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Abstract
During their synthesis many water-soluble proteins and nearly all membrane proteins transit
through a protein-conducting channel in the membrane, the Sec translocon, from where they are
inserted into the lipid bilayer. Increasing evidence indicates that folding of the nascent protein
begins already within the ribosomal exit tunnel in a sequence- and environment-dependent
fashion. To examine the effects of the translocon on the nascent-chain folding, we have calculated
the potential of mean force for α-helix formation of a 10-alanine oligopeptide as a function of its
position within the translocon channel. We find that the predominant conformational states, α-
helical and extended, reflect those found for the peptide in water. However, the translocon, via its
surface properties and its variable diameter, shifts the equilibrium in favor of the α-helical state.
Thus we suggest that the translocon facilitates not only the insertion of membrane proteins into the
bilayer but also their folding.

Introduction
Proteins are synthesized by the ribosome initially as linear chains of amino acids, beginning
at the peptidyl transferase center (PTC) deep within the ribosome and extending through its
100-Å-long exit tunnel to the surface1. This tunnel is largely cylindrical with a diameter
ranging from 10 to 20 Å2 and, although originally presumed to be inert, many studies now
suggest it plays an active role during protein synthesis3. For example, peptides that induce
translational arrest, e.g., TnaC, proceed via specific interactions with the walls of the exit
tunnel4,5. Furthermore, the activity of macrolides, a broad class of antibiotics that interfere
with nascent-chain progression, can be modulated by altering their interaction with the exit
tunnel6.

The ribosomal exit tunnel also plays a role in nascent protein folding. Numerous studies
have demonstrated that the tunnel permits modest folding of the nascent chain into a
secondary structure7–14 and possibly even some tertiary structure15,16. Recent cryo-electron
microscopy maps display α-helical segments within a nascent chain inside the exit
tunnel17,18. The exit tunnel can actively modulate folding as well; experiments using 5- and
10-residue poly-alanine (polyAla) indicate that specific zones inside the tunnel lower the
free energy of the folded state by up to 1.1 kcal/mol10.

Upon exit of their first few residues, the signaling element, from the ribosome, nascent
proteins destined for secretion or the membrane interact with the signal recognition
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particle19, which recruits a protein-conducting channel, the Sec translocon. The translocon,
also known as the SecY and Sec61 complex in bacteria and eukaryotes, respectively, brings
about the insertion of nascent membrane proteins into the lipid bilayer or the translocation of
secreted proteins across it20–22. Transfer of the nascent chain to the channel is accomplished
by docking of the ribosome to the translocon, which, despite inserting its two cytoplasmic
loops into the exit tunnel, does not interfere with the extrusion of the nascent chain23–26. The
translocon forms an hourglass-shaped channel with each half, cytoplasmic and periplasmic,
tapering to a constrictive hydrophobic pore ring at its center (see Fig. 1)27,28. The ribosome-
translocon system, thus, forms an almost continuous tunnel from the PTC to the opposite
side of a membrane.

For the exit of individual transmembrane (TM) segments into the membrane, the translocon
possesses a lateral gate at the interface of two halves of SecY, which, when opened, exposes
the nascent chain to the lipid bilayer27,29. It is expected that TM segments will transit
through the gate in a preformed helical state, due to the significant free-energy penalty of
embedding an exposed peptide backbone into the hydrophobic core30. Biochemical
experiments on the insertion of model peptides as well as Kv1.3, indeed, indicate that TM
segments acquire secondary structure already within the ribosome and maintain that
structure within the translocon7,9,13. However, not all TM segments form compact states
early in their development; for example, both polyVal and glycophorin A (GpA) remain
extended even within the translocon, at least initially7.

