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SPECIAL TOPIC — Modeling and simulations for the structures and functions of proteins and nucleic acids

Folding nucleus and unfolding dynamics of protein 2GB1*

Xuefeng Wei(F524%¢)'? and Yanting Wang(F FE&)> 7

1CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

(Received 30 July 2020; revised manuscript received 14 September 2020; accepted manuscript online 28 September 2020)

The folding of many small proteins is kinetically a two-state process with one major free-energy barrier to overcome,
which can be roughly regarded as the inverse process of unfolding. In this work, we first use a Gaussian network model
to predict the folding nucleus corresponding to the major free-energy barrier of protein 2GB1, and find that the folding
nucleus is located in the f-sheet domain. High-temperature molecular dynamics simulations are then used to investigate
the unfolding process of 2GB1. We draw free-energy surface from unfolding simulations, taking RMSD and contact number
as reaction coordinates, which confirms that the folding of 2GB1 is kinetically a two-state process. The comparison of the
contact maps before and after the free energy barrier indicates that the transition from native to non-native structure of
the protein is kinetically caused by the destruction of the -sheet domain, which manifests that the folding nucleus is
indeed located in the 3-sheet domain. Moreover, the constrained MD simulation further confirms that the destruction of the
secondary structures does not alter the topology of the protein retained by the folding nucleus. These results provide vital
information for upcoming researchers to further understand protein folding in similar systems.

Keywords: protein folding, 2GB1, two-state model, folding nucleus

PACS: 87.15.Cc, 87.15.A—, 87.15.ap, 87.15.Bg

1. Introduction

Protein folding is a molecular process in which a polypep-
tide chain with a designated sequence of amino acid residues
forms a compact and well-defined three-dimensional struc-
ture via self-assembly, which is an important and challeng-
ing problem in biophysics, statistical mechanics, and com-
puter simulation.!!! With the development of computational
techniques, computer simulation of the protein folding process
can reach a temporal scale as long as milliseconds for small
proteins.?! Because protein is a complex asymmetric molecu-
lar system with complex interactions among different compo-
nents, the folding process is determined not only by local in-
teractions between neighboring amino acid residues along the
chain, but also by global non-native contacts.’>* Hundreds
of experimental and computer simulation methods have been
proposed to understand details of the underlying folding mech-
anism. However, it has been shown that the complete folding
pathway of a single protein is extremely difficult to be exper-
imentally determined,?! while conventional all-atom molecu-
lar dynamics (MD) simulation methods cost a huge amount of
computing resource to simulate the folding process of even a
very small protein with less than 100 amino acid residues,>~"}
and it is currently impossible to directly simulate a little larger
ones. Therefore, many accelerated simulation methods, such
as the replica-exchange MD simulation method,®! have been
applied to simulating protein folding processes.

DOI: 10.1088/1674-1056/abbbfa

On the other hand, many theoretical models, such as
the Go model,! have been proposed to describe and pre-
dict protein folding dynamics, but none of them can serve
as a general theory explaining all aspects of protein folding

a.l1%-12] Nevertheless, most of these models rely on

phenomen
the concept of a funnel-shape multidimensional free-energy
landscape,*!314 which conceptually describes the way pro-
teins reliably fold into their energetically most favorable con-
formations. However, it is always difficult to depict the funnel-
shape free energy landscape quantitatively, partially because
the reaction coordinates of this funnel are unknown. The
funnel-shape free energy landscape is rugged, so the protein
has to overcome multiple barriers as well as to cross the in-
termediate state before reaching the thermodynamically stable
native state. For some small proteins with a simple folding
process, there is only one major energy barrier between the na-
tive and non-native states, and folding/unfolding roughly ex-
hibits a two-state process. The sub-structure responsible for
the transition of the whole protein on top of the free energy
barrier is called “folding nucleus”: “For such small proteins,
we may regard unfolding as the reverse process of folding,
so high-temperature unfolding MD simulation; which requires
much shorter simulation time, can be used to study their fold-
ing pathway and folding nucleus,!!>=!7!

