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We characterize the force-dependent unfolding pathways and intermediate configurations
of the green fluorescence protein (GFP) using novel atomistic simulations based on
potential energy surface exploration. By using this approach, we are able to unfold GFP to
significantly longer end-to-end distances, i.e. 40 nm, as compared to that seen in previous
atomistic simulation studies. We find that there are four intermediate states between 5
and 40 nm end-to-end distance, where the intermediate configurations and unfolding
pathways are strongly force-dependent. We additionally calculate the force-dependent
lifetime of the 14 nm « 8; intermediate, and demonstrate that it obeys Bell’s formula.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decade, researchers have successfully ex-
ploited experimental advances in nanomechanical testing
to mechanically unfold and refold individual proteins [1,2].
One of the proteins that has been studied most frequently
is the green fluorescence protein (GFP), which because it
shows green fluorescence when subject to light at a spe-
cific wavelength, has been proposed to be used as an opti-
cal strain sensor [3].

Because of its potential as a mechanically active
biological sensor, the mechanical unfolding of GFP has
been studied using both experiments [4-6] and computer
simulations [7-10], where a focus of the simulations has
been to identify its various intermediate configurations.
The simulations have used various forms of atomistic
modeling and approximation, including steered molecular
dynamics (SMD)[10], an Ising-like model [9], and an elastic
network model [8]. However, due to the known time
scale limitation in SMD, the longest simulation time has
been on the order of 100 ns, with the largest end to end
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distance (ETED) of 14 nm [10]. Thus, while a complete
characterization of the intermediate configurations and
unfolding pathways of GFP is necessary to understand its
capacity as a strain sensor, this information, particularly
with regard to its unfolding pathways for ETEDs larger than
14 nm, are still not clear.

In this work, we employ the self-learning metabasin
escape (SLME) method [11-13], which couples potential
energy surface exploration with constant tensile forces
ranging from 100 to 300 pN to study the mechanical
unfolding of GFP. We note that many previous works
in utilizing potential energy surface exploration to study
the unfolding dynamics and mechanisms of proteins have
been performed. These works include the metadynamics
approach of Marinelli et al. [14], which has recently
been used to study the dynamic behavior of protein
molecules [15-17], and the discrete path sampling (DPS)
method of Wales [18,19], who used PES exploration to
determine rate constants for different transition states, and
the SLME method for ubiquitin [20] and prion [21].

Our key findings are associated with the unfolding of
GFP well-beyond that seen in previous simulation studies,
where we reach ETEDs of 40 nm. In doing so, we find
that there are three intermediate states between 14 and
40 nm ETED, where the intermediate configurations and
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unfolding pathways are strongly force-dependent. We
additionally calculate the force-dependent lifetime of the
14 nm o B intermediate, and demonstrate that it obeys
Bell’s formula.

2. Methods

It is well-known that the SMD simulations for force-
induced unfolding of proteins exhibit major drawbacks
as compared to the corresponding force clamp experi-
ments [22-25]. In particular, the time scales accessible by
SMD are on the order of hundreds of nanoseconds, while
the unfolding time of GFP is on the order of microseconds
to milliseconds [4]. In order to study the mechanical un-
folding of GFP at experimentally-relevant (100-300 pN)
forces and longer time scales, we utilize the SLME method
of Cao et al. [12,13], which couples potential energy sur-
face (PES) sampling with tensile deformation, and which
was recently used to bring new insights into the mechan-
ical unfolding pathways of the proteins ubiquitin [20] and
prion [21], as well as bringing new insights into the charac-
teristics of shear transformation zones in amorphous solids
[26,27].

The SLME method is an improved version of the origi-
nal autonomous basin climbing (ABC) method of Kushima
et al. [11]. This improvement was necessary due to the
substantial increase in computational expense that occurs
as PES exploration continues due to the need to store the
penalty functions that are used to push the system out
of local energy minima such that the system does not
re-explore any energy basins. The ABC method has re-
cently been used to probe extremely slow dynamical pro-
cesses like diffusion in amorphous silicon [28], nanocrystal
creep [29], void nucleation and growth [30] and disloca-
tion-defect interactions at slow strain rates [31].

In the SLME approach, quartic penalty functions are
utilized to push the system out of potential energy wells
in which it can become stuck due to the relatively low
forces (i.e. 100s of pN for proteins) that are constantly
applied. Upon application of a sufficient number of penalty
functions, the system escapes over the lowest energy
barrier to a neighboring potential energy well, where
penalty functions are again applied if the applied force
is not sufficient to lower the energy barrier to enable
the system to escape. Thus, the penalty functions can be
physically interpreted as thermal activation that assists
the mechanical force in enabling the system to escape
from a local energy minimum. This procedure is repeated
until GFP is unfolded. In going through this procedure,
the system is able to find and pass through the relevant
intermediate configurations.

