponding backbone CG particle
is used in the CG representation.

Lateral gate distance.The lateral gate (LG) distance, dLG,
is defined as the distance of minimum approach between the
line of least-squares fitting for the α-carbons of residues in the
TM2b helix (residues Ile75, Gly76, Val79, Thr80, Ile84, Leu87,
Ser91, Gly92 in the α-subunit) and the corresponding fitting
line for residues in the TM7 helix (residues Ile257, Pro258,
Ile260, Leu261, Ala264, Leu265, Asn268, Leu271, Trp272, Ala275,
Leu276, Arg278 in the α-subunit).

An illustrated explanation of dLG is provided in Fig. S2.
In Fig. S2A, the residues shown in blue correspond TM2b he-
lix, and residues shown in red correspond to the TM7 helix. In
Fig. S2B, the blue line corresponds to h1, the least-squares-fit
line through the α-carbons of the residues used to define the
TM2b helix; the red line corresponds to h2, the least-squares-
fit line through the α-carbons of the residues used to define
the TM7 helix. In Fig. S2C, the green segment corresponds
to dLG, the distance of minimum approach between lines h1

and h2; this distance is calculated using

dLG = |r12 + µe2 − λe1| , (r12 = r2 − r1), [1]

where

λ = [r12 · e1 − (r12 · e2)(e1 · e2)] / [1− (e1 · e2)2], and
µ = −[r12 · e2 − (r12 · e1)(e1 · e2)] / [1− (e1 · e2)2].

[2]
Here, r1 is an arbitrary point on h1 and e1 is the unit vector
that is parallel to h1; r2 and e2 are similarly defined.

Pore-plug distance. The pore-plug (PP) distance, dPP, is de-
fined as the distance between the center-of-mass of the α-
carbons for the residues that comprise the isoleucine ring of
the channel (Ile75, Val79, Ile170, Ile174, Ile260, and Leu406 in
the α-subunit) and the center-of-mass of the α-carbons for the
residues of the plug domain (Ile55-Ser65 in the α-subunit).
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An illustrated explanation of dPP is provided in Fig. S3.
In Fig. S3A, the residues shown in blue correspond to the pore
of the channel, and the residues shown in red correspond to
the plug moiety. In Fig. S3B, the blue bead, p1, corresponds
to the center-of-mass of the α-carbons that define the chan-
nel pore; the red bead, p2, corresponds to the center-of-mass
of the α-carbons that define the channel plug. In Fig. S3C,
the green segment corresponds to dPP, the distance between
points p1 and p2.

Plug-peptide orientation parameter. The plug-peptide orien-
tation parameter, θ, is defined to be the angle between a vector
v1 that points from the peptide substrate to the plug moiety
and a vector v2 that points outward from the the opening of
the LG. If cos(θ) > 0, then the plug is between peptide and
the LG, as is shown for the snapshot of the hydrophilic pep-
tide in Fig. 6A of the main text. For cos(θ) < 0 corresponds
to the reversed orientation in which the peptide is between
the plug and the LG.

An illustrated explanation of θ is provided in Fig. S4. Fig.
S4A shows the two LG helices (TM2b and TM7) in green
and the rest of the channel in gray. The TM2b helix is de-
fined in terms of the residues Ile75-Gly92 in the α-subunit of
the translocon, and the TM7 helix is defined in terms of the
residues Ile257-Arg278 in the α-subunit of the translocon. Fig.
S4B shows the lines h1 and h2, which are the least-squares
fits through the α-carbons of the residues that compose the
helix TM2b and TM7, respectively. Fig. S4C introduces the
vector n1 = h1×h2 (red), and Fig. S4D shows n2 (blue) which
is aligned with the z-axis of the simulation cell (and is per-
pendicular to the plane of the lipid bilayer). Together, the
vectors n1 and n2 define the plane of the LG that separates
the channel interior and the membrane exterior. Finally, Fig.
S4E shows v2 = n1 × n2 (green), which is the vector that
points outward from the opening of the LG.

