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ABSTRACT: Single molecule force spectroscopy is a useful
technique for investigating mechanically induced protein unfolding
and refolding under reduced forces by monitoring the end-to-end
distance of the protein. The data is often interpreted via a “two-state”
model based on the assumption that the end-to-end distance alone is
a good reaction coordinate and the thermodynamic behavior is then
ascribed to the free energy as a function of this one reaction
coordinate. In this paper, we determined the free energy surface
(PMF) of GB1 protein from atomistic simulations in explicit solvent
under different applied forces as a function of two collective variables
(the end-to-end-distance, and the fraction of native contacts ρ). The
calculated 2-d free energy surfaces exhibited several distinct states, or
basins, mostly visible along the ρ coordinate. Brownian dynamics
(BD) simulations on the smoothed free energy surface show that the
protein visits a metastable molten globule state and is thus a three state folder, not the two state folder inferred using the end-to-
end distance as the sole reaction coordinate. This study lends support to recent experiments that suggest that GB1 is not a two-
state folder.

■ INTRODUCTION
Protein conformational dynamics is often mechanistically
interpreted through the protein’s underlying multidimensional
free energy landscape.1,2 Theory and simulation can be used to
determine the free energy surface as a function of specified
collective variables and thus can be useful in ferreting out
mechanistic aspects of folding and unfolding.3 A major problem
is determining a minimum set of collective variables capable of
describing the essential features of the slow dynamics of a given
protein. The free energy hypersurface suggests possible folding
pathways involving intramolecular (amino-acid) and external
(solvent) rearrangements. In general, we expect the pathways
to involve many degrees of freedom and thus a description in
terms of a multidimensional conformation space. A resolution
to the Leventhal paradox4 is given by funnel theory,5,6 which
relies on the assumptions, that the free energy hypersurface can
be reduced to a lower dimensional of conformation space to
describe folding. McLeish’s theory suggests an organization of
the protein high dimensional energy surfaces into hypergutter
structures, and their low dimensional projections represent the
funneled folding landscape of the protein.7 Projecting the
multidimensional energy landscape onto a low dimensional
conformational space therefore becomes a useful approach for
understanding minimal folding routes.6,8

Conformational free energy funnels,5,9 high-resolution single
molecule experiments10−13 and computer simulations14−17 have

helped in understanding protein folding and unfolding in
response to changing mechanical forces. Manipulating proteins
at the single molecule level using magnetic tweezers, optical
tweezers, and atomic force microscopy (AFM)10−12,18−22

differs from bulk experiments in which temperature and solvent
alteration mediate the structural perturbation.23 Single
molecule force spectroscopy experiments (SMFS) probe
protein conformations by measuring the end-to-end distance,
but in ensemble experiments the probed coordinates are often
harder to define. Interestingly, the unfolded and intermediate
states explored following chemical denaturation or thermal
denaturation do not necessarily correspond with each other24

or with mechanical denaturation by force. In SMFS, the
dynamical evolution of the end-to-end distance of the protein is
directly observed and this well-defined coordinate is often
chosen as the reaction coordinate. This one-dimensional
coordinate is assumed to capture the transitional states of the
protein free energy landscape under the implicit assumption
that they evolve along a single path, as the applied force
averages out faster (short-lived) configurational states, ending
up showing the dominant transitions.25,26 Nevertheless,
interpreting protein dynamics using two-dimensional energy
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landscapes (given by a length, and an enthalpy coordinate,
characterized by the structural number of contacts) turns out to
be more insightful and proves to be sufficient to capture the
main mechanistic features of folding of the small globular
protein.14,15,24,26−35

The B1 segment of streptococcal Protein G (GB1), a small
α/β fold protein has been investigated experimentally36−41 and
by numerical simulations as well.14,15,26,40,42−46 Its folding,
however, is subjected to some debate. While some works
consider it as a simple two-state folding protein,26,39 other
suggest a low-energy on-pathway intermediate,47,48 supported
by Go-like lattice simulations.49,50 However, a recent work by
Gianni and co-workers,40 identified a distinctly different high-
energy partially unfolded state than the one previously
suggested. Unlike the previous works, the later combines
experimental measurements of GB1 protein with all-atom
molecular dynamics (MD) simulations in explicit solvent. In
order to address this discrepancy and to better understand
these processes, we studied the presence of GB1 conformations
from the perspective of single molecule force spectroscopy by
performing all-atom MD simulations of GB1 in explicit solvent,
from which the free energy surface (or potential of mean force
(PMF)) were determined. To explore the kinetics of GB1, we
then performed Brownian dynamics (BD) simulations on these
potential surfaces to determine the dynamical transitions that
the protein undergoes when external force is applied and when
this force is relaxed, such as in unfolding, collapse, and
refolding. We find that solvent plays an important role in the
formation of a local molten-globule state due to hydrophobic
interactions and that this has a dramatic effect on the protein
dynamics. We find that to determine the full dynamical
response we must use not only the collective end-to-end
coordinate but also the fraction of native contacts.

