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Abstract: Mechanical unfolding of the fourth domain of Distyostelium discoideum filamin
(DDFLN4) was studied using a CABS — coarse-grained knowledge-based protein model. Our
study demonstrates that CABS is capable of reproducing the unfolding free energy landscape
of protein unfolding and highlights an important role of non-native interactions in the protein
unfolding process. The obtained three peaks in the force-extension profile suggest a four-state
picture of DDFLN4 protein unfolding and correspond reasonably to the results of the all-atom
simulation in explicit solvent.
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1. Introduction

Many proteins, including those in the muscle and cytoskeleton, are func-
tional while being subjected to a wide range of mechanical forces. One of these
proteins, the fourth domain of Distyostelium discoideum filamin (DDFLN4) (a key
player in the cytoskeleton reorganization process) has been extensively studied
theoretically [1, 2] and experimentally [3, 4]. The results of the Atomic Force
Microscopy (AFM) experiments have shown that the force-extension profile of
DDFLN4 displays two peaks located at ~12nm and ~ 22nm, suggesting a three-
state scenario of its mechanical unfolding [3, 4]. A detailed interpretation of AFM
experiments might be provided using molecular simulation techniques [5—7].

One of the most popular simulation approaches to study protein unfolding
are Go-type reduced models, which are based solely on the topology of the native
state [8—11]. In the case of DDFLN4, the Go-model simulations did not give
a force-extension profile peak at ~ 22nm extension, which is observed in the
experiment, but predicted an additional peak at ~2nm extension [2]. In contrast,
the force-extension profile obtained by all-atom molecular dynamics simulations in
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explicit solvent displays three peaks at ~2nm, ~ 12nm and ~ 22nm, respectively,
indicating that mechanical unfolding of DDFLN4 follows a four-state scenario [1].
This study has also pointed to the importance of the non-native interactions
which lead to an additional intermediate state in the mechanical unfolding of
DDFLN4 [1]. Unfortunately, at present, all-atom molecular dynamics in explicit
solvent remains computationally challenging due to the huge system size required
to study a complete process of mechanical unfolding. Therefore, more efficient, but
still accurate methods of simulation are desirable. In the present paper, we test
the effectiveness of the coarse-grained CABS model to study the protein unfolding
process. With the help of the CABS model, we obtained a similar pattern of the
force-extension profile as in simulations of all-atom molecular dynamics [1], but
using much less computational power.

2. Method and Results

Inspired by the AFM experiments [3, 4] and molecular dynamics simulations
on DDFLN4 protein [2, 1], we conducted the constant-velocity pulling simulation
using the CABS model. Importantly, spatial resolution of protein models generated
by CABS allows physically realistic models to be reconstructed in all-atom
representation [12, 13] (the details of the CABS model are given in Refs. [14, 15]).
In the constant-velocity pulling scheme, a protein is pulled apart by a force ramped
linearly with time, while monitoring the dependence of the force (or mechanical
resistance) on time. The movement of the pulled termini causes an extension of
the protein and the total force can be measured by F = k(vt—x), where v is
the constant velocity, k is a spring constant of an AFM cantilever and x is the
displacement of the pulled atom from its original position. The resulting force is
computed for each time step to generate a force extension profile, which has peaks
showing the most mechanically stable regions of protein.