In Fig. S4F, the residues shown in orange, referred to as
the “lower residues” of the peptide substrate, are determined
as follows. For any configuration of the system, we consider
the Cartesian coordinates for the α-carbons of the peptide
substrate; the lower residues are defined to be those 15 sub-
strate residues with the lowest values of the Cartesian coordi-
nate along the z-axis. The residues shown in red correspond
to the translocon plug moiety (Ile55-Ser65 in the α-subunit).
In Fig. S4G, the orange bead, p2, is the center-of-mass for the
15 α-carbons from the lower residues; the red bead, p3, is the
center-of-mass of the α-carbons for the plug moiety. In Fig.
S4H, the arrow v1 (yellow) connects p2 and p3, pointing from
the peptide substrate to the plug moiety. We then obtain

cos(θ) =
v1 · v2
|v1||v2|

. [3]

Lateral gate surface area. The LG surface area is illustrated
in Fig. S5 and is calculated as follows. The z-axis is first uni-
formly discretized at a resolution of ∆z between the bottom,
z0, and top, zN , of the lipid bilayer; z0 and zN are defined
in terms of the centers-of-mass for the lipid head groups of
each leaf of the bilayer. For each discretized value along the
z-axis, zj , there is a corresponding slab that is parallel to the
xy-plane, that is of thickness ∆z, and that is centered around
zj .

The width of the LG opening for each slab is determined
by considering the backbone CG particles within the zj slab
of the simulation cell and within two particular subsets of
the translocon residues. The first subset, shown in red in
Fig. S5A, includes residues in TM7-9 (Lys250-Gly400 in the α-
subunit). If cos(θ) < 0, the second subset, shown in green in

Fig. S5A, includes residues Met70 to Ile160 in the α-subunit. If
cos(θ) > 0, the second subset, shown in both green and yellow
in Fig. S5A, includes residues Leu40 to Ile160 in the α-subunit.
The width of the LG opening width for a given slab, wj , is
defined as the minimum distance from any CG particle in the
first subset to any particle in the second subset; this definition
accounts for the effect of the plug-substrate orientation on the
LG surface area.

The LG surface area is finally obtained from the sumPN
j=1 wj∆z, where N = 20. This is illustrated in Figs. S5B

and C.

Initializing the peptide substrate
The hydrophobic (Leu30) and hydrophilic (Gln30) peptides
were initialized as idealized α-helices with all-atom resolution
using PyMOL (11). The idealized α-helices for both pep-
tides were built with Ramachandran angles of (φ = −60◦,
ψ = −45◦). Simulations including the peptide substrate were
initialized by inserting the idealized α-helix into a configura-
tion for the channel with the plug displaced (i.e., a configu-
ration of the translocon with dPP = 20 Å and dLG = 6 Å
that was drawn from the restrained MD simulations used to
calculate Fig. 3A in the text). The helix was positioned in the
channel by aligning it with the z-axis of the simulations cell
(perpendicular to the lipid bilayer) and placing the center-
of-mass of the helix at the same position as the center-of-
mass of the channel pore residues (Ile75, Val79, Ile170, Ile174,
Ile260, and Leu406 in the α-subunit). Having initialized the
channel-substrate system with full atomistic resolution, the
system was mapped onto the coarse-grained representation as
described in the SI Text: “Coarse-grained simulations” and
then equilibrated for 700-800 ns. As is discussed in the text,
the centers-of-mass for the backbone CG particles of the sub-
strate and the channel pore residues were tethered to each

other with a weak harmonic restraint of 0.5 kcal mol−1Å
−2

to
allow for arbitrary long simulations without the possibility of
peptide diffusion out of the channel.

