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We investigate the interplay between post-translational folding and escape of two small single-domain
proteins at the ribosomal exit tunnel by using Langevin dynamics with coarse-grained models. It is
shown that at temperatures lower or near the temperature of the fastest folding, folding proceeds
concomitantly with the escape process, resulting in vectorial folding and enhancement of foldability
of nascent proteins. The concomitance between the two processes, however, deteriorates as tempera-
ture increases. Our folding simulations as well as free energy calculation by using umbrella sampling
show that, at low temperatures, folding at the tunnel follows one or two specific pathways without
kinetic traps. It is shown that the escape time can be mapped to a one-dimensional diffusion model
with two different regimes for temperatures above and below the folding transition temperature.
Attractive interactions between amino acids and attractive sites on the tunnel wall lead to a free
energy barrier along the escape route of the protein. It is suggested that this barrier slows down the
escape process and consequently promotes correct folding of the released nascent protein. C 2016 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4943042]

I. INTRODUCTION

A majority of nascent proteins must be folded into their
native states shortly after emerging from the ribosome in order
to avoid aggregation in the complex and crowded environment
of the cell.1 This task is partially fulfilled thanks to a variety
of molecular chaperones that assist folding, as well as help
preventing and repairing misfolded proteins.2 Another factor,
that has been under intense research, is the effects of the
ribosome on folding of nascent proteins.3–10 Several studies
have demonstrated that the ribosome facilitates correct folding
of nascent proteins.7,8 The effects of the ribosome on nascent
protein folding could be classified as due to two reasons: (a) the
elongation of polypeptide chain during translation and (b) the
confinement of ribosomal exit tunnel and its interactions with
nascent proteins. The first one is associated with the hypothesis
of cotranslational protein folding, namely, folding that occurs
during protein synthesis, which receives now a substantial
experimental support.4,5 A basic feature of cotranslational
protein folding is vectorial folding,6 which begins from the
N-terminus and proceeds to the C-terminus of the protein, as a
result of vectorial synthesis. This folding mechanism is quite
different from that of refolding11 of a free denatured protein in
solution. The impact of vectorial folding on folding efficiency
is expected to be much stronger in multi-domain proteins
than in single domain proteins as it minimizes the chance of
interdomain misfolding.12 Another feature of cotranslational
protein folding is that it is influenced by translation rates,
both locally13 and globally.14 It has been shown that changing
local translation rates by using alternative RNA codons leads
to a significant effect15 and may coordinate cotranslational

a)Electronic mail: hoang@iop.vast.ac.vn

folding.16 On the other hand, protein structures may have
evolved to exploit the effects of cotranslational folding. It has
been found that the propensity to form an α-helix, obtained by
analysis of protein data bank (PDB) structures, is significantly
higher near the C-terminus than near the N-terminus of
proteins, in agreement with a non-equilibrium effect found
in the folding of a growing chain.17

The ribosomal polypeptide exit tunnel18 is a narrow
passage, through which nascent proteins are secreted into
cellular environment. Originated at the peptidyl transferase
center (PTC), where peptide bond formation takes place, the
tunnel traverses through the body of ribosome large unit and
exits at the ribosome outer surface on the opposite side. It is
constructed by aligned segments of the 23S ribosomal RNA
molecule and several ribosomal proteins.19 The length of ribo-
somal tunnel is ∼100 Å, whereas its diameter varies in a range
of approximately 10–20 Å.5 The tunnel is the narrowest and
also slightly bended at the constriction site of about 20 Å distal
from the PTC. The narrow confinement of the tunnel would
hinder the formation of tertiary structures,18 whereas simple
structural units such as α-helices and β-hairpin have been
reported to form inside the tunnel.4,5 Experimental studies
also have indicated that the ribosomal tunnel is a peptide-
sensitive tunnel20 and may play an active role in modulation
of translation and folding of nascent proteins.21,22 Simulations
of cotranslational protein folding revealed closer details of the
folding process at the exit tunnel and suggest that the impact
of the tunnel on folding is rather not universal but secondary
structure dependent23,24 and protein dependent.25,26

In this study, we investigate the effects of ribosomal
exit tunnel on folding of nascent proteins with a focus on
what is going on after the translation is complete and the
polypeptide chain is no longer bound to the PTC. In contrast

0021-9606/2016/144(9)/095102/13/$30.00 144, 095102-1 © 2016 AIP Publishing LLC
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to the growth of the polypeptide chain during translation,
which is, to some extent, quite steady and predetermined, the
subsequent process in which the full length protein escapes
from the exit tunnel is stochastic with much less control by
the ribosome. We are interested in how the confined geometry
of the exit tunnel and its interaction with nascent proteins
influence their escape and folding processes. The aim is also
to elucidate the interplay between these two processes and
its dependence on temperature. With an attempt to map the
dynamics of the escape process to one-dimensional diffusion
model, we would like to make the problem general and
predictable. We will confine ourselves to an idealized model
of the ribosomal tunnel, in the form of a hollow cylinder,
with an assessment that the detailed shape of the tunnel
also plays some role but is less substantial. The proteins
are considered in a coarse-grained Go-like model.27 These
simplified models and molecular dynamics (MD) method
combined with umbrella sampling28 allow us to obtain a
comprehensive picture of the non-equilibrium characteristics
of the folding and the escape processes, as well as equilibrium
characteristics such as effective free energy along the tunnel
axis. We will consider two small single-domain proteins of
approximately the same size but different native state topology
for comparison. The interaction of the tunnel with proteins
will be modeled by putting attractive sites on the tunnel wall
with a potential homologous for all amino acids, as a first
order approximation.

The remaining of the paper is organized as follows.
Section II provides a detailed description of the coarse-grained
models used for the proteins and for the exit tunnel. Section III
provides the results on folding and escape of nascent proteins
at the exit tunnel along with a diffusion description for the
escape process and the effects of attractive sites. Section IV
contains a discussion of the results. Section V provides a
conclusion. Details of the simulation methods are given in
Appendices A and B.