■ COMPUTATIONAL METHODS
Atomistic MD Simulations. The major focus of the

current work is to quantify the conformational free energy
landscape of a globular protein along certain relevant collective
variable. Toward this end, we have chosen GB1 protein as a
system of interest by starting with its NMR structure (PDB
3GB1). The GB1 protein was solvated using atomistic water
and charge-neutralized by adding four sodium ions. The
delineation of free-energy landscape required sampling protein
conformation of diverse number of native contacts and
accordingly the system size was adjusted to fit the dimension
of the protein conformations commensurate with the certain
native contacts and extension. The globular conformations of
the protein were solvated by 5600 water molecules in a cubic
box of dimension 5.6 nm along each direction and the extended
unfolded conformations were solvated by 69789 water
molecules in a rectangular box of dimension 10 nm × 10 nm
× 20 nm. The overall system size ranged between 17674
particles for globular conformations and 210226 particles for
unfolded extended conformation. The Charmm36 force-field51

was used for the protein all-atom parameters and TIP3P52

water model was used to describe the water potentials.
We have employed the fraction of native contacts, ρ as the

collective variable in the umbrella sampling simulation. The
choice of fraction of native contact as the collective variable of
interest was majorly guided by the previous studies.26,42 The
evolution of the fraction of native contacts, ρ, was monitored
during the simulation by counting only those native pairs of C-
alpha atoms of the GB1 domain, which retain a separation

within 0.65 nm. The fraction of native contacts ρ was then
calculated by following normalization:

ρ = −
−

N N
N N

u

f u (1)

where N is the instantaneous number of native contacts, Nf is
the number of native contacts in native conformation, and Nu is
the number of native contacts in the unfolded extended
conformation of the protein. Hence ρ = 1 in the native
configuration and ρ = 0 in the unfolded extended configuration.
We note that, in our simulation, we could reach an unfolded
extended state which has the total number of native contacts of
Nu = 63. Since all of the simulations were done in the presence
of explicit water molecules, modeling an extended state, which
has an all-trans structure, would have necessitated usage of
prohibitively large box to accommodate the number of water
required to solvate the completely extended state. However, the
most unfolded extended state used in our study (corresponding
to a number of native contacts of 63) depicts qualitatively very
similar feature of typical all-trans extended structure. The
number of native contacts in the native folded structure was Nf
= 178.
The initiation of umbrella sampling at each ρ necessitated the

generation of a large database of different conformations
corresponding to a particular ρ. Toward this end we employed
different simulation techniques to facilitate the generation of
conformation of all ρ. The conformations corresponding to
relative large ρ were generated by equilibrating the solvated
system of protein for 100 ns at 300 K. Subsequently, the system
was equilibrated at 450 K for 100 ns to generate a database of
configurations representative of the intermediate native
fraction. Finally, to obtain configurations with lower native
contacts corresponding to unfolded extended conformations,
the protein was subjected to a constant external force (value
mentioned below) that was applied between the Nitrogen atom
of the N-terminal residue and the Carbon atom of the C-
terminal residue.
Representative configurations corresponding to different

fractions of native contacts ranging from 0−1 were chosen
from these equilibrium simulations (where 0 means that the
protein is completely unfolded and 1 represents the folded
configuration). To obtain the free energy landscape as a
function of ρ, an umbrella sampling approach53 was employed.
This required the coarse-graining of the number of native
contacts making it a continuous differentiable collective variable
which was then implemented using a free energy simulation
namely plugin plumed 1.0.454 which we used for performing all
umbrella sampling simulations in the current project in
combination with the MD simulation program gromacs
4.5.4.55 Toward this end, we used the following coarse-grained
description of the number of native contacts

∑ ∑=N n
i j

ij
(2)

=
−
− >

⎧
⎨⎪

⎩⎪⎪
n

r r
r r

r r
1 ( / )

1 ( / )
,

1, otherwise
ij

ij
n

ij
m ij

0

0
0

(3)

where d0 = 0.05 nm, r0 = 0.65 nm, n = 6, rij = |ri − rj| − d0, and
m = 12. i and j are pairs of C-α atoms constituting the native
contact.
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Here, 114 uniformly spaced (with a spacing of 0.0087)
umbrella-sampling windows were employed to cover the range
of native fractions from 0 to 1. As is customary in umbrella
sampling, each value of ρ was harmonically constrained with a
force constant of 50 kJ/mol and simulated at a constant
pressure of 1 bar and a temperature of 300 K for 10 ns (hence a
total simulation length of 1.14 μs). The harmonic force
constant and interval between two adjacent “windows” were
chosen to ensure a Gaussian probability distribution of the
collective variable with appreciable overlap among the
distributions in adjacent windows (see Supporting Information,
Figure S1). The weighted histogram analysis method
(WHAM)56 was used to determine the free energy as a
function of ρ by combining all the umbrella-sampling windows.
The cumulative time series of Ree, shown in Figure S2a) along
with the histograms of Ree, shown in Figure S2b). These were
obtained from the umbrella sampled trajectories along ρ. They
clearly show that all values of end-to-end distances ranging
from globular to the extended conformations have been
effectively sampled in the simulations. Finally, the effect of a
finite biasing force on the free energy landscape was explored
by repeating the calculation with similar umbrella sampling
protocols for constant biasing forces F = 10, 15, 50, 70, 100,
and 150 pN applied between the Nitrogen atom of the N-