The long (over 700 ns) equilibration timescale for these
simulations allows for extensive sampling of the peptide and
translocon configuration space, such that the calculated free
energy profiles are not dependent on the details of the ini-
tialization protocol described above. The slowest relaxation
timescale that was found during equilibration corresponds to
the relative orientation of the plug residue and the peptide
substrate. This point is illustrated in Fig. S6, in which the
plug-peptide orientation parameter is plotted as a function of
the simulation time for the sampling trajectories. In part A,
it is seen that the trajectories with the hydrophobic substrate
relax relatively quickly (within about 400 ns) with respect to
the initial orientation of the substrate and the plug. However,
for many of the trajectories with the hydrophilic substrate
(part B), the initial configuration appears to be a metastable
conformation that eventually relaxes on a longer timescale.
For the trajectories for which the LG distance is restrained to
d◦LG/Å = 9, 9.5, 10, 11, 13, and 15, it was found that that
the plug moiety and peptide substrate undergo an abrupt, ki-
netically frustrated reorientation on the timescale of hundreds
of nanoseconds. Recognizing this clear tendency for reorien-
tation, the d◦LG/Å = 12 trajectory was reinitialized from the
d◦LG/Å = 11 trajectory at 600 ns, and the d◦LG/Å = 14 trajec-
tory was reinitialized from the d◦LG/Å = 13 trajectory at 800
ns. This initially frustrated reorientation seems to be ther-
modynamically favorable for the hydrophilic substrate, since
reorientation in the reverse direction was never observed.
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Finally, we emphasize that the definition of the free energy
profiles reported in Figs. 4 and 7 in the main text make no
assumptions about the configuration of the peptide within the
channel. The error bars in these plots, obtained from 160 ns
block-averages of the production data, and the trajectories in
Fig. S6 suggest that the thermal distribution of configurations
has been thoroughly sampled. However, as in any molecular
simulation of a complex system, it is possible that 1.5+ µs
trajectories are not adequate to discover all thermodynami-
cally dominant configuration of the system; at the very least,
the calculations reported in Figs. 4 and 7 offer a meaningful
characterization of long-lived basins of stability.

Side-chain transfer free energies for the CG residues
A measure of the accuracy of the residue-based CG models is
obtained by considering the hydrocarbon/water transfer free
energies for the amino acid residues. Recent simulation stud-
ies have demonstrated that the MARTINI (12) and the San-
som (13) residue-based coarse-graining methods, which are
closely related to the CG potential employed here (10), give
rise to side-chain transfer free energies that exhibit strong cor-
relation and reasonable absolute agreement with experimental
results. For the CG potential employed in the current study
(10), we have also calculated the transfer free energies for all
of the amino acid side-chains.

The transfer free energies for CG amino acid side-chains
is obtained from the difference of the side-chain solvation free
energies (∆G) in water and in non-polar solvent. Each solva-
tion free energy is calculated using the free energy perturba-
tion formula (14).

∆Gsolv = −kBT

NX
i=1

ln
D
e−β[H(x,p;λi+1)−H(x,p;λi)]

E
i
, [4]

where

H(x,p;λ) = λHsolv(x,p) + (1− λ)Hvac(x,p), [5]

and where the angle brackets correspond to the ensemble aver-
age for the system with Hamiltonian H(x,p;λi). The classical
Hamiltonians for the system with and without interactions be-
tween the solvent and the side-chain are given by Hsolv and
Hvac, respectively. We employed the NAMD implementation
of this method.

Each solvation free energy was obtained from N = 20
ensemble averages of a system containing 1878 CG sol-
vent molecules and one CG side-chain particle, with λi =
{0, 0.00001, 0.0001, 0.001, 0.05, 0.10, 0.15, . . . , 0.85, 0.90, 0.95,
0.99, 0.999, 0.9999, 0.99999}; the additional values of λi in the
limits approaching λ→ 0 or 1 were included to avoid numer-
ical instabilities. Each ensemble average was calculated from
a 2 ns MD trajectory at constant temperature (300 K) and
constant pressure (1 atm) with a timestep 40 fs. The first
40 ps of the trajectory was discarded as equilibration. The
potential energy parameters for the non-polar solvent parti-
cles are the same as those for the CG particles in saturated
lipid tails (i.e., the hydrophobic-apolar CG particle type). It
was confirmed that the calculated free energies are converged
with respect to equilibration time, the MD timestep, and the
number of discretizations in λ.

