
Switch from thermal to force-driven pathways of protein refolding
Maksim Kouza, Pham Dang Lan, Alexander M. Gabovich, Andrzej Kolinski, and Mai Suan Li

Citation: The Journal of Chemical Physics 146, 135101 (2017); doi: 10.1063/1.4979201
View online: http://dx.doi.org/10.1063/1.4979201
View Table of Contents: http://aip.scitation.org/toc/jcp/146/13
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/20939943/x01/AIP-PT/JCP_ArticleDL_0117/PTBG_orange_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Kouza%2C+Maksim
http://aip.scitation.org/author/Lan%2C+Pham+Dang
http://aip.scitation.org/author/Gabovich%2C+Alexander+M
http://aip.scitation.org/author/Kolinski%2C+Andrzej
http://aip.scitation.org/author/Li%2C+Mai+Suan
/loi/jcp
http://dx.doi.org/10.1063/1.4979201
http://aip.scitation.org/toc/jcp/146/13
http://aip.scitation.org/publisher/


THE JOURNAL OF CHEMICAL PHYSICS 146, 135101 (2017)

Switch from thermal to force-driven pathways of protein refolding
Maksim Kouza,1,a) Pham Dang Lan,2 Alexander M. Gabovich,3 Andrzej Kolinski,1,b)

and Mai Suan Li4,c)
1Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland
2Institute for Computational Science and Technology, Tan Chanh Hiep Ward, District 12,
Ho Chi Minh City, Vietnam and Department of Theoretical Physics, Faculty of Physics
and Engineering Physics, Ho Chi Minh University of Science, Vietnam
3Institute of Physics, National Academy of Sciences of Ukraine, 46, Nauka Ave., Kyiv 03680, Ukraine
4Institute of Physics, Polish Academy of Science, Al. Lotnikow 32/46, 02-668 Warsaw, Poland

(Received 18 October 2016; accepted 13 March 2017; published online 3 April 2017)

The impact of the quenched force on protein folding pathways and free energy landscape was studied
in detail. Using the coarse-grain Go model, we have obtained the low, middle, and high force regimes
for protein refolding under the quenched force. The folding pathways in the low force regime coincide
with the thermal ones. A clear switch from thermal folding pathways to force-driven pathways in the
middle force regime was observed. The distance between the denatured state and transition state xf in
the temperature-driven regime is smaller than in the force-driven one. The distance xf obtained in the
middle force regime is consistent with the available experimental data suggesting that atomic force
microscopy experiments deal with the force-regime which is just above the thermal one. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4979201]

I. INTRODUCTION

Despite substantial advance has been achieved in
recent years,1–3 deciphering free energy landscape (FEL) of
biomolecules remains challenging in molecular biology. Sin-
gle molecule force spectroscopy (SMFS) experiments which
are able to distinguish the fluctuations of individual molecules
from the ensemble average behavior are intensively used
to probe FEL and molecular interactions. The atomic force
microscopy (AFM) is one of the most suitable tools to study
proteins4 which are mechanically more stable than DNA
and RNA. In AFM and other SMFS techniques, the exter-
nal mechanical force f is used as an additional parameter to
gain information on FEL. If f is sufficiently small then one can
expect that the external force moves the FEL profile leaving the
distance between the transition state (TS) and the native state
(NS), xu, and the distance between TS and the denatured state
(DS), xf , unchanged. Then the unfolding barrier is reduced by
an amount of ∆∆GTS−NS = −fxu, while the folding barrier is
elevated by ∆∆GTS−DS = fxf as the force obstacles refolding.
This situation is often referred to as the Bell approximation,5

where the dependence of folding time τf on f is given by the
following equation:

τf = τ
0
f exp(fxf /kBT ). (1)

Here kB, T, and τ0
f are Boltzmann’s constant, temperature, and

the folding time in the absence of external force, respectively.
To go beyond the Bell approximation, i.e., to obtain the

force dependence of unfolding/folding times for a wide range

a)Electronic mail: mkouza@chem.uw.edu.pl
b)Electronic mail: kolinski@chem.uw.edu.pl
c)Electronic mail: masli@ifpan.edu.pl

of f, various approximations have been proposed.6–10 The
existence of parallel (un)folding pathways, the description of
which is not possible within the Bell theory, has been tack-
led in the field experimentally.11 Despite clear improvement
of the Bell theory, the validity of these new theories remains
restricted to some force regions. On the other hand, because
the Bell formula is widely used to interpret experimental data,
here we follow a primitive point of view that the Bell theory
works for arbitrary forces but the value of xf (and xu) depends
on force regions.

The unfolding FEL of proteins, in particular, xu, has
been studied thoroughly,2,12–14 whereas the refolding under
the quenched force attracts much less attention. The dis-
tance xf was experimentally measured for some proteins15–19

(Table I) but its theoretical estimation was made only for
immunoglobulin domain Ig2720 and ubiquitin.21 Thus, under-
standing of refolding FEL parameters of other experimentally
studied proteins is of interest. More importantly, it remains
unclear that in which force regime the distance between the
denatured and native states has been measured in experi-
ments and how refolding pathways depend on the quenched
force.