II. MODELS

In spite of their simplicity, Go-like models27 have
been surprisingly successful in capturing the protein folding
mechanism.29–32 In the version of Go-like model considered
in the present study, each amino acid is represented by a single
bead located at position of Cα atom. The potential energy of
a given protein conformation is given by

E =
N−1
i=1

Kb(ri, i+1 − b)2 +
N−1
i=2

Kθ(θi − θ∗i )2

+

n=1,3

N−2
i=2

K (n)
φ [1 + cos(n(φi − φ∗i))]

+

i+3< j

4ϵ


(
σi j

ri j

)12

−
(
σi j

ri j

)6
∆i j

+

i+3< j

ϵ

(
σ

ri j

)12

(1 − ∆i j), (1)

where N is the number of beads; ri j is the distance between
beads i and j; θ and φ are bond and dihedral angles associated

with the residues; the star superscript corresponds to the native
state; and ∆i j is equal to 1 if there is a native contact between
i and j and equal to 0 otherwise. A native contact is defined
if the distance between two residues in the native state is less
than 7.5 Å. The first three terms of Eq. (1) correspond to
the bonding potentials, bond angle potentials, and dihedral
angle potentials, respectively. The last two terms correspond
to Lennard-Jones (LJ) potentials for native contacts and
repulsive potentials for non-native contacts. The choice of
LJ potential is such that the native distance between residues
in a native contact corresponds to the potential minimum,
i.e., σi j = 2−1/6r∗i j. In simulations, a native contact is said to
be formed if ri j < 1.5σi j. ϵ is the depth of the LJ potential
and sets the energy unit. Following Ref. 31, the parameters
chosen for our model are b = 3.8 Å, σ = 5 Å, Kb = 100 ϵ Å−2,
Kθ = 20 ϵ (rad)−2, K (1)

φ = −ϵ , and K (3)
φ = −0.5ϵ .

We model the exit tunnel as a half-close cylinder of
length L = 100 Å and diameter d = 15 Å with an open bottom
attached to a planar wall33 (Fig. 1). The latter mimics the
ribosome outer surface and is repulsive to all amino acids.
The tunnel is assumed to be centered along the x axis, whose
origin is also the position of the PTC. The nascent chain is
grown to its full length from the PTC and escapes from the
tunnel through the open bottom. We will consider two models
of the tunnel: a purely repulsive one and the one with attractive
sites. In the first model (Fig. 1(a)), the interaction between the
tunnel wall and an amino acid residue is given by a repulsive
truncated soft-core potential,

Vwall(r) =



4ϵ
(σ/r)12 − (σ/r)6 + ϵ, r ≤ 21/6σ

0, r > 21/6σ
, (2)

FIG. 1. Schematic of models of ribosomal exit tunnel. The tunnel is modelled
as a hollow cylinder with one bottom closed and the other bottom open on a
planar wall. The tunnel has a length L = 100 Å and a diameter d = 15 Å and
is centered along the x axis. The tunnel’s wall is either purely repulsive to
amino acids (a) or, to contain several attractive sites, occupied by residues
(blue dots) of the same size as that of amino acid, equally spaced on a ring
perpendicular to the tunnel axis at x = 70 Å (b). Nascent protein grows from
the peptidyl transferase center (PTC) (red dot) located at the axis origin and is
released into the tunnel. The conformations shown are snapshots taken from
a MD simulation of protein GB1.
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where σ = 5 Å and r is equal to the shortest (radial) distance
from the residue to the cylinder’s wall plus 2.5 Å. The added
distance of 2.5 Å corresponds to the Van der Waals (VdW)
radius of a virtual “residue” embedded in the tunnel’s wall,
assumed to be approximately of the same size as that of
amino acid. The same potential as given in Eq. (2) is used
for the amino acid repulsion by the planar wall and the tunnel
exit port. In the second model (Fig. 1(b)), attractive sites are
occupied by residues of VdW radius of 2.5 Å tangent to
the tunnel wall’s inner surface and equally spaced on a ring
perpendicular to the tunnel axis at x = 70 Å. The number of
attractive sites, na, is equal to either 4 or 6 in the present study.
The residues at the attractive sites interact with amino acids
via LJ potential,

VLJ(r) = 4ϵ
(
σ

r

)12
−

(
σ

r

)6

, (3)

where r is the distance between an attractive site and an amino
acid.

The Langevin equations of motion for amino acids
are integrated by using MD method with Verlet algorithm
(Appendix A). In the simulations, the unit of time is
τ =


mσ2/ϵ , where m is the mass of amino acid (supposed

to be uniform for all amino acids). Temperature is given in
units of ϵ/kB. The friction coefficient ζ of an amino acid is
given in units of mτ−1. The free energy profiles of protein at
the exit tunnel are calculated by using the combined umbrella
sampling technique28 with the weighted histogram method34,35

(see Appendix B). In the free energy calculation, a periodic
boundary condition with a box size equal to 10L is applied
in directions perpendicular to the x axis for x > L (the space
outside the tunnel).

The folding time and the escape time of protein are
measured from the moment the full length protein is released
from the PTC. The protein is said to be folded when all
the native contacts are formed and to be escaped when the
number of amino acids out side the tunnel, Nout, is equal to the
total number of residues, N . The median folding time, tfold,
and the median escape time, tesc, at a given temperature are
determined from multiple independent simulations (500-1000
trajectories).

III. RESULTS

We will consider two small proteins: the B-1 domain
of protein G (GB1) of length N = 56 and the Z domain
of Staphylococcal protein A (SpA) of length N = 58. The
native states of these two proteins are shown in Fig. 2. Our
equilibrium simulations for GB1 and SpA without the tunnel
indicate that they both have a two-state folding transition as
displayed by a sharp specific heat peak and a bimodal free
energy profile near the folding transition temperature (Fig. S1
of the supplementary material36). The folding temperature, Tf ,
defined as the temperature of the maximum of the specific
heat peak, is found to be equal to 0.922 and 0.804 for GB1
and SpA, respectively, in units of ϵ/kB.