The results for the transfer free energies of the amino-acid
side-chains in the CG model are presented in Fig. S7. The sta-
tistical error for the simulations was typically of the size of the
plotted symbols. The experimental results correspond to cy-
clohexane/water side-chain transfer free energies (15). Com-
parison of these results reveals reasonable correlation between

the CG model and the experimental results. With regard to
the amino acid residues that form the peptide substrates in
our simulations, the Leu transfer free energies are within 1
kcal mol−1 of the experimental results, whereas the CG model
underestimates the hydrophilicity of the Gln residues by ap-
proximately 2 kcal mol−1. Although there is much room to
improve the CG model, the accuracy suggested in Fig. S7 is
not inconsistent with the level of accuracy observed in fully
atomistic models. In particular, precise atomistic simulations
have demonstrated that the choice of all-atom water potential
leads to deviations of up to 1.5 kcal mol−1 in amino acid side-
chain solvation free energies (16), and the choice of molecular
mechanics force field for the amino acid changes the calculated
solvation free energy by over 1 kcal mol−1 in many cases (17).
The calculations presented in Fig. S7, along with the com-
parison between the atomistic and CG free energy profiles in
Figs. 3 and S8, suggest that the CG potentials employed in
this study form a reasonable basis for the qualitative interpre-
tation of the simulation results.

For other tests reported in the SI, it is useful to have a
CG side-chain particle that is of intermediate hydrophobicity
with respect to the Leu and Gln residues. We developed such
a side-chain particle with the same potential energy functional
form as the other CG side-chain particles (10). The interac-
tion parameters for this “Int” CG side-chain particle are pre-
sented in Table S1, and the corresponding transfer free energy
is reported as the red diamond in Fig. S7.

Scaffolding contribution to the free energy profile
Fig. 3 in the main text presents the free energy profile for
the translocon as a function of dLG and dPP. Here, in Fig.
S8A, these results are re-plotted with error estimates. The
red/yellow-shaded surface corresponds to the atomistic free
energy profile, and the blue/orange-shaded surface below it
corresponds to the CG free energy profile. The error bars
correspond to the standard deviation of the mean free energy
profile obtained from the five block averages of the simulation
data.

To investigate the impact of the scaffolding interactions
on the calculated CG free energy profile, it was re-calculated
for the CG model without scaffolding. Following the same
protocol as was used to obtain Fig. 3B, an additional set
of 80 CG MD sampling trajectories was performed without
scaffolding interactions, each of which was of length 20 ns
and was harmonically restrained for the collective variables
dLG/Å ∈ [6, 13] and dPP/Å ∈ [11, 21]. Using the WHAM
algorithm, the free energy profile without scaffolding was con-
structed and is plotted as the grey surface in Fig. S8A. All
three profiles are vertically shifted to have a minimum at 0
kcal mol−1. Comparison of the CG free energy profiles with
and without scaffolding in Fig. S8A indicates that the features
of the CG profile are not dramatically altered by the inclusion
of the scaffolding interactions.

For a more detailed comparison, the difference between the
free energy profiles for the CG model with and without scaf-
folding is plotted in Fig. S8B, and the statistical uncertainty of
this difference is plotted in 8C. The difference between the CG
free energy profiles appears to be more sensitive to changes
in dPP than dLG, and for most of the domain, the difference
between the CG surfaces does not exceed the statistical un-
certainty by more that 5 kcal mol−1. These results indicate
that the scaffolding interactions do give rise to some changes
in the calculated CG free energy profile, although the differ-
ences are relatively small in comparison to the other features
on the surface.
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Free-Energy Surface Cross-Sections
Figure S9 presents free-energy profiles as a function of the
LG coordinate for fixed values of the pore-plug distance. The
red curve in part (B) corresponds to the cross-section of the
free-energy profile at 12 Å that is indicated by the red band
in part (A). The blue curve in part (B) is similarly obtained
from the cross-section at 19 Å. The curves in part (B) are
vertically shifted to be 0 kcal mol−1 at their minimum.

Additional trajectories
Trajectories without scaffolding. To confirm that the closing
of the Sec translocon with the hydrophilic peptide inside is not
an artifact of the scaffolding interactions, we performed addi-
tional CG MD trajectories without scaffolding for the translo-
con initialized from open configurations (dLG = 14 Å) of the
LG. For both the hydrophobic substrate and the hydrophilic
substrate, three independent trajectories of length 500 ns are
presented in Fig. S10; as in Fig. 5, the initial configurations
for the trajectories were drawn from the substrate-containing
trajectories with scaffolding that were restrained with respect
to dLG.