The most detailed information on FEL may be gained
from the all-atom simulations but this approach is restricted to
rather short peptides and proteins22,23 due to its high computa-
tional expenses. In the presence of external force, the problem
becomes even more critical because the refolding times expo-
nentially increase with f (Eq. (1)) and it is not feasible even
on fastest computers.24 Therefore, coarse-grained models are
more suitable for this purpose. In this paper, we have chosen
the structure-based Go model which has the additional advan-
tage that the native state of proteins is a priori known and may
be taken from the protein data bank (PDB).
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TABLE I. Summary of the distances from the unfolded to the transition state obtained from simulation in LF
and MF regimes and from experimental data. xf is measured in nm. Tmin, obtained by simulation, is in εH/kB.
References to experimental works are shown in the last column.

Protein PDB code Class Tmin, Sim xF , LF xF , MF xF , Expt. Reference

Ubiquitin 1UBQ α/β 0.55 0.32 1.01 0.8 15
Src SH3 A7C/N59C 1SRL β 0.53 0.88 4.86 5.25 ± 0.25 17
ACBP 1-86 1NTI α 0.45 1.12 6.6 6.7 ± 0.10 18
∼70aa C-terminal cam 1CFC α 0.35 1.02 6.14 8.0 19
GB protein 1PGA α/β 0.53 0.23 1.9 2.1 36
Titin I27 1TIT β 0.44 0.12 0.84 N/A
Apomyoglobin N/C
(molten globule) 1BZ6 α 14.9 ± 1.5 16

Using the Go model,25 we have studied refolding of sev-
eral proteins under quenched forces in a range from 0 to
∼14 pN. It was shown that there exist low, middle, and high
force regimes with different xf . At low forces, folding path-
ways were found to coincide with the thermal ones. The
crossover from the low- to middle-force regimes occurs at
fswitch ≈ 3-7 pN. The simulation values of xf obtained in the
middle force range agree with the experimental ones imply-
ing that experiments have been carried out in the second force
regime which is just above the temperature-driven region.

The results of our simulations demonstrated that regard-
less of the structural type of protein, there is a switch from
thermal to force-driven pathways and the crossover between
different force regimes which corresponds to the emergence of
an additional energy barrier, analogously to what we observed
in our previous studies on mechanical unfolding.26,27 These
results could delve into certain deep and unanswered ques-
tions of unfolding and refolding studies. For example, one
can use the force dependencies on time to estimate f switch.
We noted that a switch is observed at f switch where the linear
fitting based on Bell’s theory ceases to work. Another conse-
quence of this observation is that the thermal folding pathway
can be probed by a force-clamp technique if the quenched
force is smaller than f switch. However, if the quenched force
falls within the interval [f switch � f c], which still allows a pro-
tein to refold, the pathways will be different from the thermal
ones.

II. MATERIAL AND METHODS
A. Coarse-grained structure-based model

Folding of proteins takes microseconds to seconds. This
time scale can be currently reached for small- and middle-
sized proteins in the explicit solvent by the most power-
ful supercomputer.24 On the other hand, the folding time
grows with force exponentially that does not allow for esti-
mating xf by all-atom molecular dynamics (MD) simula-
tions. Therefore, we will employ the coarse-grained Go-like
model25 where only Cα-carbons are taken into account. The
rationale of our choice is based on the fact that the pro-
tein folding is largely defined by the topology of native
conformation.28 Native structures for Go modeling were
retrieved from protein data bank (PDB) using codes listed in
Table I.

The interactions between residues are assumed to be Go-
like, and the energy of such a model is as follows:25

E =
∑

bonds

Kr(ri − r0i)
2 +

∑
angles

Kθ (θi − θ0i)
2

+
∑

dihedral

{K (1)
φ [1 − cos(φi − φ0i)]

+ K (3)
φ [1 − cos 3(φi − φ0i)]}

+
NC∑

i>j−3

εH


5

(
r0ij

rij

)12

− 6

(
r0ij

rij

)10

+
NNC∑
i>j−3

εH

(
C
rij

)12

− |~f .~R|. (2)

Here ∆φi = φi − φ0i, ri ,i+1 is the distance between beads i and
i + 1, θi is the bond angle between bonds (i � 1) and i, and
rij is the distance between the ith and jth residues. Subscripts
“0,” “NC,” and “NNC” refer to the native conformation, native
contacts, and non-native contacts, respectively. Residues i and
j are in native contact if r0ij is less than a cutoff distance dc

taken to be dc = 6.5 Å, where r0ij is the distance between the
residues in the native conformation.

The first harmonic term in Eq. (2) accounts for chain
connectivity, and the second term represents the bond angle
potential. The potential for the dihedral angle degrees of free-
dom is given by the third term in Eq. (2). The interaction energy
between residues that are separated by at least 3 beads is given
by 10-12 Lennard-Jones potential. A soft sphere repulsive
potential (the fourth term in Eq. (2)) disfavors the formation of
non-native contacts. The last term is used to account the force
applied to C and N termini along the end-to-end vector ~R in the
case of constant force simulations. We added an energy −|~f .~R|
to the total energy of the system, where ~R is the end-to-end
vector and ~f is the force applied to both termini.

