
 

 

 

Folding nucleus and unfolding dynamics of protein 2GB1 

Xuefeng Wei(韦学锋) and Yanting Wang(王延颋) 

Citation:Chin. Phys. B, 2021, 30 (2): 028703.   DOI: 10.1088/1674-1056/abbbfa 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Statistical potentials for 3D structure evaluation: From proteins to RNAs 

Ya-Lan Tan(谭雅岚), Chen-Jie Feng(封晨洁), Xunxun Wang(王勋勋), Wenbing Zhang(张文炳), and Zhi-Jie Tan(谭

志杰) 

Chin. Phys. B, 2021, 30 (2): 028705.   DOI: 10.1088/1674-1056/abc0d6 

Application of topological soliton in modeling protein folding: Recent progress and 

perspective 

Xu-Biao Peng(彭绪彪)†, Jiao-Jiao Liu(刘娇娇), Jin Dai(戴劲), Antti J Niemi‡, and Jian-Feng He(何建锋)§ 

Chin. Phys. B, 2020, 29 (10): 108705.   DOI: 10.1088/1674-1056/abaed9 

Different potential of mean force of two-state protein GB1 and downhill protein gpW 

revealed by molecular dynamics simulation 

Xiaofeng Zhang(张晓峰), Zilong Guo(郭子龙), Ping Yu(余平), Qiushi Li(李秋实), Xin Zhou(周昕), Hu Chen(陈虎) 

Chin. Phys. B, 2020, 29 (7): 078701.   DOI: 10.1088/1674-1056/ab8daf 

Quantum intelligence on protein folding pathways 

Wen-Wen Mao(毛雯雯), Li-Hua Lv(吕丽花), Yong-Yun Ji(季永运), You-Quan Li(李有泉) 

Chin. Phys. B, 2020, 29 (1): 018702.   DOI: 10.1088/1674-1056/ab5fbe 

A network of conformational transitions in an unfolding process of HP-35 revealed by 

high-temperature MD simulation and a Markov state model 

Dandan Shao(邵丹丹), Kaifu Gao(高恺夫) 

Chin. Phys. B, 2018, 27 (1): 018701.   DOI: 10.1088/1674-1056/27/1/018701 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abbbfa
https://doi.org/10.1088/1674-1056/abbbfa
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abc0d6
https://doi.org/10.1088/1674-1056/abc0d6
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abaed9
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abaed9
https://doi.org/10.1088/1674-1056/abaed9
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8daf
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8daf
https://doi.org/10.1088/1674-1056/ab8daf
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5fbe
https://doi.org/10.1088/1674-1056/ab5fbe
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/1/018701
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/1/018701
https://doi.org/10.1088/1674-1056/27/1/018701




Chinese Physics B(¥¥¥IIIÔÔÔnnn B)
Published monthly in hard copy by the Chinese Physical Society and online by IOP Publishing, Temple

Circus, Temple Way, Bristol BS1 6HG, UK

Institutional subscription information: 2021 volume

For all countries, except the United States, Canada and Central and South America, the subscription rate per

annual volume is UK£1397 (electronic only) or UK£1523 (print + electronic).

Delivery is by air-speeded mail from the United Kingdom.

Orders to:

Journals Subscription Fulfilment, IOP Publishing, Temple Circus, Temple Way, Bristol BS1 6HG, UK

For the United States, Canada and Central and South America, the subscription rate per annual volume is

US$2780 (electronic only) or US$3025 (print + electronic). Delivery is by transatlantic airfreight and onward

mailing.

Orders to: IOP Publishing, P. O. Box 320, Congers, NY 10920-0320, USA

c© 2021 Chinese Physical Society and IOP Publishing Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or

transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,

without the prior written permission of the copyright owner.

Supported by the China Association for Science and Technology and Chinese Academy of Sciences

Editorial Office: Institute of Physics, Chinese Academy of Sciences, P. O. Box 603, Beijing 100190, China

Tel: (86 - 10) 82649026 or 82649519, Fax: (86 - 10) 82649027, E-mail: cpb@aphy.iphy.ac.cn