Based on the observed compaction of polyAla and polyLeu inside the ribosomal exit tunnel
and translocon and the lack of compaction for polyVal, polyPro, and GpA, Mingarro et al.7
suggest that the folding propensity of a nascent chain in those locations generally reflects
that for amino acids in an aqueous environment, rather than their membrane-insertion
propensity. Yet at least one exception has been observed: the TM segment of VSV-G has a
compact structure inside the ribosome, but unfolds upon emergence into the cytoplasm9. In
addition, computational studies have demonstrated that confinement, e.g., by the ribosome
or translocon, can stabilize entropically α-helices31–34. Such confinement may, however, be
insuffcient to alter significantly the folding pathways of those polypeptides tested in
Mingarro et al., hence, leaving open the question of what is the precise effect of the
ribosome-translocon system on the folding free-energy landscape of polypeptides.

To resolve how confinement in a native environment alters the free energy of folding
quantitatively, we determined a two-dimensional potential of mean force (PMF) for helix
formation of deca-alanine (Ala10) inside the translocon. The two coordinates used are
translocation of the peptide chain along the channel axis z and the average i, i + 4 hydrogen-
bonding distance ξ along the backbone, i.e., the helicity of Ala10 Translocation was
restricted over a 30-Å range, from z = 20 Å to z = −10 Å, where. z = 0 corresponds roughly
to the center of SecY and z is positive in the cytoplasmic half of the channel. Distances
between successive hydrogen-bonding pairs were restrained in the second coordinate such
that hydrogen bonds form or break concomitantly. The 2D PMF was obtained using
adaptive biasing forces (ABF) in NAMD35–37 and required about 300 ns of total simulation
time (see Methods).

Methods
Simulations of the translocon began from the crystal structure of the closed state (PDB
1RHZ)27. The channel was embedded in a POPC lipid bilayer, solvated, and ionized with
Na+ and Cl− ions to a strength of 100 mM, using the visualization and analysis program
VMD38. The lateral gate was then opened to a width of 8 A, in accordance with
experimental measurements 39, by applying forces that drove in a near-equilibrium fashion
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the conformation of SecY toward that of a different structure of SecY with a partially open
gate40,41. Finally, Ala10 was inserted in a helical conformation into the center of the channel,
which was then equilibrated for 2 ns while the gate and Ala10 were restrained.

MD simulations were carried out using NAMD 2.736 with the CHARMM force field42,43.
The temperature was held at 310 K using Langevin dynamics; the membrane area was held
fixed while the pressure normal to the membrane was held at 1 atm using the Langevin
piston method44. The equations of motion were integrated employing the RESPA multiple
time-step algorithm45 with a time step of 2 fs being used for all bonded interactions, 2 fs for
short-range non-bonded interactions, and 4 fs for long-range electrostatic interactions. Long-
range electrostatic forces were calculated using the particle-mesh Ewald method. Bonds
involving hydrogen atoms were constrained to their equilibrium length, employing the
Rattle algorithm46.

All PMFs were calculated using adaptive biasing forces (ABF), implemented with the
collective variables module of NAMD 2.735–37. As noted above, two reaction coordinates
were utilized, namely the position of the center of mass of Ala10 relative to that of the
channel and the average hydrogen-bonding distance along the backbone. To improve
sampling uniformity, the full reaction-coordinate space was subdivided into multiple
regions, which were simulated independently. The resulting data were then combined to
produce the PMF.

The collective variables module was also employed to enforce a number of restraints to the
system. Harmonic potentials were applied between pairs of potential hydrogen-bond
partners such that all respective distances were nearly identical; these restraints caused the
symmetric formation or deformation of the α-helical state. Additionally, distance restraints
were applied to eight pairs of residues across the lateral gate to ensure that its 8-Å opening
was maintained. In the periplasmic region of the translocon, i.e., for z < 0, an additional
restraint was required to keep Ala10 from rotating too far off the translocation axis. Forces
were applied only when the polar angle of Ala10 was greater than 30°.