The unfolding time is estimated using transition state
theory [32,33] via

N
T = Z (v ex;)_Q"/"BTY1 , (1)
i=1

where Q; is the energy barrier separating energy minima
i — 1andi, N is total number of energy minima explored
on the unfolding path, v is a frequency prefactor, T is the
temperature and kg is the Boltzmann constant. We used

the value v = 1e° s~! as was utilized in the experimental
GFP studies of Dietz and Rief [4].

We employed the AMBER99sb potential field which
utilizes an implicit solvent model for water, while we used
the protein with the Protein Data Bank (PDB) structure
of 1fgl [34] for the native configuration of GFP. The
native GFP structure was first equilibrated at 300 K, and
then energy minimization was performed to generate
the corresponding local energy minimum. At both the
N and C-termini, a constant pulling force ranging from
100 to 300 pN was subsequently applied using the SLME
method [13]. All simulations were performed using the
open source GROMACS simulation package [35,36].

To construct the free energy profile of GFP along an
unfolding path, we performed umbrella sampling while
accounting for the clamping force. We sampled every

1A of end-to-end distance using a 1000 k] mol~"' A~ force
constant for a 1 ns equilibration period. The potential of
mean force (PMF) was then extracted by the Weighted
Histogram Analysis Method (WHAM) [37].

3. Results

We conducted 50 independent SLME simulations at
clamping forces ranging from 100 to 300 pN, with 10
simulations performed at each force level. The unfolding
pathways for the different forces are shown in Fig. 1
where the plateau regions indicate intermediate states.
These intermediate states are separated by energy barriers
which must be crossed for additional unfolding to occur.
For such small forces, SMD is not able to simulate
large barrier crossing due to the well-known time scale
limitation. However, by adding penalty functions, the
SLME simulations are able to access a much longer time
scale, and as shown in Fig. 1(c), is able to unfold GFP to a
distance of 40 nm, which far exceeds the 14 nm unfolding
that was previously observed using SMD [ 10]. We note that
while this 40 nm unfolding distance is larger than seen in
previous SMD simulations, it is still shorter than the 76 nm
distance that is needed to completely unfold GFP [4]. In
agreement with previous SMD simulations [10], at 100 pN
the corked state was observed at an ETED of 5 nm while
the ripple state was observed at an ETED of 14 nm. Larger
unfolding distances for the 100 pN clamping force were not
achieved due to computational limitations.

In all constant force unfolding simulations for all force
levels, the N terminal «-helix unravels first from the
barrel, which agrees with earlier constant velocity coarse
grain model simulations [5,9]. However, the constant
velocity simulations exhibit a bifurcation in the unfolding
pathways after the unfolding of the «-helix. Specifically,
the « — B, pathway is observed in 72% of the simulations,
while the « — B;; pathway is observed in 28% of
the simulations [5,9]. Those values for each pathway can
be changed by cross-link mutations, or by changing the
clamping force direction.

Fig. 1 also demonstrates that the unfolding pathways
depend on the magnitude of the clamping force. At 300 pN,
90% of the unfolding trajectories take two unfolding steps
to unfold to the ETED of 40 nm, while in contrast 70%
of the simulations follow 3-step unfolding at the smaller
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Fig. 1. The mechanical unfolding of GFP obtained using the SLME method
as shown through the end-to-end distance vs. local minima explored for
unfolding at 100, 200 and 300 pN. Unfolding trajectory refers to the total
number of local energy minima found for the SLME simulation.

clamping force of 200 pN. For the 100 pN simulations, we
were unable to, due to computational limitations, unfold
GFP past an ETED of 14 nm.

We show in Fig. 2 two representative unfolding
pathways for the 200 pN clamping force. The pathway
analyzed in Fig. 2(a)-(c) passes through one intermediate
at 14 nm, while the pathway analyzed in Fig. 2(d)-(f)

passes through two intermediates, one at 14 and the other
at 23 nm. Fig. 2(b) and (e) shows the heights of the
energy barriers that are crossed over during the unfolding
as a function of ETED. As can be seen, the pathway
shown in Fig. 2(d) encounters many more large energy
barriers starting around ETED in Fig. 2(e) as compared to
the pathway shown in Fig. 2(b), which explains why it
passes through an intermediate around ETED of 23 nm.
The second salient point is the unfolding time as a
function of ETED in Fig. 2(c) and (f). In particular, the
unfolding distance from 0 to 38 nm ETED is on a time
scale of tens of s, which is a time scale that is difficult
to reach using classical MD without substantial parallel
computing resources. In contrast, all of the computations
performed in this work were done on a standard Linux
desktop computer, which demonstrates the potential of
the SLME method for studying the unfolding of proteins at
experimentally-relevant times scales.