terminal residue and the Carbon atom of the C-terminal
residue. Hence, the cumulative simulation time for all umbrella
sampling at all biasing forces was 7.98 μs.
In all simulations, the Nose−Hoover thermostat57,58 and the

Parrinello−Rahman barostat59 were employed to maintain the
average desired temperature and pressure. A group-based cutoff
scheme was implemented within gromacs55 with the Lennard-
Jones interaction being curtailed beyond 1 nm. The electro-
static interaction was treated using the particle mesh Ewald
summation technique.60 The integration time step in all
simulations was 0.002 ps. The water molecules were simulated
as rigid triatomic molecules using the SETTLE algorithm.61 All
the bonds involving hydrogen atoms of protein were
constrained using LINCS algorithm.62 The interpretation of
single-molecule force spectroscopy experiments is usually based
on the end-to-end distance of the protein as the reaction
coordinate, but we wish to determine the free energy as a
function of both Ree and ρ. This was done as follows; First,
using the trajectories of each umbrella-sampled window, we
determined the conditional probability P(Ree|ρ) of finding Ree
at a given ρ. The joint probability is then recovered using the
relation

ρ ρ ρ= |P Ree P Re P( , ) ( ) ( ) (4)

Figure 1. PMF calculated from MD simulations of GB1 in explicit solvent as a function of the fraction of native contacts (ρ), and the end-to-end
distance (Ree). (A) Two-dimensional PMF profile along Ree and ρ, where the presence of several intermediates having different distinct values of ρ
are located at low Ree. (B) Extrapolated and smoothed version of the PMF shown in part A. (C) 1-d Projection of the PMF on the ρ coordinate
(green), where three states are apparentthe native state (ρ ∼ 1), molten-globule/collapsed state (ρ ∼ 0.65), completely unfolded, but coiled (ρ ∼
0.35) and fully extended state (ρ ∼ 0). The various states in part C correspond to different values of ρ collapse to almost the same value of Ree in 1A.
(D) 1-d projection of the PMF on the Ree coordinate (blue). Here the states are distributed differently than in C, where the folded and molten
globule states are localized at low Ree (∼3 and ∼2 nm respectively), while the unfolded (coiled) state can take wider range of values. Snapshots of
the protein at different conformations (from the MD simulations) are illustrated along part C, corresponding to their representative regions along
the PMF landscapes.
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We also extracted the one-dimensional free energy along Ree
by integrating over the fraction of native contacts.
Brownian Dynamics (BD) Simulations. We studied the

dynamics of the unfolding and refolding processes on the 2-d
PMFs by numerically solving the coupled overdamped Langevin
equations:63

ρ
= − Δ ∂

∂
+ Δ Γ

+Ree Ree
D t

k T
W Ree F

Ree

D t t

( , ; )

(2 ) ( )

i i
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(6)

(Reei, ρi) and (Reei+1, ρi+1) are respectively the values of the
two collective coordinates at t and t + Δt, and W(Ree, ρ; F), is
the free PMF containing the applied force. The time increment,
is Δt = 1.10−10 s. ΓRee(t) and Γρ(t) represent Gaussian random
white noise stochastic forces. BD simulations were performed
over the interpolated-smoothed free energy surfaces for force
protocols that are typical of single molecule force-clamp
experiments64−66 with a diagonal diffusion tensor where the
diffusion coefficients along Ree and along ρ are different. For
simplicity, we ignore both position dependence and cross terms
in this tensor. DRee was taken as 1.5.10−8 nm2/s, which is of the
same order of magnitude as experimentally reported67 and Dρ
was taken to be 1.5.10−7 s−1 in line with reference.26 In previous
SMFS experiments, the evolution of Ree is recorded without
providing any information about the collective behavior of
other orthogonal coordinates.