Calculation of the channel diameter was performed using HOLE47. The diameter plotted is 2
Å larger than that calculated by HOLE to account for the algorithm’s tendency to
underestimate the size of irregular volumes28. The interaction area was calculated over all
simulations: for each trajectory frame, the translocation coordinate and the fraction of Ala10
in contact with lipids, or with lipids and hydrophobic residues were determined. The data
were then sorted into 0.2-Å bins in z and averaged over all fractional area values observed
for each bin.

Results
As a basis for comparison with the PMF obtained for helix formation in the translocon, we
first determined the 1D PMF for folding along the i, i + 4 hydrogen-bond length ξ of Ala10
in a purely aqueous environment, shown in Fig. 2A. Two folding states are markedly
favored, namely a helical state around ξ=3.4 and a family of extended states with ξ> 9. A
stable intermediate state of slightly higher free energy is also found between the helical and
the extended states with two barriers around ξ= 4.5 and ξ= 7.5 separating the local minima.
That both helical and extended states are well represented in the PMF is expected for Ala10.
It is known from both theory48–50 and experiment51,52 that polyAla forms helices in water.
Additionally, since Ala10 used here is zwitterionic due to its charged termini, which mimic
the properties of an N-terminal signal sequence, the large dipole moment of the extended
state contributes to its relatively low free energy.
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Many of the features observed in the 1D PMF of folding of Ala10 in water are reproduced in
the PMF of folding at different points inside the translocon, shown in Fig. 2B. Minima for
both α-helical (ξ= 3.4) and extended (ξ> 9) states are displayed almost uniformly throughout
the channel. In contrast, the barriers separating these states varies with position. Moreover,
the free energy of a given Ala10 folding state varies along the channel axis, reaching a global
minimum near the pore ring. In particular, the PMF for folding near the center of the
translocon, specifically around z = 5 Å, appears quite similar to that of Ala10 in a neat
aqueous environment. This similarity supports the suggestion of Mingarro et al. that the
free-energy landscape of a peptide in the ribosome-translocon system reflects its
conformational equilibrium in water7.

Projecting the 2D PMF along ξ for different values of z, as shown in Fig. 3A, permits a
comparison with the 1D PMF of folding of Ala10 in water. At each position within the
translocon, clear minima are observed at ξ= 3.4, the α-helical state, and at ξ≥ 9, the extended
states. At nearly all positions, the free-energy difference between the helical state and the
minimum of the extended states amounts to between 0 and 3.5 kcal/mol, with the helical
state being noticeably more favored on the cytoplasmic side of the channel. Similarly, all
PMFs display barriers at intermediate values of ξ; the heights of these barriers are
significantly larger than those observed for folding of Ala10 in water. This increase in the
barrier height, ranging from 8 to 15 kcal/mol, suggests that although Ala10 still finds free-
energy minima in both helical and extended states, transitions between them are
dramatically slowed upon entering the channel, in agreement with coarse-grained
simulations of protein folding under confinement33. Ala10, thus, most likely retains the
folded state it possessed prior to its entrance despite the significantly different environment
presented by the translocon.

The effect of the tapering of the channel to the constrictive pore ring, a hydrophobic gasket-
like seal at its center53, is made most apparent by projecting the 2D PMF along the helical
(ξ= 3.4) and extended (ξ= 10.8) states (see Fig. 3B). The free energy of the α-helical state
roughly mirrors the diameter of the channel, shown in Fig. 4A, reaching a minimum just
above the pore ring, whereas the maximally extended state shows little deviation in free
energy throughout the channel. Confinement is expected to stabilize the folded state, as
observed for Ala10, but also to destabilize the unfolded state, due to a loss of configurational
entropy32,33. Yet, on account of the restraints imposed on Ala10 to keep successive hydrogen
bonds equidistant, sampling of bent conformations is limited (the propriety of these
restraints is discussed below). The entropic effect on folding is, nonetheless, clearly
manifested, both in the change in free energy of the helical state across the channel and in
the increasing free-energy difference between the extended and the helical states (see Fig.
3A).