We choose Kr = 100εH/Å
2
, Kθ = 20εH/rad2, K (1)

φ = εH ,

and K (3)
φ = 0.5εH , where εH is the characteristic hydro-

gen bond energy and C = 4 Å. In our model, the force unit
[f ] = εH/Å = 68 pN.13 The dynamics of the polypeptide
chain can be described by the Langevin equation which was
numerically solved using the Verlet algorithm29 with time step
∆t = 0.005τL. Here τL = (ma2/εH )

1/2
≈ 3 ps, m is the typical
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mass of amino acids, and a is the distance between neighboring
beads.30

B. Tools and measures used in the analysis
1. Folding time and Tmin

In order to study the crossover from the temperature-
driven (low force) regime to the force-driven one, we have
studied 5 proteins for which the experimental values of xf are
available (Table I). The folding time tfold is a median value of
folding times collected from individual MD runs. To obtain
reliable results for a given value of force, a pool of 50-100 tra-
jectories has been generated. All simulations were performed
at temperature Tmin, at which the folding is fastest in the
absence of force.

2. Folding pathway

In order to study the folding pathway sequence, we mon-
itored the fraction of native contacts of the β-strands and
α-helices as a function of progress variable δ = t

tfold
. The

advantage of δ is that it permits one to study folding events
in the unique window 0 < δ ≤ 1 despite huge diversity of
folding times obtained from different MD trajectories. To get
averaged folding pathway, we averaged the fraction of native
contacts over a unique window 0 < δ ≤ 1 and monitor the
folding sequencing with the help of the progressive variable δ.
The refolding pathway is represented by an averaged refold-
ing pathway which generally may not necessarily be one of the
individual refolding pathways. Our previous study has shown
that the averaged refolding pathway is in good agreement with
the most probable refolding pathway.21

3. All-atom reconstruction

To reconstruct the atomic details from the alpha car-
bon trace, we followed a two-step procedure involving (1)

reconstruction of the backbone atoms by Modeller31 and (2)
adding of the remaining atoms of side-chains followed by
their optimization to remove structural inaccuracies using the
SCWRL 4.0 package32 described in more detail in Ref. 33.

4. Free energy landscape

The two-dimensional free energy landscape surface, con-
structed along the number of native contacts (NNC) as one
axis and the end-to-end distance RNC as the other, was given
by ∆G(NNC, RNC) = −kBT [ln P(NNC, RNC) − ln Pmax], where
P(NNC, RNC) was the probability distribution obtained from
a histogram of MD data. Pmax was subtracted to ensure that
∆G = 0 at the global minimum of free-energy.

5. Crossover point between different force regimes

We define (albeit roughly) the crossover point as the point
at which correlation coefficients calculated individually for
each regime reach their maximum level.

III. RESULTS AND DISCUSSIONS

First, we have computed Tmin in the absence of external
force. The results are shown in Table I. As expected,α-proteins
have lower Tmin than β-proteins being less stable. The refold-
ing times were computed at Tmin for various values of the
external force f.

A. Existence of three force regimes

The pioneer experimental work on refolding under
quenched force was done for ubiquitin.15 Our previous simu-
lation work on this protein was restricted to a narrow force
region.21 Here we extend our study to higher forces, and
as evident from Fig. 1(a) one has three different slopes
xf = 0.32, 1.01, and 3.24 nm corresponding to low, mid-
dle, and high force (HF) regimes. As expected xf elevates

FIG. 1. Distance xf in different force regimes. We show three regimes for ubiquitin and two regimes for the remaining proteins. Results were obtained at Tmin
except the titin domain I27 for which the simulation was conducted at T exp = 0.44 (or 294 K).
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with f because the increase in folding times becomes steeper
as force is increased. The value of xf obtained in the mid-
dle force (MF) regime is close to the experimental result of
≈0.8 nm.15 Using the same Go model, we have obtained
xf = 0.96 nm13 which is also consistent with the present esti-
mate. But one should stress that in the prior theoretical13 and
experimental15 works, the fit to the Bell theory (Eq. (1)) mixed
the low force (LF) and partially MF regimes. The main fea-
ture of this paper is that we clearly distinguish different force
scenarios.

One may think that 1UBQ data could have been divided
into only two regimes, while 1SRL data could be divided into
three regimes instead of two (Fig. 1). To clarify this issue, we
divide UBQ data into two regimes at F = 7.85 pN (Fig. S1 in
the supplementary material (SM)) obtaining xf = 0.71 nm (cor-
relation level R = 0.97) for the low force regime. Here we adopt
the criterion that a given force interval is not divided further
into two regimes if the values of xf obtained for two regimes
do not differ from that of one regime more than 0.2 nm. Based
on this criterion, one has to divide [0, 7.85 pN] into two regions
because xf = 0.71 nm differs from xf = 0.32 and 1.01 nm (Fig.
S1) more than 0.2 nm, implying that 1UBQ has three force
regimes.