The results in Fig. S10 are broadly consistent with simu-
lations that include scaffolding in Fig. 5. For the trajectories
with the hydrophilic substrate, the initially open LG distance
closes during the simulation (Fig. S10A) to the same extent
that was seen in Fig. 5. Furthermore, the LG surface area for
the hydrophilic trajectories trend downwards over the simu-
lated timescale, although to varying degrees, and the substrate
is found to remain within the translocon channel.

The trajectories with the hydrophobic substrate show a
greater range of behavior. In one case (royal blue), the ini-
tially open LG remains fully open over the course of the sim-
ulation, as was seen in Fig. 5. In a second case (dark blue),
the hydrophobic peptide exits the channel, and the LG dis-
tance closes behind it in such a way that the LG surface area
remains relatively large. In a third case (light blue), the pep-
tide partially exits the channel, and the LG surface area closes
in such a way that the LG distance remains relatively large.
In interpreting these results for the hydrophobic substrate, it
must be remembered that the CG model without scaffolding
does not fully preserve structural features of the translocon
on these long timescales (Fig. 2C and Fig. S11); it is possible
that unphysical distortions in the channel are facilitating the
exit of the substrate.

Trajectories with substrate of intermediate hydrophobicity.
The trajectories presented in Fig. 5 in the main text illustrate
the metastability of the translocon in the presence of strongly
hydrophobic and strongly hydrophilic substrates. Here, we
explore the metastability of the translocon with a peptide
substrate of intermediate hydrophobicity. Six CG MD tra-
jectories of length 500 ns were performed with the substrate
Int30, a linear peptide composed of 30 CG amino acids with
side-chains that exhibit a transfer free energy between that of
the Leu and Gln residues (see SI Text: “Side-chain transfer
free energies for the CG residues,” Fig. S7, and Table S1).
As in Fig. 5, scaffolding interactions for the translocon were
employed.

Fig. S12 presents the CG MD trajectories performed with
the Int30 substrate. These additional trajectories were ini-
tialized from the same configurations as the six trajectories
reported in Fig. 5 (which include closed, partially open, and
fully open configurations for the LG). The color scheme in
Fig. S12 identifies which of the additional trajectories shares
the same initial configuration as a given trajectory in Fig. 5.

Fig. S12 indicates that the Int30 substrate supports both
the metastable open and closed configurations of the translo-

con LG. For the two trajectories that are initialized with
dLG = 6 Å, this distance remains relatively unchanged over
the course of the simulations and the LG surface remains
closed in the range of 400-450 Å2. Similarly, for the two tra-
jectories that are initialized with dLG = 15 Å, this distance re-
mains relatively unchanged over the course of the simulations,
but the LG surface areas relaxes into the range of 600-650 Å2

that is sufficiently open to allow for large substrate exposure
to the membrane (Fig. 5C).

Of the two trajectories that were initialized from the par-
tially open LG (dLG = 11 Å), one (plotted in blue) exhibits LG
surface area values in the open range (600-650 Å2), whereas
the other (plotted in red) exhibits LG surface area values in
the closed range (400-450 Å2). After 500 ns of simulation
time, all six of the trajectories in Fig. S12 exhibit LG surface
areas either in the range of 400-450 Å2 or in the range of 600-
650 Å2, although the LG distance seems to relax on a slower
timescale. Consistent with Fig. 5, the trajectories in Fig. S12
suggest that even in the presence of a substrate of interme-
diate hydrophobicity, the LG surface area exhibits two-state
behavior with respect to opening and closing of the LG.

Mutations in the translocon pore residues
Here, we explore how mutations in the translocon pore
residues alter the free energy cost for opening the LG. These
pore residues have been demonstrated to have significant im-
pact on the functioning of the Sec translocon (2, 18). In a
first set of calculations, we replace the six amino acid residues
that comprise the hydrophobic translcon pore moiety (Ile75,
Val79, Ile170, Ile174, Ile260, and Leu406 in the α-subunit) with
either six hydrophilic (Gln) residues or six intermediate (Int)
residues, and we calculate the corresponding changes in the
free energy profiles in Fig. 7. (For a discussion of the Int
residues, see SI Text: “Side-chain transfer free energies for
the CG residues,” Fig. S7, and Table S1.) The mutated free
energy profiles are calculated from the simulation data used
to construct Fig. 7, using