Beyond purely geometric considerations, the nature of the translocon interior can also affect
the free-energy landscape of Ala10. The translocon features a predominantly polar interior
on its cytoplasmic side, a hydrophobic constriction in the central pore ring, and a mixed
hydrophobic/polar periplasmic side, illustrated in Fig. 4A. In addition to interacting with the
interior of the translocon, the nascent chain is known to interact with lipids across the lateral
gate54–57; in the partially opened translocon model used here (see Methods), the gate
opening is ~8 Å wide, large enough to allow lipids to interact with Ala10 inside. To
characterize the interaction of lipids and Ala10, we measured the fraction of surface area of
Ala10 in contact with lipids at different positions within the channel. Shown in Fig. 4B, the
interaction peaks at 10% near the global free-energy minimum; when the translocon interior
is accounted for as well, the total fraction of Ala10 interacting with hydrophobic residues or
lipids reaches over 25%.
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The 1D PMF projections in Fig. 3, when correlated with the surface properties of the
translocon interior, suggest that predominantly polar surfaces stabilize the helical state of
Ala10 relative to the unfolded state, while more hydrophobic surfaces have little effect. The
narrow pore ring is an exception, as the helical state is found to have here a significantly
lower free energy than the extended states. Given the large contact area of Ala10 with
hydrophobic residues and lipids (up to 30% at its peak), direct interactions between the
surface and Ala10 play a significant role in determining the free energy of folding. These
observed surface-dependent effects on folding of Ala10 are in good agreement with coarse-
grained simulations of polyAla inside a nanotube of varying hydrophobicity58. In those
simulations, small hydrophobic patches embedded in an otherwise hydrophilic nanotube
maximized helical stability, with the effect being most pronounced at large (≥20 Å)
nanotube diameters 58. The confinement of water is also predicted to have an effect on the
free-energy landscape of Ala10 folding59,60, for example by promoting helix formation for
polyAla in a predominantly hydrophilic environment, such as the cytoplasmic half of the
translocon, as demonstrated in Fig. 3B.

Conclusions
In order to interpret our simulation results for Ala10 in the translocon, it is necessary to
consider assumptions inherent in the setup of the simulations. For example, SecY was
modeled in a laterally open state, partially exposing Ala10 to the lipid bilayer. Although
direct interactions of the nascent chain and the lipids have been observed
experimentally54–57, the degree of lateral gate opening should be considered a flexible
property, with an opening of at least 8 Å required to support translocation 39, 11 Å for the
intercalation of the signal sequence 61, and at least 13–14 Å for lateral exit 26. An opening of
8 Å was modeled here, leading to a pore-ring diameter of 8 Å. This diameter hardly
accommodates the Ala10 α-helix, which itself is 8-Å wide. The tight conditions faced by
Ala10 at the pore ring explains why the free-energy minimum for the α-helix is found almost
4 Å above the ring. Should the gate, and concomitantly the pore ring, be allowed to expand
further, the free-energy profile should shift downward along the channel axis, being
otherwise unaltered.

While a nascent chain under physiological conditions extends beyond the translocon on both
sides, a short 10-residue oligopeptide, Ala10, was used here. This peptide has greater
conformational freedom than a typical nascent protein, being able, in principle, to rotate in
all directions and to fold back upon itself. To limit such freedom and ensure that Ala10
remains linear, hydrogen bonds along its back-bone were enforced to form or break
concomitantly, effectively causing α-helix formation to be highly cooperative. Although
cooperativity is expected to be only moderate for short oligopeptides, it is proportional to
peptide length, making the effect of the imposed restraints akin to embedding Ala10 into a
longer nascent chain49,62,63. The exclusion of specific intermediate states, e.g., those with
partial helicity, from the PMF calculation does not affect the relative free energies of the end
states but may serve to raise the barrier between them. Without such exclusions, it may be
expected that transitions between the free energy minima would be enhanced, although the
final disposition of Ala10 would remain unaffected.