The resulting force-extension profile for DDFLN4, obtained by the CABS
model is shown in Figure 1. The presence of the three peaks implies a four-state
free energy landscape of the DDFLN4 unfolding process. This result is in agreement
with the all-atom simulation results [1], but not with the Go-model simulations
(the first two peaks at ~2nm and ~ 12nm detected) [2] and AFM experiments
(the last two peaks at ~ 12nm and ~ 22nm detected) [3]. The structures of the
first and second transition states are shown on the upper snapshots of Figure 1.
The first transition state remains native-like with all g-strands kept formed,
whereas the second transition state is formed by the core of native C-F g-strands,
with detached A and G strands. Contacts between strands C and F are visible
on maps (obtained by the BioShell package [16, 17]) in Figure 3 (a)—(c), where
the probability of contact for each pair of residues (calculated over a relevant
part of a trajectory) was plotted for the native-like population (panel a) and
conformations from the two first peaks in Figure 1 (panels b, ¢). It is also clearly
evident from Figure 1 that the structures corresponding to the first two peaks are
mainly stabilized by native interactions. This is perhaps why both peaks located
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Figure 1. An example of force-time profile for DDFLN4 protein obtained using coarse-grained
force-field; arrows refer to positions of three peaks which are the signatures of the transition
states
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Figure 2. (a) Schematic plot showing native state backbone contacts (dashed lines) between
[-strands; (b) cartoon representation of native state of DDFLN4 protein (PDB code: 1ksr)
with seven (-strands labeled: A(6-9), B(22-28), C(43-48), D(57-59), E(64-69), F(75-83),
G(94-97); N-terminal is marked by blue circle

at ~2nm and ~ 12nm might be encountered by the simple Go-model, which
is based solely on the topology of the native conformation. The reason behind
the inability of the Go-model to detect the third peak (or third transition state)
located at ~22nm is discussed below.

A contact map (Figure 3d) as well as a typical snapshot (Figure 1, bottom)
corresponding to the last peak demonstrate that the structure of the third
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Figure 3. Contact probability maps (low to high marked as blue and red, respectively) for
(a) the native population and the three peaks observed in the Figure 1 (b to d, respectively).
Gray stripes mark residues that belong to a one of the g-strands, marked from A to G,
respectively.

transition state involves the formation of hydrogen bonds between strands C
and E, as well as E and D. Since the hydrogen bonds between strands C and E
are not present in the native conformation (Figure 2a), the third peak comes from
non-native interactions. This result is in agreement with the previously published
all-atom simulations results [1] and explains the inability of the Go-model (where
non-native interactions are omitted) to reproduce a complete picture of free energy
landscape. Namely, the third intermediate state is not reproduced by the Go-
model simulations due to the lack of non-native interactions. Furthermore, CABS
the knowledge based force-field predicts the existence of the peak close to the
native state. However, it is not clear why this maximum was not detected by
AFM experiments [3] and further experimental studies are required to explain
this issue. Interestingly, in case of 127 titin, the first intermediate state was
skipped in one of the first AFM experiments [18]. A “hump” on the force-
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extension profile which is a signature of the mechanical unfolding intermediate was
then predicted by molecular dynamics simulations [5], confirmed experimentally
later [19].

3. Conclusions

The CABS model has been already extensively tested in simulations of
protein dynamics including: protein folding mechanisms from denatured to native
state [20—23], near-native dynamics of globular proteins [24, 25] or a mechanism
of folding and binding of intrinsically disordered protein [26]. These studies have
shown that the CABS model is capable of reproducing complex details of protein
folding dynamics. Importantly, a knowledge-based CABS force-field retains both
native and non-native interactions (unlike in structure-based models, where only
native interactions are taken into account [27, 28]). Therefore, sometimes the
important role of non-native interactions, for example in protein folding [29, 30],
unfolding [10, 31] and binding processes [32] is not neglected in CABS-based
simulations.

In present paper we have tested a coarse-grained CABS model in the
investigation of mechanical unfolding behaviour of a DDFLN4 protein. Using
a CABS model we have shown that the non-native interactions have led to an
additional intermediate state along a mechanical unfolding pathway, which was
previously detected in the AFM experiments [3, 4] and all-atom MD simulation
in explicit solvent [1], but not in a Go-model [2]. The prediction of the first
peak close to the native state by the CABS model is in agreement with the Go-
model and all-atom simulations, but not with the AFM experiment. Since the
existence of the first peak does not depend on the choice of a force-field, we
speculate that our results may describe the physics that governs the unfolding
process. However, the partial disagreement between three different qualitatively
different simulation techniques and the experiment calls for further investigation.
Nonetheless, the presented simulation approach is a promising and efficient
alternative to mechanical unfolding studies.
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