■ RESULTS AND DISCUSSION
Thermodynamics. We used umbrella sampling to

determine the PMF along the two reaction coordinates, ρ,
the fraction of native contacts, and Ree, the end-to-end distance
(See Supporting Information for the methodological details of
free energy simulation). Our simulation strategy allows us to

explore the role played by water (often ignored in some
structure based simulations,26 although it was readily shown
that MD simulations in explicit solvent give significant
differences from simulations without explicit solvent such as
Go-like models45). Water can have significant effects on the
energy landscape. The PMF is determined from W(ρ, Ree; F),
= −kBT ln[P(ρ, Ree; F)], where P(ρ, Ree; F) is the probability
density of these coordinates under a constant force along the
end-to-end distance. In addition to the unperturbed (zero
force) equilibrium PMF (Figure 1A), the PMFs corresponding
to six external forces, F = 10, 15, 50, 70, 100, and 150 pN were
calculated. Ree is the coordinate along which the protein is
pulled in single-molecule force spectroscopy experiments,21 and
ρ provides complementary information that could not be
accessed in such experiments.25,26 These PMFs provide key
insights into cooperative dynamical processes measured in
single molecule experiments and in ensemble experiments.24 A
continuous representation of the PMF is shown in Figure 1B,
where the undersampled regions were compensated by
interpolation (see Supporting Information). Subtleties of the
force quench dynamics have been addressed in depth using a
simple RNA hairpin;68−71 nevertheless, these studies use Go-
like models and no explicit solvent for the study the force-
induced unfolding of RNA hairpins, a very different physical
system than GB1, which involves water dynamics in forming its
intermediate metastable state.
The two-dimensional PMF, as depicted in parts A and B of

Figure 1, identifies several important conformational states.
These are more clearly seen in the calculated one-dimensional
projections of the PMF surface onto ρ (Figure 1C) and Ree
(Figure 1D) separately. Three key thermodynamic states are
quite apparent from the one-dimensional projection of the
PMF onto ρ: the native state at ρ ∼ 1, the unfolded state at ρ ∼
0.35, and a molten globule/collapsed intermediate at ρ ∼ 0.65.
As suggested in previous papers,25,26 it can be clearly seen that
along ρ the separated native and intermediate states are
distinguishable but that, in the 1-d PMF as a function of Ree,
the native and intermediate states are not resolved. Experiments
probing Ree therefore would be incapable of resolving these

Figure 2. Solvent accessibility effect on the states along the free energy surface. (A) Free energy surface along solvent accessible surface area (SASA)
and ρ. A sharp decrease in SASA is observed when collapsing from the extended configuration (ρ = 0) to the molten globule state (ρ ∼ 0.35) is
followed by very slow decrease in SASA as folding takes place when ρ increases and the native folded configuration is reached. (B) Free energy
profile along number of water molecules and ρ. Water molecule depletion is observed inside the globular core of the protein and further more in the
folded state. The globular structure of the protein was ensured by considering only configurations with radius of gyration of less than 1.5 nm.
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states and would thus lead one to interpret the data in terms of
a two state model as shown in Figure 1D.65,66 The presence of
explicit solvent gives rise to the formation of a collapsed/
molten-globule state between the folded and unfolded states.
Surprisingly, the value of Ree for the intermediate state is
slightly smaller than that of the native folded state. This occurs
because the molten state is more flexible than the folded state
and is free to explore a range of conformations leading to
smaller end-to-end distances. Projecting the PMF onto the Ree
coordinate, the folded, intermediate (molten-globule) and
unfolded states overlap to form a “broad” single minimum.
Recently, MacKerrel and co-workers have introduced a

revised version of the charmm36 force-field, and coined it
“charmm36m”72 to reduce the overstabilization of collapsed
states, a problem that generally plagues the existing force-fields.
To check the robustness of our result for GB1 we repeated free
energy computations in the absence of force using the revised
“charmm36m” force-field. Figure S3 compares respective free
energy profiles obtained using the “charmm36” and
“charmm36m”, showing that the PMFs are quite similar.
The free energy surface suggests that protein folding

proceeds by passing through a metastable intermediate state
known as the molten globule state,13,22 in which the complete
tertiary structure is not yet achieved.73−76 Our explicit solvent

simulation allowed us to explore the role of water in the
stabilization of intermediates. Figure 2A shows the free energy
surface as a function of solvent accessible surface area (SASA)
of the protein and ρ. Quite expectedly, we find that the global
minimum in the free energy corresponds to a high fraction of
native contacts, and a small SASA (characteristic of the folded
state), while the higher free energy configurations correspond
to a very low fraction of native contacts, and a significantly
higher SASA (characteristic of unfolded or extended states).
We find that the surface area rapidly decreases when the
fraction of native contacts increases from ρ ∼ 0 to ρ ∼ 0.3, but
then decreases significantly more slowly in the intermediate
range of ρ (0.3−0.6). Interestingly, this behavior of the SASA is
uncharacteristic of a two state folding/unfolding description. A
clearer interpretation of the stabilized intermediates is
represented in Figure 2B, which shows the free energy profile
versus the number of water molecules and ρ, taking only
configurations with radius of gyration <1.5 nm (i.e., excluding
the extended conformation), This illustration suggests that the
so-called molten globular intermediate (corresponding to ρ =
0.65) contains a significant number of water molecules in the
protein core, as opposed to the dry protein core in the folded
configuration of the protein (hence the global minima). Note
that the free energy as a function of end-to-end distance does