4 intermediate states, o, af1, 18283 and o B18,83
B11B10 were observed in the SLME simulations. The «
intermediate state is formed after the initial rupture of
the N-terminal «-helix. This intermediate is observed
only in the 100 pN pathways, and is not observed for
larger clamping forces because the value of the clamping
force required to unravel g, is around 100 pN [7,4]. The
unraveling of 8, followed by « forms the intermediate
« By, or the ripped state [10] as shown in Fig. 3(a), with
a corresponding ETED for the «8; intermediate state in
the range of 12-14 nm. The unraveling of 8, leaves 5,83
unshielded, and thus they begin unraveling and the length
of the next intermediate, corresponding to af18,63 in
Fig. 3(b), occurs at an ETED of around 25 nm. After passing
through this intermediate, 811810 unfolds resulting in a
new intermediate state of «818,83811810 at an ETED of
about 39 nm as shown in Fig. 3(c). These intermediates
states correspond to the minima on the free energy profile,
as we now discuss.

In Fig. 4, we report the PMF profile for a clamping force
of 200 pN applied during the umbrella sampling simula-
tion. Three distinct local minima can be observed for ET-
EDs of about 13, 23 and 36 nm. As previously discussed,
these local minima correspond to the mechanical interme-
diate configurations of o1, 816283 and « 8182835811810
shown in Fig. 3. Furthermore, the fact that these inter-
mediate configurations correspond to local energy min-
ima validates them as true intermediate states during the
mechanical unfolding process. To compare with existing
experimental data, we note that in the 2004 work of Di-
etz et al. [4], the energy barrier for transition from GFPA«
to GFPAaApB was found to be about 23 kgT, or about
57 KJ/mol. Fig. 4(left) shows that the barrier for GFPAxAS
is about 47 kJ/mol, which gives reasonably good agree-
ment.

We now analyze the force-dependent dynamics of one
particular intermediate configuration, the ¢, intermedi-
ate. This intermediate state was chosen as it is observed
at all clamping force levels we used for the SLME simu-
lations. We analyze the force-dependence of the lifetimes
of this intermediate state using the Arrhenius equation,
where the separation free energy barrier can be reduced
by the application of mechanical force to a molecule, which
exponentially increases the transition rate. The rupture of
molecular bonds under mechanical force was first studied
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Fig. 2. (a)(d) Two representative unfolding pathways at 200 pN. (b)(e) Distribution of energy barriers along each unfolding pathway. (c)(f) Unfolding time

as a function of ETED.
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by Bell [38], who predicted that the life-time decreases ex-
ponentially with the stretching force which is defined as
t(F) = to exp(—F Ax/kgT), where t is the lifetime without
any clamping force and Ax denotes the potential width. To
study the force-dependence of the lifetimes of the «8; in-
termediate state, we computed and analyzed the lifetimes
for clamping forces ranging from 150 to 300 pN. The life-
time is estimated using Eq. (1) with v = 1e° s7! [4]. In
our SLME simulations as shown in Fig. 5, the average life-
time of the «B; intermediate decreases with increasing
force. By fitting the curve using Bell's formula, we obtain
to = 379 ws and Ax/ksT = 0.02 pN~1.

Finally, we comment on the average lifetimes of the
three intermediate configurations that were observed

in the 300 pN unfolding simulations. In doing so, we
find that the averaged lifetimes of «afB;, aB1B263 and
o B1B8283P11810 are 1.5, 1.8 and 6.89 s, respectively. The
intermediate states o and « 818,83 have shorter life-
times because the rupture of the hydrogen bonds is via
tearing, with sequential breaking of bonds. However, for
o 818283611810, the pulling direction is perpendicular to
the hydrogen bonds, resulting in a shearing mode of failure
which is comparatively more difficult. These explanations
are consistent with the explanation in the difference in life-
times that can be obtained from the free energy profiles in
Fig. 4. There, it is clear that « 8 and « 81 2 83 have smaller
unfolding barriers and thus shorter unfolding time.
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4. Conclusions

In conclusion, we have used the SLME simulation
methodology to examine the force-induced unfolding of
the protein GFP. Our key finding is the discovery of four
total, and two new intermediate states that exist between
5 and 40 nm end-to-end distance, where the intermediate
configurations, unfolding pathways, and lifetimes of the in-
termediate states is strongly force-dependent. The ability
to unfold GFP to substantially longer end-to-end distances
as compared to previous atomistic simulations is due to the
time-scale bridging nature enabled by the SLME method-
ology, and demonstrates the potential of this methodology
for protein folding and unfolding problems.
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