To address the question whether 1SRL data could be
divided into three regimes, we assume that the crossover at
3.5 pN exists (Fig. S2 in the supplementary material). For
the [0, 7.25 pN] interval, we obtain xf = 0.85 nm differ-
ing from xf = 0.74 and 1.01 nm of two sub-intervals less
than 0.2 nm. Therefore, for 1SRL, we keep only two force
regimes.

Because a clear discrimination between the LF and MF
regimes is crucial for comparison with experiments (see
below), we have implemented a simple but reasonable proce-
dure to separate them. Namely, several choices for two force
intervals have been probed, but the best choice should cor-
respond to the highest fitting correlations for both regimes.
For illustration, we consider protein 1PGA (Fig. S3 in the
supplementary material). The correlation level R for the MF
regime is nearly the same for three choices, but in the LF
regime it visibly varies depending on how many data points
have been picked up. Therefore, we choose the best case with
the highest value R = 0.877 as shown in Fig. 1.

The distance xf was not experimentally measured for the
titin domain I27 (PDB ID: 1TIT) but its critical force was
obtained by the magnetic tweezer experiment of Chen et al.34

Therefore we have also performed simulations for this pro-
tein at the experimental temperature T exp = 294 K34 (Fig. 1).
Because the folding temperature of I27 is 333 K35 which

corresponds to TF = 0.5εH/kB in our Go model,27 we have
Texp =

294
333 × 0.5 = 0.44 in εH/kB.

B. Experimentally measured x f in middle force regime

Because the HF regime is not interesting in terms of com-
parison with experiments and the estimations of folding times
in this regime are too CPU consuming, we will focus on the LF
and MF regions. Fig. 1 shows the results obtained for three pro-
teins, 1PGA, 1SRL, and 1NTI, that are representative forα/β-,
β-, and α-proteins. Their PDB structures are shown in Fig. 2.
In the LF regime, we obtained xf = 0.23, 0.88, and 1.12 nm for
1PGA, 1SRL, and 1NTI, respectively (Fig. 1). These values
are far from the experimental estimates listed in Table I. This
observation also holds for α-protein 1CFC. The experimental
data are also available for protein 1BZ6, but the theoretical
estimation of xf for this protein is beyond our computational
facility because it has large xf (Table I) corresponding to very
slow folding.

Contrary to the LF case, the distances between TS and DS
calculated in the MF regime are close to the experimental ones
(Table I). For 1PGA, the agreement is nearly perfect as one has
xf = 1.9 nm against 2.1 nm followed from the experiment of
Cao and Li.36 Overall the correlation between the experimen-
tal and simulation sets is very high with the correlation level
R≈ 0.976 (Fig. 3). Thus, in terms of xf experiments probed
the MF force regime.

Although xf obtained in the LF region are far below exper-
imental estimations they are highly correlated. Using the data
from Table I, one can show that the correlation coefficient
R ≈ 0.90.

C. Temperature dependence of x f

Because the computation of refolding times under
quenched force, in particular, at low temperatures, is very
time consuming, we restricted our study to the region near
Tmin and TF and to protein 1PGA. Using the replica exchange
method, we obtained the folding temperature TF = 0.57 (see
Fig. S4 and simulation details in the supplementary material),
which is a bit higher than Tmin = 0.53 (Fig. S5). Because the
folding temperature of 1PGA is 360.5 K,37 the optimal tem-
perature Tmin = 0.53

0.57 × 360.5 = 335 K. Thus Tmin is higher
than T exp = 277 K36 (or about 0.44 in ε/kBT ), where xf was
experimentally measured. To directly compare xf with the
experiment, we have performed additional simulations at T exp.
In the LF and MF regimes, xf = 0.25 and 1.85 nm (Fig. S6)
which are close to 0.23 and 1.9 nm obtained at Tmin for 1PGA
(Table I). The reason for similar results at Tmin and T exp is

FIG. 2. Secondary structures of three
representative proteins in the native
state. Blue balls refer to the N-terminal.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014713
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014713
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014713
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-014713
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FIG. 3. Correlation between theoretical values of xf , obtained in the MF
regime, and experimental ones. The correlation level R = 0.98.

presumably two-fold. First, the experiment36 was carried out
not too far from Tmin which is located together with the folding
temperature TF at the wide bottom of the U-shape curve where
the folding time is plotted as a function T (Fig. S5). Because in
the absence of the external force the folding times at the bottom
are nearly temperature-independent, one can expect that fold-
ing properties at relatively low f are not very different at Tmin

and T exp leading to close values of xf at these temperatures.
Second, as T is decreased, the slope γ in Fig. S6 increases
but xf does not change much because xf = kBTγ according
to Eq. (1). Thus, based on the results obtained for 1PGA, we
anticipate that xf is nearly the same at Tmin and T exp for other
proteins.

For ubiquitin, using the same Go model (see Section II),
one obtained TF = 0.625 εH/kB

13 corresponding to the exper-
imental TF = 332.5 K.38 For this protein, we have performed
simulations at Tmin = 0.55 εH/kB ≈ 271 K (Table I) which is
very close to T exp = 277 K where xf was estimated.15 Thus,
our theoretical value of xf at Tmin should not deviate much
from that at T exp.