FIG. 2. Ribbon presentation of the native state conformations of the proteins
considered in the present study: the B-1 domain of protein G (GB1) (a) and
Z domain of Staphylococcal protein A (SpA) (b). The corresponding PDB
codes are 1pga and 2spz for GB1 and SpA, respectively. The secondary
structures are labeled as indicated.

A. Folding and escape at a purely repulsive tunnel

We first study folding and escape of the proteins at a purely
repulsive tunnel. The simulations start with a cotranslational
protein folding inside the tunnel with a steady growth of the
polypeptide chain. The translation speed is set by tg—the time
needed for the chain elongation of one amino acid. Protein
synthesis in vivo typically takes times of several orders of
magnitude longer than the refolding time of a free protein in
solution. Such a realistic translation time cannot be reached by
our simulations. Yet, we find that moderate translation times up
to about 10 times of the minimum refolding time are sufficient
to yield a protein conformation ensemble similar to that
would be obtained by a much slower translation. Fig. 3 shows
histograms of conformations as functions of the number of
native contacts and the radius of gyration obtained by multiple
independent growth simulations for protein GB1 at several
growth speeds at two different temperatures lower than Tf . For
both temperatures, it is shown that tg = 10τ can be considered
as a fast translation as it yields conformations that contain
more native contacts and are significantly more compact than
those obtained with larger tg . However, the histograms quickly
converge as tg is increased to about 100τ. At T = 0.4 ϵ/kB, the
histograms are similar for tg = 100τ and tg = 200τ indicating
that the effect of slow translation can be captured already
at tg = 100τ. At T = 0.8 ϵ/kB, even tg = 50τ is sufficient to
yield slow translation conformations. Similar analysis for the
helical protein SpA (Fig. S2 of the supplementary material36)
indicates that the growth with tg = 50τ can be considered as
a slow translation. Note that total growth time for tg = 100τ
for GB1 is about 12 times larger than its minimum refolding
time.

After the translation is complete, the nascent protein is
released from the PTC and continues to fold while escaping
from the exit tunnel. To elucidate how the folding and the
escape take place at the exit tunnel, we calculated two-
dimensional histograms of conformations in multiple folding
trajectories as a function of the number native contacts, Nc,
and the number of amino acids outside the tunnel, Nout. These
histograms at a low temperature of T = 0.4 ϵ/kB are shown
in Fig. 4 for the two proteins, GB1 and SpA, and for three
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FIG. 3. Histograms of conformations of the full length protein as result of the chain growth process at the ribosomal tunnel, obtained at the moment of
complete translation, as functions of the number of native contacts, Nc, and the radius of gyration, Rg , for GB1 at temperatures T = 0.4 ϵ/kB ((a) and (b)) and
T = 0.8 ϵ/kB ((c) and (d)), as indicated. The conformation ensembles are generated by 1000 independent growth simulations for each temperature and for a
given growth speed with tg defined as the time needed for the chain elongation of one amino acid. Three different growth speeds are shown for each temperature
as indicated.

different values of tunnel diameter d (only in this figure, d
is varied for comparison). For all cases, it is shown that a
large portion of native contacts is formed when the protein
is found completely or almost completely inside the tunnel
(small Nout). As Nout increases, the number of native contacts
generally also increases indicating a concomitance between
folding and escape. The chain is completely folded only when
all amino acids are outside the tunnel. For GB1, the folding
mechanism is found to be strongly dependent on the tunnel
diameter d. For d = 10 Å, due to the narrow confinement,
only the α-helix can form inside the tunnel. For d = 15 Å,
both the α-helix and the β-hairpin can form inside the tunnel,
but the latter is not always seen. For this diameter, folding
proceeds through two distinct pathways depending on whether
the C-terminal β-hairpin is formed inside the tunnel or not
(Fig. 4(b)), as also shown in Ref. 33 for a different growth rate.
For d = 20 Å, a partial tertiary structure formed by an α-helix
and β-hairpin is also found inside the tunnel (Fig. 4(c)).
For SpA, the folding mechanism does not depend on d.
Folding of this protein proceeds through a single pathway,
with a formation of all the α-helices followed by successive
formation of tertiary contacts as the protein gradually escapes
from the tunnel. The relatively simpler folding mechanism
obtained for SpA comparing to GB1 is due to the fact that SpA
has only α-helices which can easily form inside the tunnel.
We find that as temperature is increased to T = 0.6 ϵ/kB,
the folding mechanisms of the two proteins remain the same

but the histograms are more spread indicating an increased
stochasticity of the pathways.

Experimental studies have indicated that the α-helix and
the β-hairpin can form inside the ribosomal exit tunnel,
while such a possibility is very limited for subdomain
tertiary structures.4,5 Among the three diameters of the tunnel
considered, d = 15 Å shows a folding behavior the most
consistent with these experimental evidences. d = 10 Å is too
small for formation of the β-hairpin, while d = 20 Å is too
large to inhibit the formation of tertiary structure inside the
tunnel. Thus, for the remaining of our study, we will consider
only the case of d = 15 Å.

Figs. 5(a) and 5(b) show the temperature dependence
of the folding time and the escape time for protein GB1
at the exit tunnel for two different growth speeds of
the growth time per amino acid tg = 10τ and 100τ. For
comparison, we have calculated also the median refolding
time, trefold, from unfolding and refolding simulations without
the tunnel. The unfolding was done at T = 2 ϵ/kB yielding
extended conformations (Rg > 20 Å). It is shown that tfold
is significantly longer than trefold, while both have the
characteristic U-shaped dependence on temperature. For
refolding without the tunnel, the temperature of the fast
folding, Tmin, is found to be about 0.4 ϵ/kB. For the folding at
the tunnel, Tmin is about 0.6 ϵ/kB and 0.5 ϵ/kB for tg = 10τ
and 100τ, respectively. Thus, Tmin is shifted towards a higher
temperature in the presence of the tunnel. This shift suggests
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FIG. 4. Histograms of conformations during folding and escape of GB1 ((a)–(c)) and SpA ((d)–(f)) as a function of the number of amino acids outside the
tunnel (Nout) and the number of native contacts formed (Nc) at a purely repulsive exit tunnel at temperature T = 0.4 ϵ/kB, for three different tunnel diameters:
d = 10 Å ((a) and (d)), d = 15 Å ((b) and (e)), and d = 20 Å ((c) and (f)). The histograms are obtained from 100 independent trajectories with the growth
time per amino acid of tg = 100τ during translation. The colors shown correspond to the values of the histogram in a logarithmic scale. Examples of protein
conformations obtained in the simulation are shown.