Besides MD simulation techniques, Brooks et al. 18] and
Go et al."' developed the normal mode analysis (NMA)

*Project supported by the Strategic Priority Research Program of Chinese Academy of Sciences (Grant No. XDA17010504) and the National Natural Science

Foundation of China (Grant No. 11947302).
fCorresponding author. E-mail: wangyt@itp.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd
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method and successfully applied it to the protein-related re-
search. The basic idea of the NMA method is first optimizing
the protein structure based on an all-atom force field to obtain
the equilibrium configuration of the system, then in the vicin-
ity of the equilibrium configuration, the complex interactions
between protein atoms are simplified to be harmonic poten-
tials by ignoring higher-order terms, and finally the motion
of the protein is decomposed into the superposition of normal
motion modes. The NMA method does not require a long-
time dynamic simulation to obtain the conformational prop-
erties of the system, which greatly reduces the computational
cost. However, its accuracy is limited by the utilized classical
all-atom force field and the result will be biased if the energy
optimization is insufficient. On top of the NMA method, Ba-

1.29211 proposed the Gaussian network model (GNM),

har et a
which reduces each amino acid residue to be a bead, the in-
teraction between residues is represented by springs, and all
springs have the same strength. The vibration of the residue
around the equilibrium position is regarded as an isotropic
Gaussian motion.!"??!1 The GNM method focuses on global
motions determined by slow modes because of their dominant
role in controlling the collective dynamics of the protein, con-
sistent with the experimentally measured hydrogen—deuterium
exchange (HX) protection factor./??! In addition, the GNM can
be used to identify the so-called kinetically hot residues result-
ing in the peaks in the high frequency modes, which are linked

23]
1.0
0.8
0.6
0.4
0.2
0

Fig. 1. (a) Molecular structure of protein 2GB1 composed of four do-
mains: seq A and seq C are hairpins, seq B is an a-helix, and Beta is a
global B-sheet structure. (b) Contact map of the native structure. The
red, orange, green, and blue ellipses highlight the regions corresponding
to seq A, seq B, seq C, and Beta, respectively.

to protein folding nuclei.!

) seq B (@) 50 /@ (b)
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The small protein 2GB1 (one of the GB1 family, PDB ID:
2GB1) studied in this work has a thermodynamically very sta-
ble structure consisted of four domains: two S-hairpin struc-
tures denoted as seq A and seq C, respectively, an a-helix
structure denoted as seq B, and a f3-sheet structure denoted
as Beta, as shown in Fig. 1(a). There are plenty of hydrogen
bonds in each domain, and hydrophobic amino acid residues
are buried inside both the a-helix and the -sheet domain to
form a hydrophobic core. The contact map is used to clearly
describe each secondary structure in its native state. Two C*
atoms are identified as “connected” if their distance is less
than 7.0 A. In Fig. 1(b), different domains in the contact map

circled by red, orange, green, and blue ellipses correspond to
seq A, seq B, seq C, and Beta sheet, respectively. The GNM
method is used to identify the folding nucleus and pathway
of 2GB1, and compared with the results of high-temperature
unfolding MD. Both GNM and high-temperature MD indicate
that the folding/unfolding of the protein is a two-state process,
and the folding nucleus is located in the 3-sheet region.

2. Methods
2.1. Gaussian network model

The GNM can be used to predict the protein folding nu-
cleus, and the obtained results have a relatively high degree
of agreement with experiments.!?”! The GNM method identi-
fies the kinetically hot residues serving as the protein folding
nucleus by finding the peak of the fast motion mode.?*! The
motion modes of a protein described by the GNM are entirely
determined by the contact topology of the native configuration.
Each amino acid residue is coarse-grained into a single bead
whose position is set to be the coordinate of the C* atom. It is
assumed that a pair of beads are linked by an elastic spring if
their distance is less than a certain cutoff r..

The GNM mathematically describes the dynamics of the
protein structure by the Kirchhoff matrix, whose elements are
defined as

_15 i#j7RierCa
I = 0, i#J, Rij>re, 1)
L,i#]

where R;; is the distance between the two points i and j, and
re =7 A in this work. The eigenvalues of the matrix reflect dif-
ferent motion modes. The low-frequency slow motion mode
with a small eigenvalue corresponds to a large-scale collective
motion, and quite often represents the functional motion of
the system. By contrast, the high-frequency fast-motion mode
with a large eigenvalue generally indicates the irregularity of
the local structure of the system, quite often corresponding to
the hot residues of the system.