D. Switch from temperature-driven to force-driven
folding pathways

The folding of B domain of protein G (GB) has been exten-
sively investigated experimentally39,40 and theoretically.41–43

One notes that there is a controversy regarding the folding
mechanism of GB. Protein engineering experiments have pro-
vided evidence that a well-formed C-terminal hairpin and
partially folded helix are presented in the transition state
ensemble.39 This suggestion was also confirmed by simula-
tions using a coarse-grained CABS model.42 On the other
hand, a number of alternative folding pathways involving the
formation of helix-C-terminal hairpin or helix-N-terminal or
helix-both hairpins, which can be additionally splitted into
more pathways, have been reported.40,41,43

As individual folding pathways can be highly diverse
and a consensus has not been reached on the specific fold-
ing pathways of GB, it is better to consider an ensemble of
trajectories. For this reason, we focus not on the folding path-
way of individual trajectories but also on the averaged one.
Figs. 4(a)–4(c) show the dependence of the number of native
contacts (NCs) of individual secondary structure elements on
progress variable δ for GB at f = 0, 3.4, and 10.2 pN. At
f = 3.4 pN, the acquisition of the native structure proceeded

via the pathway

(H, S2, S3)→ S1→ S4. (3)

We observed the same sequencing in the absence of the
external force. Thus, below the borderline value fswitch ≈ 7
pN (Fig. 1), the protein folding is driven by thermal fluctua-
tions. According to the low force scenario, the folding initiates
from the formation of helix and N- and C-terminal hairpins
(Figs. 4(a) and 4(b)). The helix is formed and dissolves inter-
mediately, keeping an average number of native contacts about
80% through the simulation. Folding of C- and N- terminal
hairpins indicates the complete formation of S2 and S3 strands,
as those strands have native contacts only with adjacent S1
and S4 strands. The next folding event is the association of
terminal hairpins into a β-sheet and simultaneous formation
of contacts between the helix and β-sheet. Once the later con-
tacts are established and S1 and S4 strands come together to
form a β-sheet of four β-strands, the native-like conformation
is formed.

At f = 10.2 pN, i.e., above f switch, as protein refolds, the
sequence of the folding events obeys the following order:

(H, S2)→ S3→ S1→ S4. (4)

According to the middle force regime, the first folding
event is the formation of N-terminal hairpin (S1 with S2
strands) and helix (Fig. 4(c)). Interestingly, although a force is
applied locally to both, N- and C-terminus, it seems to inter-
fere with the C-terminal hairpin formation. The formation of
the C-terminal hairpin (S3 with S4 strands) seems to be the
rate limiting step in the folding in the middle force regime.
Once C-terminal hairpin folded, the formation of β-sheet and
helix-β-sheet contacts completes the folding process.

As follows from Eqs. (3) and (4) and clearly seen from
Fig. 5, refolding pathways in the force-driven regime are dif-
ferent from the thermal ones. This conclusion is also valid for
protein 1SRL and protein 1NTI. In Sec. III E, we will analyze
their folding pathways in more detail.

E. Is the switch from temperature-driven
to force-driven folding pathways observed
for other proteins?

An interesting question is whether the switch between
temperature-driven and force-driven folding pathways observed
for GB is also valid for other proteins? To check this, we chose
conceptually very different proteins compared to GB: all-β
protein, the SH3 domain of Src (Src SH3, PDB ID: 1SRL),
and the four-α-helix acyl-CoA binding protein (ACBP, PDB
ID: 1NTI).

Src SH3 consists of four β-strands, S1, S2, S3, and S4,
connected by loops between S1 and S2 as well as S3 and S4
(Fig. 2(c)). To obtain the sequence of folding events, we use
the evolution of fraction of native contacts of β-strands. From
Figs. 4(d)–4(f), we have the following refolding pathways for
two force regimes:

S3→ S2→ S4→ S1, low force pathway of Src SH3, (5a)

S3→ S4→ S2→ S1, high force pathway of Src SH3. (5b)

We have obtained the same sequencing at f = 0.0 and
below fswitch ≈ 7 pN. According to the low force scenario
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FIG. 4. Thermal and refolding pathways under force quench for three representative proteins. Temperature-driven and low force pathways are the same.

(Eq. (5a)), the folding originates from the formation of hair-
pin between the third and fourth β-strands (S3 and S4). Once
formed, the hairpin seems to initiate the formation of con-
tacts between the S2 strand with S3 and S1. After complete

formation of S3 and S2 strands, the S4 strand makes long range
contacts with a loop between S1 and S2. The folding is final-
ized by the docking of C-terminal end of protein to the S1
strand.

FIG. 5. Refolding pathways of the B domain of protein G with representative snapshots.
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For the values of external force greater than f switch,
Fig. 4(f) gives the sequence of refolding events presented by
Eq. (5b). Folding starts with the formation of hairpin between
the third and fourth β-strands (S3 and S4) which induces the
establishment of contacts between S2 with S3, but not S1
(as in the low force region). It seems that high force sup-
presses the interactions between S1 and S2 strands. As
a consequence, S2 refolds faster than S1 and the refold-
ing pathway becomes different compared to the low force
regime. Once contacts between S1 and S2 are established, the
C-terminal end docks to the S1 strand. A native-like structure is
formed.