that the tunnel strongly affects the folding kinetics at low
temperatures. The effect of the tunnel can be seen more
clearly by comparing the folding time and the escape time.
Fig. 5 also shows the temperature dependence of the median
escape time, tesc. At low temperatures, the folding time is only
slightly larger than the escape time, indicating that folding
is concomitant with the escape process. This concomitance
means that most of the native contacts form during the escape
process, and the final stage of folding corresponds to an
establishment of a few contacts when the last residue gets
out from the tunnel. As temperature increases the difference
between tfold and tesc also increases, suggesting a deteriorating
concomitance between folding and escape. Note that tfold
diverges as T approaches the folding temperature Tf while tesc
continues to decrease monotonically with T . Fig. 5 also shows
that the slow translation with tg = 100τ leads to shorter escape
times and folding times than the fast translation with tg = 10τ,
but the qualitative picture of their temperature dependence is
the same for the two cases.

Interestingly, the folding efficiency is enhanced in the
presenceof the tunnel, at least foroneof theproteinsconsidered.
Fig. 6(a) compares the probabilities of successful folding, Pfold,
as functions of time for GB1 at T = 0.4 ϵ/kB for two cases:
folding at the tunnel and refolding without the tunnel. In the
former case, Pfold increases more slowly with time but finally

reaches a value close to 1 at a sufficiently long time. On the
other hand, Pfold for refolding without the tunnel can only reach
0.96 at the time limit shown in the figure (104τ). For SpA,
Pfold reaches 100% for both the folding at the tunnel and the
refolding without the tunnel, after about 104τ (Fig. 6(b)).

The above dynamical analysis shows that at low
temperatures, such as T = 0.4 ϵ/kB, the folding and the
escape processes are concomitant with some variations due
to the stochasticity of the two processes. Interestingly, our
equilibrium free energy calculations based on umbrella
sampling of protein conformations along the exit tunnel also
confirm this scenario. Fig. 7(a) shows a free energy surface
as function of number of native contacts and then number of
escaped amino acids for GB1 at T = 0.4 ϵ/kB. One can see
that there are two channels separated by a significant barrier on
the free energy surface corresponding to the two dynamical
pathways shown in Fig. 4(b). Remarkably, the free energy
landscape also shows that the two pathways are downhill and
without kinetic traps. Fig. 7(b) shows that for SpA, there is
single pathway along the steepest descent route in the free
energy surface at T = 0.4 ϵ/kB, consistent with the dynamical
pathway shown in Fig. 4(e). This pathway is also downhill
and contains no kinetic traps.

It is convenient to plot the free energy as a function
of a single coordinate along a given pathway. For GB1, our
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FIG. 5. Temperature dependence of the median folding time at a purely
repulsive tunnel (tfold), the median escape time from the tunnel (tesc), and the
median refolding time of free denatured protein (trefold) for GB1. The folding
time and the escape time are measured from the moment the full length
nascent protein is released from the PTC and are obtained for two translation
speeds: a fast translation with the growth time per amino acid tg = 10τ (a)
and a slow translation with tg = 100τ (b). The data at each temperature were
obtained from 1000 independent folding trajectories.

choices of such a coordinate are the x coordinate of the
C-terminus (xC) for the pathway, in which the C-terminal
β-hairpin is not formed, and that of the 48th residue in the
sequence (x48) for the other pathway, in which the β-hairpin is
formed. These coordinates are chosen because, on average, the
selected residues are the latest ones to escape from the tunnel
in the two pathways, respectively. For SpA, xC is chosen
as the coordinate for its only pathway. These coordinates
are restrained in our umbrella sampling simulations. Fig. 8(a)
shows the free energy profiles F(xC) for the dominant pathway
of GB1, obtained by umbrella sampling at four different
temperatures: T = 0.4, 0.8, 1.2, and 2.0 ϵ/kB. It is shown that
for all temperatures considered, F is a smoothly decreasing
function of xC with a slope strongly dependent on temperature.
For temperatures higher than Tf , such as T = 1.2 and T = 2.0,
the dependence of F on xC is almost linear over the range of
xC inside the tunnel. This is due to the fact that the protein is
unfolded at these temperatures and the main contribution to the
free energy comes from the entropy of the escaped part of the
chain. On the other hand, as temperature decreases below Tf ,
i.e., T = 0.8 and T = 0.4, the slope of the F(xC) curve varies
and depends on the position, suggesting an increasing role
played by the folding of the protein. At these temperatures,
the potential energy of the chain mainly contributes to the free

FIG. 6. Time dependence of the probability of successful folding, Pfold, in
presence of a purely repulsive tunnel (solid line) and in refolding without the
tunnel (dashed line) at T = 0.4 ϵ/kB for GB1 (a) and SpA (b), respectively.
For the folding at the tunnel, the translation was carried out with tg = 10τ and
time is measured from the moment the full length protein is released from the
peptidyl transferase center.

energy. Note that the free energy difference between the fully
escaped conformation (xC > L) and the initial conformation
(xC ≈ 0) depends non-monotonically on temperature. For the
four temperatures shown, this free energy difference is the
smallest for T = 0.8 because this temperature is the closest to
Tf (0.922), at which the effects of entropy and enthalpy are
likely to annihilate each other. Similar scenario is seen for
SpA (Fig. 8(b)).