Fmut(ALG) = −kBT ln Pmut(ALG) [6]

where

Pmut(ALG) ∝ 〈δ(ALG −ALG(x))e−(Umut(x)−Uwt(x))/(kBT )〉Uwt ,
[7]

ALG(x) is the LG surface area as a function of the positions
x of the CG particles, Uwt(x) is the potential energy surface
for the wild-type system, and Umut(x) is the potential en-
ergy surface for the mutated system (21). The angle brackets
indicate thermal averaging on the wild-type potential energy
surface. The free energy surfaces for the wild-type and mutant
translocons are plotted in Fig. S13. Although the variance of
the exponential term in Eq. 7 leads to diminished statisti-
cal certainty in the free energy profiles for the mutants, clear
trends seem to emerge.

Figs. S13A and B illustrate the effect of hydrophobicity of
the pore residue side-chains. Part A shows the results for the
translocon with the hydrophobic substrate, and part B shows
the results for the hydrophilic substrate. For the case of the
hydrophobic substrate, making the pore more hydrophilic fa-
vors the open LG. This trend can be easily understood in
terms of the preference of the hydrophobic substrate for the
membrane environment over the increasingly hydrophilic en-
vironment of the mutated translocon channel. However, part
B shows that for the case of the hydrophilic substrate, the
changes are less dramatic. Indeed, over the range of 400-600
Å2 for the surface area, which we find to be the range of LG
opening in our MD trajectories, there is very little difference
in the free energy profiles for the hydrophilic substrate.
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We can use a similar analysis to study the effect of the
pore-residue bulkiness. We consider two translocon mutants
in which all six hydrophobic pore residues are replaced with
CG particles for which the Lennard-Jones radius for the CG
side-chain particle is either increased by 5% or decreased by
10%, and the free energy profiles are re-calculated using Eqs.
6 and 7. Fig. S13C shows the resulting profiles for the translo-
con with the hydrophobic substrate, and Fig. S13D shows the
resulting profiles for the hydrophilic substrate. Fig. S13C sug-
gests that increasing the bulkiness of the pore residues leads
to the relative stabilization of the open LG. Physically, this
is reasonable. With the bulkier pore residues, less room is
available inside the channel, which favors the open configura-
tions of the LG in which the hydrophobic substrate partially
extends into the membrane (see Fig. 6B in main text). Fig.
S13C suggests that the bulkiness of the pore residue side-
chains does not significantly change the free energy profile in
the range of 400-600 Å2 for the surface area. This can be ra-
tionalized by observing that since the hydrophilic substrate is
tucked behind the plug residue (Fig. 6A), the opening of the
LG does not relieve the confined environment of the substrate.

The simulations presented in Figs. S13 indicate that the
employed CG model is sensitive to the molecular details of
the translocon system.

Alternative collective variable definitions
To investigate the robustness of our results with respect to the
definitions of the LG distance and LG surface area collective
variables, we have modified those definitions and recalculated
the free energy profiles in Figs. 4 and 7 in the main text. The
new free energy profiles, which are presented in Fig. S14, are
extracted from the simulation data for the translocon with the
the peptide substrate using the WHAM algorithm.

Lateral gate distance.As is described in the SI Text: “Col-
lective variables”, Fig. 4 is calculated using a definition for
the LG distance that employs least-squares-fit lines to the
backbone CG particles of residues in the TM2b helix and in
the TM7 helix. In this original definition, the line h1 is fit to
residues Ile75, Gly76, Val79, Thr80, Ile84, Leu87, Ser91, Gly92 in
the α-subunit, and the line h2 is fit to residues Ile257, Pro258,

Ile260, Leu261, Ala264, Leu265, Asn268, Leu271, Trp272, Ala275,
Leu276, Arg278 in the α-subunit. In Fig. S14A, we demon-
strate how the calculated free energy profile changes upon
increasing the number of residues used in these least-squares
fits. Specifically, we change the definition of h1 to be the least-
squares-fit line to the backbone CG particles in all residues of
TM2b (Ile75 - Gly92 in the α-subunit), and we change the def-
inition of h2 to be the least-squares-fit line to the backbone
CG particles in all residues of TM7 (le257 - Arg278 in the α-
subunit). To facilitate a direct comparison between the two
definitions, the x-axis of the free energy profiles using the new
LG distance definition (light blue and light red) are shifted
to the left (smaller values) by a constant value of 1.9 Å. It is
clear from the figure that aside from the constant shift, the
results are essentially unchanged.