Ì+ü : ¥I�Æ�

Ì�ü : ¥IÔnÆ¬Ú¥I�Æ�ÔnïÄ¤

Ì ?: î�¨ð

Ñ �: ¥IÔnÆ¬

<MC¾: �®�&<Mk�úi

? 6: Chinese Physics B ?6Ü

ISu1: Chinese Physics B Ñ�u1Ü

I	u1: IOP Publishing Ltd

u1��: úmu1

ISÚ�rÒ: ISSN 1674–1056

ISÚ�rÒ: CN 11–5639/O4

?6Ü/�: �® ¥'~ ¥I�Æ�ÔnïÄ¤S

Ï Õ / �: 100190 �® 603&�

> {: (010) 82649026, 82649519

D ý: (010) 82649027

“Chinese Physics B”��:

http://cpb.iphy.ac.cn

http://iopscience.iop.org/journal/1674-1056

Published by the Chinese Physical Society

Advisory Board

Prof. Academician Chen Jia-Er(�Z�) School of Physics, Peking University, Beijing 100871, China

Prof. Academician T. D. Lee(o��) Department of Physics, Columbia University, New York, NY 10027, USA

Prof. Academician Samuel C. C. Ting(¶ï¥) LEP3, CERN, CH-1211, Geneva 23, Switzerland

Prof. Academician C. N. Yang(
�w) Institute for Theoretical Physics, State University of New York, USA

Prof. Academician Yang Fu-Jia(
4[) Department of Nuclear Physics, Fudan University, Shanghai 200433, China

Prof. Academician Zhou Guang-Zhao

(Chou Kuang-Chao)(±1ð)

China Association for Science and Technology, Beijing 100863, China

Prof. Academician Wang Nai-Yan(�D�) China Institute of Atomic Energy, Beijing 102413, China

Editor-in-Chief

Prof. Academician Ouyang Zhong-Can(î�¨ð) Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing
100190, China



Associate Editors

Prof. Academician Zhao Zhong-Xian(ë§p) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Yang Guo-Zhen(
I�) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Zhang Jie(Ü#) Chinese Academy of Sciences, Beijing 100864, China

Prof. Academician Xing Ding-Yu(0½�) Department of Physics, Nanjing University, Nanjing 210093, China

Prof. Academician Shen Bao-Gen(!��) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Gong Qi-Huang(÷á�) School of Physics, Peking University, Beijing 100871, China

Prof. Academician Xue Qi-Kun(ÅÙ%) Department of Physics, Tsinghua University, Beijing 100084, China

Prof. Sheng Ping(!²) The Hong Kong University of Science & Technology, Kowloon, Hong Kong,
China

Editorial Board

Prof. David Andelman School of Physics and Astronomy Tel Aviv University, Tel Aviv 69978, Israel

Prof. Academician Chen Xian-Hui(�l�) Department of Physics, University of Science and Technology of China, Hefei
230026, China

Prof. Cheng Jian-Chun(§ïS) School of Physics, Nanjing University, Nanjing 210093, China

Prof. Chia-Ling Chien Department of Physics and Astronomy, The Johns Hopkins University,
Baltimore, MD 21218, USA

Prof. Dai Xi(�F) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Ding Jun(¶�) Department of Materials Science & Engineering, National University of
Singapore, Singapore 117576, Singapore

Prof. Masao Doi Toyota Physical and Chemical Research Institute, Yokomichi, Nagakute,
Aichi 480-1192, Japan

Prof. Fang Zhong(�§) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Feng Shi-Ping(¾­²) Department of Physics, Beijing Normal University, Beijing 100875, China

Prof. Academician Gao Hong-Jun(põ�) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Gu Chang-Zhi(���) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Gu Min(�¯) School of Optical-Electrical and Computer Engineering, University of Shang-
hai for Science and Technology, Shanghai 200093, China

Prof. Academician Guo Guang-Can(H1ð) School of Physical Sciences, University of Science and Technology of China,
Hefei 230026, China

Prof. Academician He Xian-Tu(åpè) Institute of Applied Physics and Computational Mathematics, Beijing 100088,
China

Prof. Werner A. Hofer Stephenson Institute for Renewable Energy, The University of Liverpool,
Liverpool L69 3BX, UK

Prof. Hong Ming-Hui(ö²�) Department of Electrical and Computer Engineering, National University of
Singapore, Singapore 117576, Singapore

Prof. Hu Gang(�k) Department of Physics, Beijing Normal University, Beijing 100875, China

Prof. Jiang Hong-Wen(ñø©) Department of Physics and Astronomy, University of California, Los Angeles,
CA 90095, USA

Prof. Jiang Ying(ôL) School of Physics, Peking University, Beijing 100871, China

Prof. Jin Xiao-Feng(7¡¸) Department of Physics, Fudan University, Shanghai 200433, China

Prof. Robert J. Joynt Physics Department, University of Wisconsin-Madison, Madison, USA