B. Diffusional description of the escape process

The method of mapping complex dynamics into low
dimensional diffusion models is a powerful technique
traditionally used in physics and chemistry, such as for
calculating the rate of chemical reaction,37 for the analysis
of mean first passage time38 and for identification of reaction
coordinates.39,40 The free energy profiles shown in Fig. 8
are the potentials of mean force acting on the C-terminus
of nascent protein. Their monotonic behavior suggests that
the escape process may be described as a drift in a one-
dimensional potential field. Consider diffusion of a particle in
a potential field U(x), which is described by one-dimensional
Smoluchowski equation given by41

∂

∂t
p(x, t |x0, t0) = ∂

∂x
D

(
β
∂U(x)
∂x

+
∂

∂x

)
p(x, t |x0, t0), (4)
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FIG. 7. Dependence of the free energy on the number of amino acids escaped
from the tunnel (Nout) and the number of native contacts (Nc) for GB1
(a) and SpA (b), respectively, at a purely repulsive tunnel, at temperature
T = 0.4 ϵ/kB. The range of Nout shown is from 0 to N −1, where N is the
number of amino acids of the protein. The free energy was calculated based
on umbrella sampling simulations and the weighted histogram method (see
Appendix B).

where p(x, t |x0, t0) is a conditional probability density of
finding the particle at position x and at time t, given that
it was found previously at position x0 at time t0; ∂t and
∂x are partial time and space derivatives, respectively; D is
diffusion constant, assumed to be position independent; and
β = (kBT)−1 is the inverse temperature. For conventional
diffusion in viscous fluids, D satisfies the Einstein-
Smoluchowski relation in the form of a fluctuation-dissipation
theorem,41

D =
kBT
ζ

, (5)

where ζ is the friction coefficient. If U(x) is a linear potential
on the position,

U(x) = −k x, (6)

then Eq. (4) has a solution given by

p(x, t) ≡ p(x, t |0,0) = D βk
√

4πDt
exp


− (x − D βkt)2

4Dt


, (7)

FIG. 8. Dependence of the free energy F on the coordinate xC of the
C-terminus along the tunnel axis for the dominant pathway of GB1 (a) and
SpA (b) at a purely repulsive tunnel, at temperatures T = 0.4, 0.8, 1.2, and 2.0
ϵ/kB as indicated.

given that the initial condition is p(x,0) = δ(x). From the
above solution, one gets the mean displacement of the particle,

⟨x⟩ = (D βk)t, (8)

with D βk as diffusion speed. The distribution of escape time
of a nascent protein from the tunnel of length L can be given
as p(L, t), from which one obtains a mean escape time,

µt = ⟨t⟩ =
 ∞

0
t p(L, t) dt =

2 + βkL
D(βk)2 , (9)

and the standard deviation,

σt ≡ (⟨t2⟩ − ⟨t⟩2) 1
2 =


8 + 2βkL
D(βk)2 . (10)

The ratio between σt and µt is found to be independent of the
diffusion constant,

σt =


8 + 2βkL
2 + βkL

µt . (11)

The median escape time, tesc, is defined by the following
equation:  tesc

0
p(L, t) dt =

1
2
. (12)

It can be easily shown that tesc ∼ D−1, while the dependence
of tesc on βk is not trivial. In the simulations, due to the use of

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  113.23.73.166 On: Mon, 07 Mar

2016 16:17:23



095102-8 P. T. Bui and T. X. Hoang J. Chem. Phys. 144, 095102 (2016)

FIG. 9. Distribution of the escape time from a purely repulsive exit tun-
nel for protein GB1. Normalized histograms shown for two temperatures,
T = 1.2 ϵ/kB (solid) and T = 0.4 ϵ/kB (dotted), are obtained from sim-
ulations with the growth time per amino acid tg = 10τ during translation.
The histograms are fitted (smooth lines) to the distribution function given
in Eq. (7). The inset shows that the standard deviation, σt , of the escape time
at various temperatures increases linearly with its mean value, µt , obtained
with tg = 10τ (circles) and tg = 100τ (crosses), respectively.

time cutoffs, the median escape time can be calculated more
conveniently and more accurately than the mean escape time.

Fig. 9 shows that the distributions of escape time
calculated from our simulation data can be fitted well to the
theoretical distribution function given in Eq. (7). Interestingly,
we have found that the standard deviation of the simulation
escape times, σt, depends linearly on their mean value µt

(Fig. 9, inset). By fitting the data to Eq. (11) with L = 100 Å,
we find that βk ≈ 0.2537 Å−1 and is approximately constant
for various temperatures and does not depend on the translation
speed (Fig. 9, inset). Thus, k is a linear function of T . Note
that the linear form of U(x) as well as its dependence on
temperature roughly agrees with the shape of the potentials of
mean force obtained by umbrella sampling simulations shown
in Fig. 8.

We found that the escape times obtained from the
simulations at different temperatures and different friction
coefficients follow a common power law dependence given
by

tesc ∼
ζ1.12

Tα
, (13)

where the exponent α depends on the protein and on the
temperature regime, which is either lower or higher than
the folding temperature Tf . Fig. 10(a) shows this power law
dependence for GB1 with α ≈ 0.64 for T < Tf , and α ≈ 0.92
for T > Tf for fast translation with tg = 10τ. The collapse of
the data for different values of friction coefficient ζ suggests
that the simulations are done in the overdamped limit.42

The smaller exponent α for temperatures below the folding
temperature suggests that diffusion in this regime is facilitated
by the folding of the protein. If the protein was unfolded,
the escape time in this temperature range would be longer, as
can be seen by extrapolation of the power law for the higher
temperature regime to the lower temperature regime (dashed
line in Fig. 10). Similar results are found for slow translation
with tg = 100τ (Fig. 10(b)), in which the exponent α in the

FIG. 10. (a) Log-log dependence of the median escape time on tempera-
ture for protein GB1 at a purely repulsive tunnel. The plot shows a power
law dependence, tesc∼ ζ1.12T−α, with α = 0.64 (solid line) for T < Tf , and
α = 0.92 (dashed line) for T > Tf . Data points were obtained from the sim-
ulations with the growth time per amino acid of tg = 10τ during translation
and correspond to different friction coefficients of ζ = 2.5, 5, and 10, in units
of mτ−1, as indicated. (b) The same as in (a) but with tg = 100τ and only the
data for ζ = 2.5 mτ−1 are shown. The power law fits shown are obtained with
α = 0.6 (solid line) and α = 0.92 (dashed line).