Figure 3. Brownian dynamics simulations on 2-d PMFs according to (A) PMF calculated from MD simulations at 100 pN, (B) PMF calculated from
MD simulations at 15 pN, (C) three exemplary trajectories calculated over three 2-d PMFs and projected onto the ρ coordinate, and (D) the Ree
coordinate following a force protocol that starts at zero force, goes to 100 pN, and then is quenched down to 15 pN.
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not properly characterize the size of the protein, which is
generally represented by the radius of gyration. The projection
of the free energy landscape along the radius of gyration and ρ
(see Figure S9 in Supporting Information) shows that the
molten globule conformation is larger in size relative to the
more compact native folded conformation, and swells due to
the presence of water molecules. The molten-globule state,
indicated by the intermediate values of ρ, shown by the time-
averaged density profile of water, is stabilized by the
interactions of protein core and water molecules present inside
the core.
Unfolding Kinetics. How do the various states described

by the 2-d PMF surface manifest themselves in constant force
(i.e., force-clamp) experiments? Performing BD simulations
(consistent with the Smoluchowski equation) on the smoothed
2-d force dependent PMF surfaces (cf. Figures 1B, S3B, S4B
and S5) allows us to study how the application of force affects
the unfolding and refolding kinetics (see Supporting
Information for details and for a discussion on the effect of
force on the PMF surfaces).
In more elaborate simulations, it would be possible, but

difficult, to use umbrella sampling methods to determine
accurate and position dependent diffusion tensors,77,78 some-
thing we hope to do in the future to better understand the
sensitivity of the results to the diffusion tensor. The external
force protocol used for the BD simulation was applied as
follows: initially, zero force is set for 0.175 s, it is then instantly
increased to 100 pN (Figure 3A) for 0.225 s and then
quenched to 15 pN (Figure 3B). This allowed us to probe both
unfolding (from low to high forces), and refolding (from high
to low forces). Figures 3C and 3D shows the dynamical
behavior of the trajectories projected onto the ρ and Ree
coordinates respectively over the whole time span of the
simulations.
In Figure. 3C, we see that in the zero force case fluctuations

are observed in the folded-native state (ρ ∼ 0.972, Ree = 2.87),
with infrequent thermally activated transitions to the partially
folded molten-globule state, which can be detected only at ρ ∼
0.65. In the simulations when the force is instantaneously
changed to 100 pN, the PMF is also changed instantaneously
(in contrast to real AFM experiments, where the force is
changed quickly but on a finite time scale and the PMF also
changes on a finite time scale). Concomitantly, the protein
unfolds and stretches to the unfolded-extended conformation
with ρ = 0.125, with almost no native contacts remaining. In
this conformation, Ree = 17.89 nm, which agrees with the
prediction from the worm-like chain (WLC) model of polymer
entropic elasticity79 at 100 pN (with a persistence length, lp =
0.381 nm). The refolding process begins to take place with a
recoil followed by the collapse of the unfolded protein chain
once the force is instantaneously reduced to 15 pN. The
apparent jump observed at the beginning of the 15 pN stage
appears because the position of the unfolded-extended state at
100 pN does not overlap with the low force position. After the
initial elastic recoil, the chain relaxes to a collapsed state (ρ ∼
0.4, Ree ∼ 5 to 10 nm), where it resides until it stochastically
collapses to the molten-globule state (ρ ∼ 0.65, Ree ∼ 2.2 nm),
from which it folds ending up in the state (ρ ∼ 0.98, Ree =
2.84). From the BD simulations, it is evident that in the
absence of force, occasional thermally induced transitions occur
between the folded and intermediate states. When refolding
against 15 pN, it is evident that the probability to populate the
intermediate state increases, as this state expands due to the

application of force. Such a similar behavior was recently shown
for a cold-shock protein.80 Although GB1 was not measured in
the force-clamp mode (as was its computationally designed fast-
folding mutant, NuG281), its simulated unfolding and refolding
pattern along the Ree coordinate (Figure 3D) remarkably
resembles actual force-clamp experiments on ubiquitin and
I91.65,66 In these experiments, the unfolding is characterized by
a typical “step” length, and refolding upon diminishing or
totally quenching the forces, is observed through an initial
recoiling to the collapsed state, from which folding takes place
to the native state. Generally, a single macromolecule can
undergo a cooperative, first-order-like transition under the
application of force from a stretched coil into a collapsed
globule.82