2.2. Unfolding MD simulation

Due to the limitations of simulation time and comput-
ing resources, it is almost impossible to reproduce the fold-
ing process of proteins by conventional all-atom MD simula-
tion, even for small proteins with less than 100 amino acid
residues. Therefore, in this work, we investigate the folding
nucleus-and pathway of 2GB1 by performing the unfolding
process at a high temperature. The native structure was used
as the initial configuration for the unfolding MD simulation by
using the GROMACS software package!”*! with a simulation
timestep of 2 fs. The OPLS-AA force field!*>-?%! was used to

028703-2



Chin. Phys. B Vol. 30, No. 2 (2021) 028703

model the protein and the TIP4P*7l was used to model wa-
ter molecules. The electrostatic interactions were treated with
the particle-mesh-Ewald method, (28,291 and both the cutoff dis-
tances of the van der Waals (VDW) interaction and the real
part of the electrostatic interaction were set to be 1.2 nm. The
periodic boundary condition was applied to all three dimen-
sions and the unfolding simulation was conducted in a con-
stant NVT ensemble at the temperature 7 = 480 K, which was

[30,31

kept a constant by the Nosé—Hoover thermostat I with a

coupling time of 0.2 ps.

2.3. Constrained MD

The complex potential energy surface of a protein has
many energy barriers between the completely unfolded state
and the native state. A conventional MD simulation cannot
achieve the complete process of a fully stretched protein fold-
ing into its native structure. Therefore, we alternatively use the
constrained MD to investigate the influence of the destruction
of some local structures on the stability of the entire protein by
constraining some parts of the protein in their native structures
while the rest parts are free to become non-native. In the ini-
tial configuration, the whole protein retains its native structure
except that a certain number of secondary structures deform,
which is obtained by the following steps. First, each atom in
its native position is fixed by a spring potential except those
atoms in the domain to be destroyed. Then a regular MD sim-
ulation is performed in the NVT ensemble at 600 K for 10 ns
to allow the unfixed domain lost its original secondary struc-
ture while the fixed domains kept their native structures. For
instance, seq B is destroyed while other structures keep un-
changed. The configuration with a certain secondary structure
destroyed is then used as the initial configuration to further in-
vestigate the influence of different secondary structures on the
stability of the entire protein. The system pressure is kept a
constant of 1 atm by the Parrinello-Rahman barostat'>? with
a coupling time of 0.5 ps.

3. Results and discussion

The GNM method was first used to determine the fold-
Because the GNM method
claims that the folding nucleus is composed of the amino acid

ing nucleus of protein 2GB1.

residues with large fluctuations, the normalized mean-squared
fluctuations of different C* atoms of 2GB1 have been calcu-
lated and are shown in Fig. 2(a), in which the initial five high-
frequency normal modes were used. It can be seen that Y3,
K4, LS5, 16, A34, V39, T51, F52, and F53 atoms have large
mean-squared fluctuations, indicating that they compose the
folding nucleus. These atoms, all located in the Beta domain,
are presented as color beads in the native structure shown in
Fig. 2(b) to clearly demonstrate their atomic positions.

In order to further understand the unfolding process of the
protein and verify the conclusion drawn by the GNM method,
a high-temperature MD simulation was then performed to in-
vestigate the unfolding process and the folding nucleus of
2GB1. The RMSDs with respect to the native structure and
the connectivity of C* atoms were calculated for the simulated
configurations. As shown in Fig. 3, the configurations gener-
ated by the unfolding simulation are projected on the space
spanned by RMSD and contact number, whose plot is denoted
as the RC map. The configurations are grouped into two parts
in the RC map with the blank area in between, indicating a
high energy barrier between the two parts, which manifests
that the folding of 2GB1 is a two-state process, and there is a
free energy barrier between the native state and the non-native

state.
v 0.10 -
=
% oo "
= YU F52,T53
g IY3|L5,16 A4
= 0.06}
P V39 T51
g
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S
= 0.02p
g
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Fig. 2. (a) Normalized mean-squared fluctuations of C* atoms. (b) Color
beads representing atoms with large mean-squared fluctuations in (a).