ACBP consists of four helices, H1, H2, H3, and H4, con-
nected by loops between H1 and H2 as well as H3 and H4
(Fig. 2(b)). To obtain the sequence of folding events, we use
the evolution of fraction of individual secondary structure ele-
ments. From Figs. 4(g)–4(i), we have the following refolding
pathways for two force regimes:

H2→ H3→ H4→ H1, low force pathway of ACBP,
(6a)

H3→ H2→ H4→ H1, high force pathway of ACBP.
(6b)

Folding in all three cases (zero force, low, and middle
force regimes) starts with the rapid formation of individual
helices. Note that the sequence in Eqs. (6a) and (6b) was
identified based on the fraction of individual helices which
includes both intra- and inter-helical contacts. On average
30% of native contacts of the individual helices are intra-
helix contacts. Figs. 4(g)–4(i) show that at the beginning of
simulations, the total number of all-native contacts of indi-
vidual helices reaches 30%-60% indicating the complete for-
mation of local structures. This is followed by the forma-
tion of inter-helical contacts and contacts between helices
and loops. At zero force and low force regimes (below

fswitch ≈ 3.4 pN), we observe the sequence of folding event
described by Eq. (6a) which can be classified as follows.
After folding of individual helices, H2-H3 and H2-H4 con-
tacts are formed which is followed by the formation of
contacts between H3 and loop connecting H2 and H3. The
spatial arrangement between H1 and H4 ends the refolding
process.

In the MF region, above f switch, from Fig. 4(i) we obtain
the different refolding sequence (Eq. (6b)). Folding path-
ways in the low and middle force regimes are different
although they share the common feature that the folding starts
with occurrence of individual helices and the formation of
H1-H4 contacts completes the refolding process. The forma-
tion of contacts between H2 and H3 as well as between H3
and loop connecting H2 and H3 proceeds after folding of
individual helices, but it precedes the formation of H2-H4
contacts.

F. Relationship between critical and switch force

Because below switch force f switch refolding pathways
become identical to the thermal pathways, one can anticipate
that f switch coincides with the equilibrium critical force sep-
arating the folded and unfolded states, f crit. Experimentally,
f crit can be approximately estimated, for instance, from the
dependence of rupture force on pulling speeds.44 Recently,
using ultra stable magnetic tweezers and the exact criterion
that at critical force the probabilities of folded and misfolded
events are equal, Chen et al. have reported that fcrit ≈ 5.4
pN for the I27 domain34 at T = 294 K. This value is very
close to our estimate fswitch ≈ 5 pN (Fig. 1) at the same
temperature. Thus, it is reasonable to assume that f switch coin-
cides with f crit not only for I27 but also for other proteins.
In other words, the crossover from the temperature-driven
regime to the force-driven regime occurs at the critical force
f crit.

FIG. 6. Two-dimensional free energy
landscapes as a function of number of
native contacts and for 1PGA protein
at Tmin = 0.53. The results are aver-
aged over 100 trajectories. Surfaces are
shown with contour lines indicating the
relative kBT slope of the surface.
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FIG. 7. Two-dimensional free energy
landscapes as a function of number of
native contacts and for 1SRL protein
at Tmin = 0.53. The results are aver-
aged over 100 trajectories. Surfaces are
shown with contour lines indicating the
relative kBT slope of the surface.

G. Go model probes collapsed and native
conformation ensembles

Fernandez and Li15 have applied the force-clamp tech-
nique to probe refolding of ubiquitin under quench force f q. In
their experimental study, the protein is first extended to a well-
defined state and then its subsequent refolding to a collapsed
conformation ensemble under a low force was monitored as
a function of protein extension over time.15 Recently, follow-
up experiments provided evidence that collapsed dynamics
was probed in Ref. 15, but not final folding which occurs
on a much delayed time scale.45,46 Moreover, a number of

studies have shown that the final folding step occurs when
a molten-globule like conformations matures into the native
state.16,47

Then an interesting question emerges that whether the
simulations, based on the Go model, probe only the collapse
or both collapse and final folding conformations.

Because end-to-end distance RNC might fail to describe
the entire range of complexity of collapsed and final fold-
ing conformation ensembles due to the same end-to-end dis-
tance of folded and collapsed states, nonequilibrium free
energy surfaces were constructed as a function of the num-
ber of native contacts NNC and RNC. As follows from

FIG. 8. Two-dimensional free energy
landscapes as a function of number of
native contacts and for 1UBQ protein
at Tmin = 0.55. The results are aver-
aged over 100 trajectories. Surfaces are
shown with contour lines indicating the
relative kBT slope of the surface.
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Figs. 6–8, FEL of each protein has a broad energy minimum
with the end-to-end distance of folded protein while the num-
ber of native contacts fluctuating down to 50% of NNC of
the folded protein. Although located in the unfolded domain,
the compactness of the conformations in this minimum is
very close to the native structure. The conformations achieved
are distributed very broadly along RNC and NNC ranges. As
the quenched force is increased, the position of the major
local minimum moves towards the larger end-to-end distances
(Figs. 6–8). In all studied proteins, the NS was sampled dur-
ing simulations implying that the Go model probes not only
collapsed and but also native conformation ensembles.