As already mentioned, experimental data from force
spectroscopy measurements has been interpreted on the basis
of a two-state state unfolding model and analyzed using
Kramers theory for the diffusion of a single Brownian particle
over a one-dimensional energy barrier.5,83,84 According to this
theory, the rate of crossing a potential barrier, ΔEi, with a
diffusion coefficient Di is given by

π= =−
∪ ∩

−Δ −Δk
K K

k T
D k
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where the index i denotes the specific reaction coordinate on
which the dynamics takes place, Ki

∪ and Ki
∩ are given by the

second derivatives of the potential at the minimum preceding
the barrier and at the maximum of the barrier respectively, kB is
Boltzmann’s constant, T is the absolute temperature, and k0 is
the Arrhenius factor or attempt rate for crossing the
unperturbed barrier. In practice, it has become common to
interpret force dependent experiments by assuming that the
energy barrier depends linearly on the applied force such that
ΔE(F) ∼ ΔE0(1 − FΔx/ΔE0),85,86 where ΔE0 is the
unperturbed (zero force) intrinsic energy barrier, and Δx
denotes the transition length (the distance from the minimum
of the folded state to the maximal height of the unfolding
barrier). A different approach87−89 describes the height of the
barrier in terms of a reduced biasing force, ΔE(F) ∼ ΔE0(1 −
F/FC)

3/2, where F cannot be greater than the force FC at which
the barrier vanishes (typically taken as ΔE0/Δx). These two
different approaches can be expressed in the general form
ΔE(F) ∼ ΔE0(1 − FΔx/ΔE0)n, where n = 1 accounts for the
phenomenological approach and n = 3/2 for the high force
approximation (see Supporting Information). For a thermally
activated high damping dynamics, the rate of crossing the
transition barrier is accordingly,87
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Fitting experimental data to eq 5 determines k0 in addition to
ΔE0 and Δx.12,22,32 The fitted values thus represent the
parameters of the one-dimensional potential projected onto the
end-to-end length coordinate, Ree.
Alternatively let us consider kinetic behavior of the protein

under force34 for the two-dimensional reaction coordinate (Ree,
ρ).30,90 Langer’s theory for the rate of diffusively crossing a
barrier on a multidimensional surface35,91,92 is
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here ∪K and ∩K are the curvatures of the potential, given by

the matrices of the second derivatives of the PMF at the
minimum of the folded state that precede the saddle point and
at the peak of the unfolding barrier respectively, and λ is the
positive root of det(λ + ∪I K D, with D being the diagonal

diffusion tensor. If Ree is a faster coordinate than ρ, as in our
BD simulations, it would be necessary to use the multidimen-
sional Langer theory otherwise eq 8 would be sufficient. The
multidimensional kL can be related to k0 when DRee is at least
ten times larger than Dρ, by k0

−1 = (kL
−1 + kρ

−1),35,92 where kρ
is given by eq 7 with i = ρ.
We compare our simulated results with the predictions of

these models. First, we determine the intrinsic properties, Δx
and ΔE0 directly from the unperturbed PMF surface, and
compared them to the values fitted by eq 8. Unfolding
probabilities were calculated from the simulated unfolding
trajectories at several high forces (F = 50, 70, 100, and 150 pN),
and then fitted to single exponentials64 thereby yielding
approximate unfolding rate constants corresponding to each
applied force (Figure 4A). The force−dependent unfolding
rates were fitted using eq 8 thereby to obtain corresponding kU

vs F. (Figure 4B).

Table 1 summarizes the values of Δx, ΔE0 and k0 that were
obtained directly from the 2-d PMF surface and alternatively by
fitting to the rate theories. The values of ΔE0 and Δx were
directly measured from the unperturbed 2-d PMF surface, while
the unfolding rate at zero force was calculated from 700
simulated trajectories using the relation k0 = −τ−1 ln(1 − P0).
P0 is the probability to transition to the unfolded state and is
determined from the dwell-time distribution measured from
transitional “hopping” across the unfolding barrier of the
unperturbed PMF (which can be observed from the initial part
of the trajectories at zero force shown in Figure 3C), and τ is
the total time over which each trajectory is determined. The 1-d
data were obtained by fitting the force dependent rates (Figure
4B) with eq 8 for the for the phenomenological linear force
dependency, where n = 1,85,86 and for the power law
dependency with n = 3/2.