high temperature regime is the same as in the case of fast
translation (α ≈ 0.92) while it is somewhat smaller in the low
temperature regime (α ≈ 0.6). Fig. 11 confirms the power law
dependence for protein SpA with the exponent α equal to
0.915 and 1.005 for the low and high temperature regimes,
respectively, in the case of fast translation. For slow translation,
α is equal to 0.97 and 1.005, respectively. Again, the diffusion
of SpA at low temperatures is also facilitated by the folding
of this protein, but not as much as for GB1. The larger
exponents found for SpA than for GB1 suggest that diffusion
of helical proteins is slower than β-sheet containing proteins.
This reflects the fact that β-sheets, particularly hairpins, are
much more difficult to form inside the tunnel than α-helices.
Therefore, β-sheets are much more favorable when found
outside the tunnel, leading to an increased escape rate in
comparison to α-helices.

The data on escape times reveal the dependence of
diffusion constant D on temperature and friction coefficient.
Because the diffusion speed should be proportional to the
inverse of escape time, one obtains

D βk ∼ Tα

ζ1.12 . (14)
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FIG. 11. The same as Fig. 10 but for SpA and only the data for ζ = 2.5 mτ−1

are shown. The power law fits in (a) are shown with the exponent α equal to
0.915 and 1.005 for the low (solid line) and high (dashed line) temperature
regimes, respectively. The corresponding exponents of the fits in (b) are 0.97
and 1.005, respectively.

Since βk is approximately constant in the present case of a
purely repulsive tunnel, the behavior of D is expressed as
in the r.h.s. of Eq. (14). The variation of the exponent α
from the Einstein’s value of one underscores for the change
of protein conformation during the escape process. Note
that the dependence of D on friction coefficient ζ is slightly
stronger than that of the Einstein-Smoluchowski relation. This
enhancement in the exponent of ζ can be understood as due
to additional friction between nascent protein and the tunnel
wall.

C. Effects of attractive sites

We proceed now to consider the tunnel with attractive
sites. Remind that our model has several attractive sites
located on the tunnel’s wall at 30 Å inwards from the tunnel
exit (Fig. 1(b)). The positions of the attractive sites were
chosen such that they roughly coincide with the position of
the free energy minimum calculated for amino acids along
the tunnel as shown in Fig. 3 of Ref. 19. In our model, these
attractive sites attract all amino acids, therefore will certainly
slow down the escape of nascent protein from the tunnel. The
question we ask is how the folding of protein at the exit tunnel
and how the diffusion characteristics of the escape process are

affected by attractive sites. For simplicity, we consider only
the case of fast translation with tg = 10τ for the proteins at
the tunnel with attractive sites, with an assessment that the
results of slow translation are qualitatively similar.

Our simulations show that the attractive sites can change
the folding pathway of GB1 while they have no such effect
on SpA. Fig. 12(a) shows the histogram of conformations
obtained in multiple folding trajectories at the tunnel with
6 attractive sites for GB1 at T = 0.4 ϵ/kB. In contrast to
the two distinct pathways found for the case of a purely
repulsive tunnel (Fig. 4(b)), one can see that in Fig. 12(a),
there is only one pathway that exits from the tunnel. This
pathway corresponds to conformations in which the C-
terminal β-hairpin of GB1 is formed within the tunnel. For
the tunnel with 4 attractive sites (Fig. S3 of the supplementary
material36), the second pathway, in which the C-terminal
β-hairpin is not formed in the tunnel, still exists but is
populated by fewer trajectories than in the case of a purely
repulsive tunnel. Thus, the attractive sites promote formation
of β-sheet inside the tunnel. In the case of SpA, the α-helices
are easily formed inside the tunnel even without the attractive
sites, therefore the latter induces no change on the folding
pathway (Fig. 12(b)). However, since the attractive sites keep
the protein longer within the tunnel, they give more chance for
the helices to form. Note that for both proteins, the histograms
for the tunnel with attractive sites are less spread near the
full escape (Nout > 40) than for a purely repulsive tunnel
indicating that the concomitance between folding and escape

FIG. 12. Histogram of conformations obtained during folding and escape
of protein GB1 (a) and SpA (b) at the tunnel with 6 attractive sites. The
histograms were computed from 100 independent folding trajectories at tem-
perature T = 0.4 ϵ/kB after a translation with tg = 10τ.
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FIG. 13. Free energy F as function of the restrained coordinate ξ, being the x
coordinate the 48th amino acid in the sequence (x48) or that of the C-terminus
(xC), for protein GB1 at the exit tunnel with 6 attractive sites at temperatures
T = 0.4 ϵ/kB (solid) and T = 1.2 ϵ/kB (dashed), respectively. The protein
conformation shown corresponds to a local minimum in the free energy as
indicated.

is increased in presence of the attractive sites. So the overall
effects of attractive sites are an enhancement of secondary
structure formation inside the tunnel and an improved vectorial
folding.

The escape times are found to be increased in the presence
of the attractive sites. The slowdown of escape due to the
attractive sites can be understood by looking at the free energy
profiles shown in Fig. 13 for GB1. A small free energy barrier
is seen on the escape route of the upper pathway (in which the
C-terminal β-hairpin is formed) for T = 0.4 ϵ/kB indicating
that the attractive sites hamper the escape process at the final
stage. This hampering would allow a large portion of tertiary
contacts to form before the final release of the protein from the
exit tunnel. This barrier almost disappears for a temperature
higher than Tf (the case of T = 1.2 ϵ/kB in Fig. 13) as a result
of a weaker interaction between the attractive sites and the
unfolded protein and an increased role of entropy.