The average contact maps of the two states separated by
the energy barrier are drawn in Figs. 4(a) and 4(b) to clearly
show the conformational change after unfolding. It can be seen
that all contact patterns remain the same except the Beta do-
main, in which the contact number is significantly reduced,
indicating that the transformation from the native state to the
non-native state occurs via the destruction of the Beta domain.
The folding/unfolding pathway of protein 2GB1 ‘can be de-
ducted from the unfolding simulation trajectories as follows.
The protein structure maintains its native conformation before
the Beta domain is destroyed, after which the hydrophobic
core formed by ‘the Beta domain and seq B is also simulta-
neously-destroyed, as shown in Fig. 4(c). Seq B becomes
unstable, begins to swing, and finally loses the spiral struc-
ture. After that, seq A and seq C lose the hairpin structure, and
eventually the entire protein structure is destroyed and behaves
randomly, as shown in Fig. 4(d).
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Fig. 3. RC maps spanned by RMSD and contact number of four independent high-temperature unfolding simulations, indicating that the
unfolding process of protein 2GB1 is a two-state process.
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Fig. 4. (a) and (b) Contact patterns before and after the energy barrier, respectively. (c) A random configuration illustrating that all parts keep
unchanged except the folding nucleus, which is destroyed. (d) A random configuration illustrating that the hydrophobic core formed by seq B and
Beta is destroyed.
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Fig. 5. The initial structure with one secondary structure destroyed compared with the native state and the corresponding RMSD vs. simulation time of
(a), (b) seq A; (c), (d) seq B; and (e), (f) seq C. The red and blue tubesin (a), (¢), and (e) represent the backbones of the native and destroyed structures,
respectively, and atoms in the destroyed domain are illustrated by ball and stick. The upper black lines in (b), (d), and (f) are the RMSD of the destroyed
part with respect to the native structure and the lower red lines are the RMSD of all other parts of the protein with respect to the native structure.
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Since Beta and seq B composing the hydrophobic core
are destroyed simultaneously during the high temperature un-
folding MD simulation, the constrained MD simulations were
further performed to verify whether seq B is a part of the fold-
ing nucleus or not. We have destroyed one secondary structure
at each time to serve as the initial configuration of a 200-ns
MD simulation and the simulation results are shown in Fig. 5.
In Figs. 5(a), 5(c), and 5(e), the red tube represents the native
structure and the blue tube represents the initial configuration
that has one secondary structure destroyed. The black lines in
Figs. 5(b), 5(d), and 5(f) depict the RMSDs of the secondary
structures after being destroyed with respect to the native sec-
ondary structure, and the red lines represent the RMSDs of
the entire configurations except the destroyed structure with
respect to its native structure. From these simulation results, it
can be seen that, after the destruction of one secondary struc-
ture of seq A, seq B, or seq C, the rest of the protein structure
remains almost unchanged. Figures 5(c) and 5(d) show that
the destruction of seq B does not affect the structure of the
Beta domain. During the 200-ns simulation time, the rest of
the structure remains unchanged, indicating that seq B is not a
part of the folding nucleus, and it is the hydrogen bonds in the
Beta domain that stabilize the whole protein topology.

4. Conclusion

2GBI is a small protein with a short sequence and good
stability, which includes all typical secondary structures of a
protein: two B-turn structures, one o-helix structure, and one
B-sheet domain. It is a good model system for understand-
ing some details of the protein folding dynamics. Because it
is extremely difficult to study the folding nucleus and folding
pathway using conventional MD simulation techniques even
for such a small protein, accelerated simulation and advanced
analysis methods are necessary. The GNM method indicates
that the Beta domain of protein 2GB1 serves as the folding nu-
cleus under the two-state folding theoretical framework, and
multiple hydrogen bonds in the Beta domain stabilize the f3-
sheet structure. The high-temperature unfolding MD simula-
tion results are exhibited on the RC map spanned by RMSD
and contact number as reaction coordinates, which confirms
that the protein unfolding process is indeed a two-state pro-
cess. Dynamically, the top of the barrier corresponds to the
formation of the folding nucleus structure. By comparing the
conformations at the two sides of the barrier, we have found
that the biggest change in the structure occurs in the Beta re-
gion, which is the folding nucleus of the protein. During the
unfolding process, the hydrogen bonds in the Beta region are
first opened, and the seq B structure then starts to swing and
loses its spiral structure. After the hydrogen bonds in the hair-

pin structures of seq A and seq C are opened, the entire protein
structure finally collapses into a random coil.

This work utilizes multiple methods to find the folding
nucleus and folding pathway of protein 2GB 1, which are help-
ful for understanding the mechanism of protein folding. For
similar small protein systems, it may be possible to quickly
identify folding nucleus and pathway using the methods ap-
plied in this work as well as the RC map developed by us.
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