Prof. Jaewan Kim Korea Institute for Advanced Study, School of Computational Sciences,
Hoegiro 85, Seoul 02455, Korea

Prof. Li Ru-Xin(oV#) Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Shanghai 201800, China

Prof. Li Xiao-Guang(o¡1) Department of Physics, University of Science and Technology of China, Hefei
230026, China

Assits. Prof. Liu Chao-Xing(4�() Department of Physics, Pennsylvania State University, PA 16802-6300, USA

Prof. Liu Xiang-Yang(4��) Department of Physics, Xiamen University, Xiamen 361005, China

Prof. Liu Ying(4F) Department of Physics and Astronomy, Shanghai Jiao Tong University,
Shanghai 200240, China

Prof. Long Gui-Lu(9?°) Department of Physics, Tsinghua University, Beijing 100084, China

Prof. Lv Li(½å) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Ma Xu-Cun(êR~) Department of Physics, Tsinghua University, Beijing 100084, China

Prof. Antonio H. Castro Neto Physics Department, Faculty of Science, National University of Singapore,
Singapore 117546, Singapore

Prof. Nie Yu-Xin(m�l) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Niu Qian(Ú^) Department of Physics, University of Texas, Austin, TX 78712, USA

Prof. Academician Ouyang Qi(î�Ü) School of Physics, Peking University, Beijing 100871, China



Prof. Academician Pan Jian-Wei(�ï�) Department of Modern Physics, University of Science and Technology of
China, Hefei 230026, China

Prof. Amalia Patane School of Physics and Astronomy, The University of Nottingham, NG7 2RD,
UK

Prof. Qian Lie-Jia(a�\) Department of Physics and Astronomy, Shanghai Jiao Tong University,
Shanghai 200240, China

Prof. J. Y. Rhee Department of Physics, Sungkyunkwan University, Suwon, Korea

Prof. Shen Jian(!è) Department of Physics, Fudan University, Shanghai 200433, China

Prof. Shen Yuan-Rang(!�1) Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Prof. Shen Zhi-Xun(!�Ê) Stanford University, Stanford, CA 94305-4045, USA

Prof. Academician Sun Chang-Pu(��â) Beijing Computational Science Research Center, China Academy of Engineer-
ing Physics, Beijing 100094, China

Prof. Sun Xiao-Wei(��¥) Department of Electrical and Electronic Engineering, Southern University of
Science and Technology, Shenzhen 518055, China

Prof. Sun Xiu-Dong(�DÁ) Department of Physics, Harbin Institute of Technology, Harbin 150001, China

Prof. Michiyoshi Tanaka Research Institute for Scientic Measurements, Tohoku University, Katahira
2-1-1, Aoba-ku 980, Sendai, Japan

Prof. Tong Li-Min(Ö|¬) Department of Optical Engineering, Zhejiang University, Hangzhou 310027,
China

Prof. Tong Penger(Ö$�) Department of Physics, The Hong Kong University of Science and Technology,
Kowloon, Hong Kong, China

Prof. Wang Bo-Gen(�Ë�) School of Physics, Nanjing University, Nanjing 210093, China

Prof. Wang Kai-You(�ml) Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,
China

Prof. Wang Wei(�è) School of Physics, Nanjing University, Nanjing 210093, China

Prof. Wang Ya-Yu(�æy) Department of Physics, Tsinghua University, Beijing 100084, China

Prof. Wang Yu-Peng(��+) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Wang Zhao-Zhong(�ï¥) Laboratory for Photonics and Nanostructures (LPN) CNRS–UPR20, Route

de Nozay, 91460 Marcoussis, France

Prof. Academician Wang Wei-Hua(�¥u) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Wei Su-Huai(���) Beijing Computational Science Research Center, China Academy of Engineer-
ing Physics, Beijing 100094, China

Prof. Wen Hai-Hu(ª°m) Department of Physics, Nanjing University, Nanjing 210093, China

Prof. Wu Nan-Jian(ÇHè) Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,
China

Prof. Academician Xia Jian-Bai(gïx) Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,
China

Prof. Academician Xiang Tao(�7) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Xie Si-Shen()g�) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Xie Xin-Cheng(�%©) Department of Physics, Peking University, Beijing 100871, China

Prof. Academician Xu Zhi-Zhan(M�Ð) Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Shanghai 201800, China

Assist. Prof. Xu Cen-Ke(N®Y) Department of Physics, University of California, Santa Barbara, CA 93106,
USA

Prof. Academician Ye Chao-Hui(���) Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences,
Wuhan 430071, China