Fig. 14 shows that the escape process can be still relatively
well described by the one-dimensional diffusion model for
the tunnel with attractive sites still. It is shown that the
distribution of escape time can be fitted to the theoretical
distribution as given in Eq. (7). The linear dependence of the
standard deviation of the distribution on the mean escape time,
however, is true only at high temperatures or equivalently for
low µt (Fig. 14, inset). At low temperatures, this dependence
becomes non-linear with the standard deviation increased
much faster than the mean. As a result, the distribution at low
temperatures, such as at T = 0.4 ϵ/kB as shown in the figure,
is much more expanded than it would be, based on a linear
projection from high temperature distributions. Effectively,
the parameter βk of the effective potential field U(x) for the
diffusion is not constant for the tunnel with attractive sites.

Fig. 15 shows that the dependence of the median escape
time on temperature and the friction coefficient still follows
the power law given in Eq. (13), but with larger exponents
α than in the case of a purely repulsive tunnel for both low
and high temperature regimes. Note that the exponent α for
the low temperature regime (T < Tf ) is now larger than that

FIG. 14. Histograms of escape time for protein GB1 at the tunnel with 4
attractive sites at T = 1.2 ϵ/kB (solid line) and T = 0.4 ϵ/kB (dotted line).
The histograms are fitted (smooth lines) to the distribution function given in
Eq. (7). The standard deviation of the escape times is plotted against their
mean value for various temperatures (inset). The translation was carried out
with tg = 10τ.

for the high temperature regime (T > Tf ) in the case of a
tunnel with attractive sites. The higher exponent at low T is
also a manifestation of the negative effect of attractive sites
on diffusion. For the repulsive tunnel, we have shown that the
folding of nascent proteins induces a faster escape from the
tunnel. Here, the escape is slower due to the competition from
the attractive sites which prevails the effect of folding.

The increase of escape time as well as the expansion
of its distribution at low temperatures can be understood as
due to an increasing impact of the free energy barrier shown
in Fig. 13. At very low temperatures, it is expected that the
escape rate is limited by an activated diffusion through this
barrier. In that case, the escape time should grow exponentially
with the inverse temperature.37,42 In the temperature range
studied, however, we have not yet observed this exponential
slow-down.

FIG. 15. Log-log dependence of escape time on temperature for protein GB1
at the tunnel with 4 attractive sites. The data, obtained from simulations with
two different friction coefficients, ζ = 2.5 (squares) and ζ = 5 (circles), are
fitted to the power law (Eq. (13)) with exponent α = 1.33 (solid line) and
α = 1.02 (dashed line), for two temperature ranges, lower and higher the
folding temperature Tf , respectively. The translation was carried out with
tg = 10τ.
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IV. DISCUSSION

Protein cotranslational folding has been mainly discussed
in the literature as attributed to vectorial folding of nascent
proteins resulted from the growth of the polypeptide chain
during translation.6 Here, we show that vectorial folding is
also induced by the ribosomal exit tunnel after the translation
is complete, as the nascent protein gradually escapes from
the tunnel. Since simple secondary structures can form inside
the tunnel (though with some difficulty for the β-hairpin), the
vectorial folding induced by the tunnel mainly applies to the
formation of the tertiary structures. On the other hand, for
small single-domain proteins, such as the ones considered in
the present study, the vectorial folding due to translation would
apply only to the secondary structures, because a full length
protein would still fit inside the tunnel when the translation is
complete. For large multi-domain proteins, both the peptide
elongation and the escape from the tunnel are expected to
give rise to vectorial folding of protein tertiary structures. Our
results are in agreement with a previous simulation study25

of on-ribosome folding with a more realistic model of the
exit tunnel, which showed that single-domain proteins fold
post-translationally. The different effects of cotranslational
folding on single- and multi-domain proteins have been also
shown in Ref. 25.

Post-translational vectorial folding at the tunnel would
not happen if the escape time is much shorter than the
relaxation time of the protein. In such a case, the protein
would be still largely unfolded when the escape is complete.
Folding would be concomitant with the escape process only
if the latter is sufficiently slow, so that the chain has enough
time to relax during the escape. Our simulations showed that,
for temperatures about or lower than Tmin, the temperature
of the fastest folding in presence of the tunnel, the escape
time is significantly longer than the refolding time, thus,
allowing for concomitant folding and escape at the tunnel.
The fact that vectorial folding induced by the tunnel happens
at low temperatures is beneficial for nascent proteins because
it would help the protein to avoid kinetic traps43 which are
easy to be encountered at low temperatures. The escape time
is expected to depend on the tunnel size and shape. In fact,
our simulations indicate that the escape time increases with
the tunnel diameter d and length L (detailed analysis will be
given elsewhere). It is an interesting question of whether the
ribosomal tunnel’s detailed size and shape have been selected
by Nature for a facilitated vectorial folding of nascent proteins
at the tunnel by mediating their escape time.

Denatured proteins typically refold to their native
states through multiple pathways in a rugged energy
landscape.30,43,44 Here, we show that folding at the tunnel
proceeds along a single or at most a few pathways in a much
reduced conformational space. This dramatical reduction in
the number of conformations and the number of pathways
is a key factor in helping nascent proteins to avoid kinetic
traps. Our free energy calculations also showed explicitly that
the pathways at the tunnel are downhill without kinetic traps.
Remarkably, our simulations also showed that, at least for
protein GB1, the folding efficiency in presence of the tunnel is
improved in comparison to that without the tunnel. This result

is in agreement with recent experiments which indicated
that the ribosome promotes correct folding of nascent
proteins.7,8

Our finding that the escape process can be mapped to
a one-dimensional diffusion model in an effective linear
potential could be verified experimentally and may be useful
for studying the interactions between nascent protein and
the exit tunnel. We have shown that, in the case of the
tunnel without attractive sites, folding facilitates the escape
process, as expressed by a lower exponent α for the diffusion
at temperatures lower than the folding temperature than for
that at higher temperatures. In contrast, for the tunnel with
attractive sites, the exponent α is higher in the low temperature
range. The attractive sites also lead to a non-linear dependence
between the standard deviation and the mean value of the
escape time at low temperatures. Thus, interactions of nascent
proteins with the tunnel strongly affect the dynamics of their
escape from the tunnel. An analysis of escape rates, that
would be obtained by experiments, may reveal about these
interactions.