Lateral gate surface area. As is described in the SI Text: “Col-
lective variables”, Fig. 7 is calculated using a definition for
the LG surface area that includes only the backbone CG par-
ticles. Here, we use the same method for calculating the LG
surface area, except that we also include the side-chain CG
particles. The resulting calculation the free energy profile is
presented in Fig. S14B. The x-axis of the free energy profiles
using the new LG surface area definition (light blue and light
red) are shifted to the right (larger values) by a constant value
of 140 Å2. Again, the results are changed very little with re-
spect to the statistical certainty.

It is interesting to note that for the system with the hy-
drophobic substrate, there is a more pronounced barrier in
the free energy profile calculated with the new definition of
the LG surface area (Fig. S14B). This could be related to the
observed metastability of the closed state of the translocon in
the presence of the hydrophobic substrate (Figs. 5 and S12).
Metastability requires that in some kinetically relevant coordi-
nate (which might or might not be the LG surface area), there
exists a barrier that is large in comparison to kBT . The ap-
pearance of such a barrier in the free energy profile for the new
LG surface area might indicate that the new definition better
describes the kinetic bottleneck for LG opening. Naturally,
a complete investigation (22) of the dynamics of LG opening
and membrane insertion is needed to solidify this conclusion.
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Table S 1. Potential energy parameters for the interac-
tion of the particle of intermediate hydrophobicity with
the other CG particle types.

CG Particle CG Particle Lennard-Jones Lennard-Jones
Type Type∗ Energy-scale, ε Length-scale,† Rmin

(kcal mol−1) (Å)

Int C -0.621 5.300
Int Nx -0.812 5.300
Int No -0.813 5.300
Int Nd -0.812 5.300
Int Na -0.812 5.300
Int Qx -0.812 5.300
Int Qo -0.621 5.300
Int Qd -0.717 5.300
Int Qa -0.717 5.300
Int P -0.717 5.300
Int Nxx -0.812 5.300
Int Nxg -0.812 5.300
Int Ca -0.621 5.300
Int Qdr -0.717 5.300
Int Nxn -0.812 5.300
Int Qad -0.717 5.300
Int Pc -0.717 5.300
Int Nxq -1.195 5.300
Int Qae -0.717 5.300
Int Ph -0.717 5.300
Int Qdh -0.717 5.300
Int Ci -0.621 5.300
Int Int -1.195 5.300
Int Cl -0.621 5.300
Int Qdk -0.717 5.300
Int Cm -0.621 5.300
Int Cf -0.621 5.300
Int Cp -0.621 5.300
Int Ps -0.717 5.300
Int Pt -0.717 5.300
Int Cw -0.621 5.300
Int Nxy -0.812 5.300
Int Cv -0.621 5.300
Int Nap -0.812 5.300
Int CDB -0.621 5.300
∗CG particle-type names are consistent with Ref. (10).

†Rmin is related to the usual Lennard-Jones lengthscale via Rmin = σ21/6.
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Fig. S 1. Snapshots of the all-atom (top) and coarse-grained (bottom) simulation systems.
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Fig. S 2. The LG distance collective variable. (A) Residues forming the two LG helices: TM2b (blue), and TM7 (red). (B) Least-squares-fit lines for each helix. (C) The

minimum distance (green) between the two fit lines.

Fig. S 3. The pore-plug distance collective variable. (A) Residues forming the pore (blue) and plug (red). (B) The center-of-mass of the pore residues (dark blue bead),

and the center-of-mass of the plug residues (dark red bead). (C) The center-of-mass distance between the pore and the plug (green line)
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Fig. S 4. The plug orientation order parameter. (A) Residues forming the two LG helices. (B) The least-square fit lines for the TM2b and TM7 helices, h1 and h2,

respectively. (C) The vector n1 = h1×h2 (red). (D) The vector n2 that is aligned with the z-axis of the simulation cell (blue). (E) Vector v2 = n1×n2 pointing outward

from the opening of the LG (green). (F) Residues forming the lower half the peptide substrate (orange), and residues forming the plug moiety (red). (G) Centers-of-mass for