In order to better understand the impact of force on refold-
ing kinetics, we monitor the time dependence of the end-to-end
distance, gyration radius (Rg), and native contacts in three force
regimes for ubiquitin as a representative protein. In the LF
regime with f = 1.34 pN, folding pathways are diverse (Fig. 9).
In (b) and (d), there is no appreciable plateau in the time
dependence of both quantities implying that folding proceeded
without intermediates. However, in (a), a long-lived plateau
occurs between about 28 and 125 ns which represents a robust
intermediate making folding slower compared to other tra-
jectories. For the case (c), three relatively short-lived plateaus
appeared on the route to NS. One can show that folding without
intermediates was observed in about 50% trajectories. For all
trajectories, refolding undergoes three major stages. The first
transition, marked by (1) (Fig. 9), is from the fully extended
state to unfolded or denatured ensemble (DE) conformations
with the end-to-end distance and gyration radius larger than
in NS. At this stage, Rg is reduced substantially. The second

transition initiates from DE conformations to molten globule or
collapsed ensemble (CE) conformations where RNC is almost
the same as in NS but with less native contacts. The final acqui-
sition of the native state occurs without a visible change in RNC

and Rg.
In the middle force regime (f = 6.8 pN), the diversity in

folding pathways becomes less compared to the LF regime
with intermediates sampled en route to the native basin in
all trajectories as shown in Fig. 10. Overall, folding without
intermediates occurs only in 5% simulation runs.

Individual trajectories of ubiquitin at f = 9.5 pN (HF
regime) are presented in Fig. 11. Kinetics intermediates
occurred in all trajectories. Quick transition from the fully
extended state to unfolded state marked by (1) is followed
by a long-lived intermediate state at which RNC fluctuates a
lot. This stage was also observed and termed as force-induced
metastable intermediates for the RNA hairpin48 and in more
general context of biopolymers.49 The next transition to the
collapsed ensemble conformations for which RNC and Rg are
the same as in NS is marked by (2). Note that in the trajec-
tories shown in Figs. 11(a) and 11(b), once the protein has
reached the collapsed state ensemble, we observed shortly
(200-300 ns) the final transition into the native state which
is highlighted by (3). These collapsed structures represent the
on-pathway intermediate state of the protein folding pathway
and it was suggested that such collapsed conformations are
necessary precursors of the folded state.46 However, it is not
the case for the trajectories shown in Figs. 11(c) and 11(d).
After reaching the collapsed state ensemble the protein might
undergo the transition back to the unfolded state. For those

FIG. 9. Time dependence on end-to-
end distance (black), gyration radius
(blue), and number of native contacts
(red) for individual trajectories of ubiq-
uitin at f = 1.34 pN (LF regime).
The time dependence of end-to-end dis-
tance and number of native contacts are
shown in black and red, respectively.
(1) marks the transition from stretched
to denatured ensemble (DE) conforma-
tions which has larger values of RNC and
gyration radius than in NS. (2) refers to
the transition from DE to collapsed or
molten globule ensemble conformations
(CE) for which RNC and Rg are the same
as in NS. (3) marks the transition from
CE conformations to NS.
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FIG. 10. The same as in Figure 9 but
for F = 6.8 pN (middle force regime).

two cases (Figs. 11(c) and 11(d)), the final folding implies
going from one collapsed state ensemble configurations to the
other through the ensemble of unfolded configurations. As a

consequence, the final folding step occurred on a much delayed
time scale, e.g., ∼1000 ns and ∼2000 ns for the trajectories
shown in Figs. 11(c) and 11(d), respectively.

FIG. 11. The same as in Figure 9 but
for f = 9.5 pN (high force regime).
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FIG. 12. Free energy landscapes of
ubiquitin as a function of Rnc ((a), (c),
and (d)) for different forces and as a
function of the number of native con-
tacts in the absence of force (b).

H. Extraction of x f from free energy landscape

The distance xf may be extracted from the free energy
landscape plotted as a function of the end-to-end distance
RNC.8 For this purpose, one can project the two-dimensional
free energy surfaces (Figs. 6–8) onto a single reaction coor-
dinate RNC. For ubiquitin, in the absence of force the FEL,
plotted as a function of the end-to-end distance, has only one
minimum (Fig. 12(a)) which corresponds to downhill fold-
ing. This implies that RNC is not a good reaction coordinate
because ubiquitin is known as a two-state folder (see Ref. 13
and the references therein). In the absence of force, the num-
ber of native contacts is a better reaction coordinate for
describing folding as evident from Fig. 12(b) showing two
minima.