Prof. Ye Jun(��) Department of Physics, University of Colorado, Boulder, Colorado 80309-
0440, USA

Prof. Yu Ming-Yang(�²�) Theoretical Physics I, Ruhr University, D-44780 Bochum, Germany

Prof. Academician Zhan Wen-Long(É©9) Chinese Academy of Sciences, Beijing 100864, China

Prof. Zhang Fu-Chun(ÜLS) Kavli Institute for Theoretical Sciences, University of Chinese Academy of
Sciences, Beijing 100190, China

Prof. Zhang Xiang(Ü�) NSF Nanoscale Science and Engineering Center (NSEC), University of

California, Berkeley, CA 94720, USA

Prof. Zhang Yong(Ü]) Electrical and Computer Engineering Department, The University of North
Carolina at Charlotte, Charlotte, USA

Prof. Zhang Zhen-Yu(Ü��) International Center for Quantum Design of Functional Materials, University
of Science and Technology of China, Hefei 230026, China

Prof. Zeng Hao(QÓ) Department of Physics, University at Buffalo, SUNY, Buffalo, NY 14260,
USA

Prof. Zheng Bo(xÅ) Physics Department, Zhejiang University, Hangzhou 310027, China

Prof. Zhou Xing-Jiang(±,ô) Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Prof. Academician Zhu Bang-Fen(Á�¥) Department of Physics, Tsinghua University, Beijing 100084, China

Editorial Staff

Wang Jiu-Li(�Èw) (Editorial Director) Cai Jian-Wei(éï�) Zhai Zhen(+�)



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

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(韦学锋)1,2 and Yanting Wang(王延颋)1,2,†

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 β -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 β -sheet domain, which manifests that the folding nucleus is
indeed located in the β -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 DOI: 10.1088/1674-1056/abbbfa

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.[1] 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.[2] 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.[3,4] 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,[2] 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,[5–7]

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,[8] have been
applied to simulating protein folding processes.

On the other hand, many theoretical models, such as
the Go model,[9] 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
phenomena.[10–12] Nevertheless, most of these models rely on
the concept of a funnel-shape multidimensional free-energy
landscape,[4,13,14] 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.[15–17]

Besides MD simulation techniques, Brooks et al.[18] and
Go et al.[19] 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).
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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-
har et al.[20,21] proposed the Gaussian network model (GNM),
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.[19,21] 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.[22] 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
to protein folding nuclei.[23]
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Fig. 1. (a) Molecular structure of protein 2GB1 composed of four do-
mains: seq A and seq C are hairpins, seq B is an α-helix, and Beta is a
global β -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.

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 β -hairpin struc-
tures denoted as seq A and seq C, respectively, an α-helix
structure denoted as seq B, and a β -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 α-helix and the β -sheet domain to
form a hydrophobic core. The contact map is used to clearly
describe each secondary structure in its native state. Two Cα

atoms are identified as “connected” if their distance is less
than 7.0 Å. 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 β -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.[22] The GNM method identi-
fies the kinetically hot residues serving as the protein folding
nucleus by finding the peak of the fast motion mode.[23] 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 Cα atom. It is
assumed that a pair of beads are linked by an elastic spring if
their distance is less than a certain cutoff rc.

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

Γi j =


−1, i 6= j, Ri j ≤ rc,

0, i 6= j, Ri j > rc,

− ∑
i,i 6= j

Γi j, i = j,
(1)

where Ri j is the distance between the two points i and j, and
rc = 7 Å 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[24] with a simulation
timestep of 2 fs. The OPLS-AA force field[25,26] was used to

028703-2
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model the protein and the TIP4P[27] was used to model wa-
ter molecules. The electrostatic interactions were treated with
the particle-mesh-Ewald method,[28,29] 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 T = 480 K, which was
kept a constant by the Nosé–Hoover thermostat[30,31] 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[32] with
a coupling time of 0.5 ps.

3. Results and discussion
The GNM method was first used to determine the fold-

ing nucleus of protein 2GB1. Because the GNM method
claims that the folding nucleus is composed of the amino acid
residues with large fluctuations, the normalized mean-squared
fluctuations of different Cα 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, L5, I6, 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 Cα 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.
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Fig. 2. (a) Normalized mean-squared fluctuations of Cα 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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unfolding process of protein 2GB1 is a two-state process.
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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
2GB1 is a small protein with a short sequence and good

stability, which includes all typical secondary structures of a
protein: two β -turn structures, one α-helix structure, and one
β -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 β -
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 2GB1, 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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