The PMFs in Figs. 2 and 3 demonstrate that the dominant conformational states of Ala10,
both helical and extended, are identical to those found in water, in agreement with
experimental studies7,14. The translocon does, however, exert, through its surface properties
and through its hourglass-like shape, a biasing effect of a few kcal/mol in favor of the helical
state. This helical bias may be necessary for the insertion of TM segments into the
membrane, not all of which form stable helices in water alone9. Transition from an extended
state to a helical one inside the translocon will, however, be significantly slower than in
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water as the barrier between the states is raised, by up to 15 kcal/mol in the case of Ala10
(not accounting for the possible effect of excluding partially helical states). A slow, yet
inevitable transition to a helical state explains why two populations were observed
experimentally for polyVal inside the translocon7. One population was extended, as polyVal
would be in water, but the other was more compact, as required for its insertion into the
membrane7. Further translocon-based assays focusing on sequences that only weakly favor
the extended state over the helical one in water could confirm the modest helical bias
predicted here.

Put together, the results presented here indicate that the translocon, specifically the
monomeric SecY, is well suited to facilitate the insertion of TM segments. The mostly polar
cytoplasmic half-channel functions essentially as an extension of the ribosomal exit tunnel,
allowing whatever secondary structure preformed in the ribosome to be retained in the
translocon. Next, for those TM segments that are not strong helix formers outside the
membrane, the constrictive and hydrophobic pore ring at the center of the translocon tilts the
free-energy landscape to stimulate folding, albeit slowly. The timescale of translation by the
ribosome (on the order of 1 s/residue) should, however, provide ample time for TM
segments to fold once fully ensconced within the channel. The multi-faceted pore ring also
helps to define the energetic threshold separating membrane integration versus excretion
into the periplasm41,64.

The application of the methods developed here to more realistic polypeptides, including
native TM segments that fold in water, as well as those that do not, should further help
elucidate the active role played by the translocon in membrane-protein development.
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Figure 1.
Structure of the SecY complex. The SecY complex is shown from within the membrane
plane in a cartoon representation with its three subunits colored grey, orange, and yellow,
respectively. The two helices lining the lateral gate are shown in red. (A) SecY complex
with a closed lateral gate27.(B) SecY complex with an opened gate. Ala10 is shown inside
the channel as a green helix.
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Figure 2.
Potential of mean force (PMF) for folding of Ala10. (A) One-dimensional PMF for Ala10 in
water as a function of the i, i + 4 hydrogen-bond ξ. The two inset proteins (green) represent
example configurations for two values of ξ, respectively. (B) Two-dimensional PMF for
Ala10 in the translocon as a function of the concerted-helix-formation coordinate ξ and
translocation distance. The dotted line indicates the position of the translocon’s constrictive
pore ring.
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Figure 3.
Projections of the 2D PMF in Fig. 2B along individual coordinates. (A) Projections of the
2D PMF along different values of z, colored as indicated in the legend, as a function of ξ.
The 1D PMF for Ala10 in water is included for comparison. The free energy of the α helical
state was chosen as a reference point for all PMFs. (B) Projections of the 2D PMF for the α-
helical (ξ= 3.4) and extended (ξ= 10.8) states as a function of position in the channel.
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Figure 4.
Interaction between Ala10 and the channel. (A) Surface properties of the translocon interior.
The N-terminal (left) and C-terminal (right) halves of the translocon interior are shown as
molecular surfaces colored according to residue type (non-polar is white, polar green, basic
blue and acidic red). The channel diameter as a function of channel position is plotted to
scale with the channel surfaces. The shaded area indicates the range over which the PMF
was calculated. (B) Fraction of the area of Ala10 in contact with lipids (black) and all
hydrophobic regions (red) as a function of channel position.
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