Because for the LF interval, the FEL plotted as a function
of RNC does not display the transition state (Fig. 12(a)); we
are not able to extract xf . In the MF regime with f = 5.25
pN, the distance between TS and DS xf ≈ 1.4 nm (Fig. 12(c))
which is not far from the estimation obtained in the Bell theory
(Table I). In the high force regime (f = 9.5 pN), we obtained
xf ≈ 4 nm (Fig. 12(d)) which is higher than the Bell value 3.24
nm (Fig. 1). However, given a crude approximation of using a
one-dimensional FEL, the agreement between two approaches
may be considered as satisfactory.

Using the results presented in Figs. 6 and 7, we obtained
FELs as a function of Rnc for 1PGA and 1SRL (results not
shown). As in the ubiquitin case in the LF regimes, 1D FELs
are downhill not allowing us for extracting xf . However, we
obtained xf ≈ 1.7 and 4.2 nm in the MF regime for 1PGA and
1SRL, respectively. These results are in reasonable agreement

with those obtained from the dependence of refolding time
on the external force (Table I). Thus one can expect that for
force-driven regimes xf may be extracted from one-
dimensional FEL plotted as a function of RNC.

It is well known that the free energy landscape of protein
is complicated being multi-dimensional. So mapping it into a
single reaction coordinate such as the end-to-end distance is a
crude approximation. From this point of view, the fact that the
xf values extracted from the free-energy profiles agree quite
well with those obtained from the kinetic simulations for a few
force values does not mean that the free energy-based xf varies
in a step-wise manner with force.

IV. CONCLUSION

Having used the structure based models, we have shown
that AFM experiments probe protein refolding below the HF
region. At very low forces, refolding pathways coincide with
the thermal ones. The crossover from LF to MF regimes
accompanies the switch in folding pathways as well as in
the elevation of xf . This happens at the external quenched
force of a few pN. Our results obtained for xf in the MF
regime are in good agreement with experiments. We have
shown that in force-driven regimes, where the end-to-end dis-
tance is a good reaction coordinate xf can be read out from
one-dimensional FELs.

Using a simple coarse-grained model,50,51 we have also
studied the impact of external force on the refolding of
homopolymer. Due to a flat (non-funnel shape) free energy
landscape, homopolymers refold very slowly and our study
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was restricted to short sequences. Similar to proteins, we have
also observed the crossover from the temperature-driven to
force-driven regime with different values of xf .

A potential weakness of our study is the use of a coarse-
grained structure-based model. The choice was motivated by
the need to break computationally the fundamental barrier
of experimental time scales unreachable by classical simu-
lation tools. It is worth noting that assumptions underlying
this model including neglect of the non-native interactions
and explicit solvent can lead to the emergence of certain
artifacts which indeed were observed in protein unfolding
studies.27,52 Nonetheless, we believe that the coarse-grained
structure-based modeling is a promising and efficient alterna-
tive to mechanical refolding studies and allows us to capture
some of the important mechanisms of mechanical refolding.
The rationale of this approach is partially supported by the
agreement between the simulation and experiment.

SUPPLEMENTARY MATERIAL

See supplementary material for two and three force
regimes for ubiquitin (Fig. S1) and 1SRL (Fig. S2); different
fitting choices for LF and MF regimes for 1PGA (Fig. S3); pro-
cedure for the determination of folding temperature for 1PGA;
temperature dependence of CV (T ) and df N /dT (Fig. S4) and
of folding times (Fig. S5) of 1PGA; and force dependence of
refolding times of 1PGA at Tmin and T exp (Fig. S6).
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FIG. S3: Different choices for LF and MF regimes for 1PGA. The correlation level for the MF is

nearly the same for three choices. In the LF regime R=0.760, 0.877 and 0.826 for choices with 4,

5 and 6 points, respectively.
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Determination of TF for 1PGA

To quantify thermodynamics quantities of GB1 protein (1PGA) we performed an equi-

librium simulation by a structure-based model, described in Refs. [1, 2] (see Material and

Method). We apply standard replica-exchange method in temperature space to accelerate

the equilibration and obtain the thermodynamics quantities. We chose 16 temperature repli-

cas in the interval [0.32, 1.0] selected such that the avegared replica-exchange acceptance

ratio was 24.2%. The system was equilibrated during first 8× 105τL, after which histograms

for the energy, native contacts, radius of gyration and end-to-end distances were collected

for 12 × 105τL . All other parameters are the same as previously described in Refs. [1, 2].

Using the extended reweighting technique [3] and the data from the replica-exchange sim-

ulations and we obtained the thermodynamic quantities of the GB1 protein. The folding

temperature equals TF = 0.57εH/kB, the temperature where we observed the maximum of

Cv or dfN/dT (Fig. S4).
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FIG. S4: The temperature dependence of the heat capacity CV (T ) is presented by red curve. The

black curve refers to the temperature dependence of the structural susceptibility, dfN/dT . The scale

for CV is given on the left, while right scale corresponds to dfN/dT . The collapse temperature

at which Cv has maximum, Tθ, coincides with the folding temperature TF at which strutural

susceptibility is maximal. Tθ = TF = 0.57. The data obtained from structure-based simulations as

described in text.
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FIG. S5: The temperature dependence of refolding times of 1PGA. The result was obtained using

100 independent trrajectories and the Go models described in Material and Method in the main

text. Positions of Tf , Tmin and Texp are also shown.
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