the lower peptide residues (orange bead) and the plug residues (red bead). (H) The vector v1 pointing from the peptide substrate to the plug moiety (yellow). (I) Combined

figure showing the relative direction of the v1 and v2 vectors, which define the plug-peptide orientation parameter (Eq. 3).
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Fig. S 5. Illustration of the LG surface area. (A) TM7-9 (Lys250-Gly400 in the in the α-subunit) are shown in red, TM2b-4 (Met70 to Ile160 in the α-subunit) are shown

in green, and the plug moiety (Leu40 to Met70 in the α-subunit) is shown in yellow. (B) The width of the LG opening at various points along the z-axis. (C) The surface

area is obtained by integrating the width of the LG opening over the z-axis, as is described in the text.
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Fig. S 6. The CG MD sampling trajectories for the translocon in the presence of (A) the hydrophobic substrate and (B) the hydrophilic substrate, plotted as a function of

the plug-peptide orientation parameter. Each trajectory is restrained to a different value for the LG distance, indicated by color. All curves correspond to 10 ns rolling averages

of the simulation data. See text for details.
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Fig. S 7. Correlation plot between the oil/water transfer free energies for the amino-acid side chains obtained experimentally and from the CG simulations. The red diamond

indicates the transfer free energy for an additional CG side-chain particle of intermediate hydrophobicity. Details in text.
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Fig. S 8. Free energy profiles for the translocon as a function of the LG and PP distances, calculated using the atomistic potential (A, red/yellow-shaded) the CG potential

with scaffolding (A, blue/orange-shaded), and the CG potential without scaffolding (A, grey). (B) The difference between the free energy profiles obtained using the CG

potential with and without scaffolding. (C) The statistical uncertainty in this difference. All energies in kcal mol−1.
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Fig. S 9. Free-energy profiles as a function of the LG coordinate for fixed values of the pore-plug distance. The red curve in part (B) corresponds to the cross-section of

the free-energy profile at 12 Å that is indicated by the red band in part (A). The blue curve in part (B) is similarly obtained from the cross-section at 19 Å. The curves in part

(B) are vertically shifted to be 0 kcal mol−1 at their minimum.
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Fig. S 10. CG MD trajectories without scaffolding for the translocon containing either the hydrophobic (blue-shaded) or hydrophilic (red-shaded) substate are initialized

from open configurations of the LG. Three independent trajectories for each substrate are performed. (A) The LG distance dLG for the trajectories is plotted as a function of

simulation time. (B) The LG surface area for the trajectories is plotted as a function of simulation time. The lines indicate 1 ns rolling averages. Also shown are snapshots

from the two trajectories in which the hydrophobic substrate partially exits from the channel; the substrate is indicated in yellow, the LG helices are indicated in green, and the

plug moiety is indicated in red.
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Fig. S 11. CG trajectories with scaffolding (red) and without scaffolding (blue) are plotted as a function of several collective variables. The data for the radius of gyration

(RoG) and the backbone RMS displacement are the same as in Fig. 2C. Heavier lines indicate 1 ns rolling averages.
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Fig. S 12. CG MD trajectories for the translocon with a substrate of intermediate hydrophobicity, plotted as a function of (A) LG distance and (B) LG surface area. These

trajectories are initialized from the same configurations as the six trajectories reported in Fig. 5 (main text), and the color scheme identifies which of the trajectories shares the

same initial configuration as a given trajectory in Fig. 5. The lines indicate 1 ns rolling averages.
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Fig. S 13. Mutations in the translocon pore residues alter the free energy profiles in Fig. 7 of the main text. (A) and (B) The dependence of the free energy profiles on

the pore residue hydrophobicity for the translocon with (A) hydrophobic and (B) hydrophilic substrate. (C) and (D) The dependence of the free energy profiles on the pore

residue bulkiness for the translocon with (C) hydrophobic and (D) hydrophilic substrate. See text for details.
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Fig. S 14. Robustness tests for the definition of (A) the LG distance collective variable and (B) the LG surface area collective variable. The dark curves are reproduced

from Fig. 7 in the main text. The lighter curves use alternative definitions for the collective variables, described in the text.
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