While the geometry of the ribosomal exit tunnel has been
precisely determined,18 its detailed interactions with nascent
proteins are still under ongoing research. In a recent study,
Pande and co-workers19 calculated free energy profiles for
single amino acids in the exit tunnel and found that a large
free energy barrier (up to about 7 kBT) near the exit port is
commonly observed for most of the amino acids, despite the
differences in their side-chain chemico-physical properties.
They suggested that this exit barrier is relevant to a gate-latch
mechanism involving ribosomal protein L39 of the exit tunnel.
Our result for the tunnel with attractive sites also yields a free
energy barrier for the nascent proteins. Our analysis suggests
that the role of this barrier is to slow down the escape
process of nascent proteins, thus strengthening the condition
for vectorial folding at the exit tunnel. The net effect of this
barrier is an enhanced foldability of the released protein and
minimizing the chance of aggregation.

V. CONCLUSION

Folding of nascent proteins at ribosomal exit tunnel
has been studied in simple models. We have shown that
the ribosomal exit tunnel has several strong effects on the
dynamics of nascent proteins. First, it induces vectorial folding
with improved folding efficiency by allowing the nascent chain
to gradually escape from the tunnel. This vectorial folding is
concomitant with the escape process and happens only at a
low temperature range favorable for folding. Second, folding
at the tunnel follows a single or a few pathways allowing
the protein to avoid kinetic traps. Third, the escape process
can be characterized as a one-dimensional diffusion of a
particle in an effective linear potential field which depends
on the condition for folding, such as temperature and the
interaction of nascent protein with the exit tunnel. It was
shown that folding speeds up the diffusion, whereas attractive
interactions between the nascent protein and the tunnel wall
slow it down. The α-helical protein also tends to escape more
slowly than the β-sheet containing the protein. We have also
shown that a slow escape from the tunnel is better for vectorial
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folding, and consequently improving folding efficiency. Thus,
the ribosome may impose a large free energy barrier along the
escape route of the nascent protein at the exit tunnel, for the
purpose of enhancing protein foldability and preventing early
release of unfolded nascent proteins.
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APPENDIX A: LANGEVIN DYNAMICS
WITH VERLET ALGORITHM

Simulations are carried out using molecular dynamics
method with Langevin equations of motion. For a given bead,
the Langevin equation in one dimension is given by

mẍ(t) = f (t) − ζ ẋ(t) + Γ(t), (A1)

where x is the position of a bead, m is its mass (assumed to
be equal for all amino acids), f is the molecular force acting
on the bead, and ζ is the friction coefficient. Γ is a random
force induced by the solvent in the form of a white noise with
zero mean, ⟨Γ⟩ = 0, and the time auto-correlation function
satisfying the fluctuation-dissipation theorem,

⟨Γ(t)Γ(t + t ′)⟩ = 2ζ kBTδ(t ′), (A2)

where T is absolute temperature.
A Verlet algorithm is developed to numerically integrate

the Langevin equations of motion. The position at time t + ∆t
is given by

x(t + ∆t) =


2x(t) −
(
1 − ∆t

2m
ζ

)
x(t − ∆t)+

+
∆t2

m
[ f (t) + Γ(t)]

 (
1 +
∆t
2m

ζ

)−1

, (A3)

where ∆t is the integration time step. Because
 +∞
−∞ δ(t)dt = 1,

Eq. (A2) is given in a discrete form given by

⟨Γ(t)Γ(t + n∆t)⟩ = 2ζ kBT
∆t

δ0,n, (A4)

where δi j is Kronecker’s delta function and n is an integer.
Temperature is given in units of ϵ/kB, whereas time is
measured in units of τ =


mσ2/ϵ . The integration step is

taken to be ∆t = 0.002τ. Typical simulations are done with
friction coefficient ζ = 2.5 mτ−1.

APPENDIX B: UMBRELLA SAMPLING

To sample protein configurations that are partially located
inside the tunnel, umbrella sampling technique28 is employed.
One carries out R simulations at a set of temperatures
{Tj, j = 1, . . . ,R} with the following restraint potentials acting

on a given residue of the protein:

Vj(ξ) = 1
2
λ j(ξ − ξ0, j)2, ( j = 1,2, . . . ,R), (B1)

where ξ is the x-coordinate of the residue, λ j are restraint
parameters chosen to be in the range of [0.1,1.0] ϵ Å−2

(stronger restraint is applied near the exit port), and ξ0, j are
another restraint parameters of values chosen between 0 and
L. For GB1, the restrained residue is chosen to be either the
last residue (the C-terminus) or the 48th amino acid in the
sequence for the efficient sampling along the two pathways
(see Fig. 4(b)), respectively. For SpA, only the C-terminus is
being restrained.

The free energy (or potential of mean force) can be
calculated using the weighted histogram analysis method
(WHAM) with the WHAM equations given by34,35

Pβ, j(E, ξ) =
R

k=1 Nk(E, ξ) exp[−β(E + Vj(ξ))]R
m=1 nm exp[ fm − βm(E + Vm(ξ))]

, (B2)

and

exp(− f j) =

E


ξ

Pβ j, j(E, ξ), (B3)

where E is the energy of protein conformation without
counting restraint potential, Nk(E, ξ) is the histogram collected
in simulation k, nm is the total number of snapshots in
simulation m, and β = (kBT)−1 is the inverse temperature.
f j are calculated from Eqs. (B2) and (B3) self-consistently.
Assume that j = 0 corresponds to V0(ξ) = 0, the free energy of
an unrestrained protein as function of ξ at a given temperature
T is given by

F(ξ) = −kBT log

E

Pβ,0(E, ξ). (B4)

The dependence of F on other coordinates, such as the number
native contacts, Nc, and the number of escaped amino acids
from the tunnel, Nout, can be calculated from a weighted
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