87−89 The 2-d unfolding rate was
calculated using eq 9 and eq 7. The off-rate using Langer’s
theory was calculated by combining kL = 1.53 × 107 s−1 that
was determined from eq 9 using the parameters measured
directly from the unperturbed 2-d PMF, together with the value
kρ = 9.05.105 s−1 determined from eq 7 (with i = ρ) according
to k0

−1 = (kL
−1 + kρ

−1).35,92

The 1-d models with different n underestimate ΔE0 by
∼35%, and Δx by an order of magnitude, and moreover predict
an unfolding rate constant 5 orders of magnitude larger than
found from the simulations. This discrepancy can result from
several factors, including reduced dimensionality as well as the
absence of coordinate dependence of the diffusion coefficient.
This means that for some cases, like the one investigated here,
the kinetic data determined from Ree alone could lead to
inexact results, and that the pulling coordinate should not be
taken as the sole reaction coordinate.26,35,92,93 eq 8 was
formulated under high damping assumption around the
inflection point between the minimum that precedes the
energy barrier and its maximum.87 Around the inflection point,
where the energy barrier vanishes at sufficiently high forces, the
conformational distributions evolve differently compared to the
low (or none) force regime, where ΔE0 is intact and can have a
large value. Therefore, due to this considerable variation, the
extrapolated value of k0 (at zero force) can yield misleading
results,93,94 and also lead to unreliable force dependent
unfolding pathways95−99 (see also Supporting Information for
a discussion on the force dependency of the unfolding
pathways). On the other hand, calculating k0 from eq 9 for
the two-dimensional reaction coordinate resulted in a value of k0
of the same order of magnitude as determined from simulations
on the unperturbed PMF surface. Although the one-dimen-
sional kinetic models were incapable of accounting for the rate
constants found by simulation, one should bear in mind that
the dynamical representation presented in this work did not
include other important experimental features that have to be
considered, such as the effect of linkers,35 hydrodynamic effects
resulting from the tethering,100 the nonzero conformational
relaxation times following changes in force, etc. Each one of
these features might have a large effect on the data
interpretation.

Collapse and Refolding from the Extended State.
Unfolding from relatively well-defined initial conditions in the
native state can be described as a two-state process, but
refolding displays a more complex behavior65,66,101 and can be
initiated in various unfolded conformations (particularly in
force spectroscopy experiments). Figure 5A shows the time
evolution of a BD simulated refolding traces from high-applied

Figure 4. Unfolding at high force. (A) Unfolding probabilities
calculated from trajectories that transitioned between zero force to 50,
70, 100, and 150 pN (solid curves). The unfolding probabilities were
fitted with a single exponential to estimate the transition rate at the
given force (dashed curves). (B) Unfolding force dependency fitted
with eq 8 for n = 1 and n = 3/2 approximations of the unfolding rates
to estimate the potential parameters.
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force along Ree and ρ separately. The two trajectories start at
high extension (at 100 pN force), and then travel downhill
along the zero force 2-d PMF funnel until they reach the folded
native state of the protein. As in the force-clamp experiments at
forces below FC,

66 the actual folding pathway cannot be
determined from the relaxation of the Ree coordinate alone
(Figure 5A, Ree blue trace). The ρ coordinate, on the other
hand, shows that folding takes place from the unfolded states,
to the molten-globule state, and then to the folded state (Figure
5A, green trace). These states are represented by the local
basins on the free energy surface (PMF). Each basin has a
characteristic dwell time distribution at the applied quenching
force (defined by the black arrows in Figure 5A) and these
characterize the time dependent population of the different
states (Figure 5B). At zero force, the unperturbed PMF has the
steepest gradient with Ree, in the extended state, which gives
rise to a rapid average refolding time during which the protein
explores the whole range for the end-to-end distance. The time
evolution of the ρ coordinate, however, shows a multistage
transitioning between the conformational states along the
energy surface. Refolding from 100 pN against low forces of 10

and 15 pN is accompanied by a variation in the average dwell-
times compared to refolding in the absence of force. The
average dwell-times in each state are shown in Figure 5B, for
different final forces. These dwell-times were divided into three
transitional regimes: τrecoil, the time for initial entropic
contraction from high extension to the unfolded coiled state;
τmolten‑globule, the time spent in the unfolded coiled before
reaching the molten-globule state for the first time; and τfold,
the time spent in the molten-globule state before the crossing
the final barrier to reach the native folded state. Unlike the
dwell times in the recoil and molten-globule stages, the ⟨τfold⟩

ρ

does not appear to show distinct variation with the quenching
force. On the other hand, ⟨τrecoil⟩

ρ, and ⟨τmolten‑globule⟩
ρ are

dramatically increased as quenching forces increase from F = 0
to 10 and 15 pN (see Supporting Information for details). The
gradient form the extended state (at 100 pN) to the molten
globule state at zero force becomes less steep with the increase
of the quenching force to 10 and 15 pN. As a result, the recoil
dwell times increase. Likewise, the dwell time spent in the
molten globule state increase, as this state gets deeper with the
applied quenching force. The barrier separating the molten

Table 1. Intrinsic Parameters Measured from the Unperturbed PMF and Their Corresponding 1-d Calculated Values

Δx (nm) ΔE0(kT) k0 (s
−1)

unperturbed PMF 0.30 18.48 2.02 × 105

(1-d) eq 8 with n = 1 0.04 ± 0.01 12.1 ± 9.2 5.7 × 1010 ± 1.3 × 1016

(1-d) eq 8 with n = 3/2 0.05 ± 0.04 11.4 ± 3.4 3.2 × 1010 ± 1.2 × 1010

(2-d) eq 7 and eq 9 − − 8.54 × 105

Figure 5. Effect of force on refolding from high extension. (A) Definition of the dwell times for each of the collapse/molten-globule/folded states
when the quenching from highly extended conformation at high force (100 pN) to zero force for Ree (blue) and ρ (green). (B) Dwell times
separation along the ρ coordinate at each conformational state during the quenching from 100 pN down to 0, 10 pN and 15 pN. Here the effect of
the force on the refolding process is mostly observed through the dwell time changes during the initial recoiling and the transition between the
unfolded state and the molten globule state, indicating the deepening of the latter with increasing the force. (C) Overall refolding time distributions
at three quenching forces. Quenching to zero force shows a time separation between the Ree and ρ coordinates (blue and green respectively), where
the refolding process on Ree is faster by about an order of magnitude than ρ. Increasing the quenching force against which refolding occurs, result
with an increase and overlap in the refolding times in both coordinates.
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globule state from the folded state, however, scarcely changes
with the quenching force, hence ⟨τfold⟩

ρ hardly changes.
The cooperative effect of the route in the Ree−ρ plane is

portrayed through the overall refolding time distributions
(Figure 5C), which sums all the dwell time contributions
described above. The BD simulated refolding traces from 100
to 0 pN showed a distinct time separation where the refolding
time on Ree is faster by about an order of magnitude than on ρ.
The downhill entropic driven motion on the length coordinates
happens rapidly with the removal of the force while bonds are
formed. Once the protein reached a local coiled conformation,
bonds begin to form, and the motion takes place on the ρ
orthogonal coordinate with very little change in Ree. This
motion involves crossing energy barriers, and transient residing
in local states over the PMF, which slows the dynamics down.
However, when the force is quenched down to lower values,
rather than being completely removed, the overall refolding
times increase and coincide. The elongation in the overall
refolding time is an outcome of the alteration in the
morphological shape of the PMF under the application of
force.34 As indicated in Figure 5B, the presence of the low
forces alters the PMFs by expanding the basins of the unfolded
and molten globule states (see Supporting Information, Figures
S5 and S6) to such extent that their corresponding dwell times
exhibits similar duration on both coordinates.102

■ CONCLUSIONS
In this paper we show that calculating two-dimensional PMF
surfaces for proteins under force using Molecular Dynamics
simulations and then generating Brownian dynamic paths on
these surfaces provides a useful tool for understanding of the
folding and unfolding pathways of a biomolecule under the
application of an external force. In this paper, we determined
the free energy surface (PMF) of GB1 protein from atomistic
simulations in explicit solvent under different forces as a
function of two collective variables: the end-to-end-distance,
Ree, and the fraction of native contacts, ρ. The calculated 2-d
free energy surfaces from these simulations showed several
distinct states, or basins, mostly visible along the ρ coordinate.
The presence of these states, recently pointed out exper-
imentally, support the conclusion that GB1 is not a two-state
folder.40 Single molecule force spectroscopy measures the
evolution over the single Ree coordinate, and thus can be
insensitive to the transitioning between these states, as they
overlay each other while being projected onto the Ree
coordinate. BD simulations on the force dependent 2-d PMF
surfaces, gives reasonable agreement with generic patterns
observed in force-clamp experiments,65,66 and readily demon-
strates the different unfolding/refolding pathways. When ρ is
taken as the slower coordinate, reconstruction of the PMF from
pulling experiments can result in an energy profile that only
partially represents the kinetics and thermodynamics of
biomolecule. However, careful interpretation of the exper-
imental data can reproduce the actual features of inter-
est.35,103,104 Our current work have specifically established
that the approach of exploring native fraction as a collective
variable26,42 in addition to end-to-end distance, has great
potential in unraveling the interesting intermediates of protein
in its pathway to folded structure both in the presence of a
constant force and absence of it. The atomistic nature of the
models makes the approach more accurate and straightforward
to compare with experiments. Our simulation approach is
practical and easy to implement using existing simulation

package. We note that in principle it would be possible to use
umbrella sampling methodology to determine the position
dependent diffusion tensors77,78 (which we plan to explore in
the future), nevertheless, determining the optimum set of
collective variable capable of describing protein thermody-
namics and dynamics remains an open question in chemical
physics. Some progress has been made recently using a method
called SGOOP (spectral gap optimization of order parame-
ters).105,106 The 1-d kinetic model of eq 6 based on Ree as the
reaction coordinate, could in principle be improved by
choosing a one-dimensional reaction coordinate f(Ree,ρ)
optimized using SGOOP in a Brownian dynamics simulation.
In the future, we plan to apply such methods to check the
robustness of our current choice of collective variables.
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