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Abstract

Exploring and understanding the protein folding problem has long been a chal-
lenge in molecular biology. Unfolded proteins must exist in a universal initial
thermodynamic metastable state; otherwise, it would be impossible to explain
how proteins accomplish precise folding amidst intense thermal vibration in-
terference. Through analyzing the correlation between the aqueous environ-
ment and protein folding, this study reveals a universal initial thermodynamic
metastable state of unfolded proteins arising from the shielding effect of water
molecules. The existence of this metastable state is determined by the physical
properties of water molecules in the environment and is regarded as a necessary
condition for proper protein folding. By investigating published experimental
data and constructing molecular models, we have obtained relevant evidence
for the existence of this universal initial thermodynamic metastable state, and
through theoretical analysis, we have preliminarily explored the physical mech-
anisms by which this thermodynamic metastable state enables precise protein
folding.

Full Text

The Universal Initial Thermodynamic Metastable State of
Unfolded Proteins

**Xiaoliang Ma', Chengyu Hou?, Liping Shi!, Long Li?, Jiacheng Li!, Lin Ye,
Lin Yang!, *, Xiaodong He!**

National Key Laboratory of Science and Technology on Advanced Composites
in Special Environments, Harbin Institute of Technology, Harbin 150001, China
2School of Electronics and Information Engineering, Harbin Institute of Tech-
nology, Harbin 150001, China

3School of Electrical and Electronic Engineering, Harbin University of Science

chinarxiv.org/items/chinaxiv-201812.00136 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00136
https://chinarxiv.org/items/chinaxiv-201812.00136

ChinaRxiv [$X]

and Technology, Harbin 150080, China
School of Mechanical and Mechatronic Engineering, University of Sydney, Syd-
ney 2006, Australia

*Corresponding author. E-mail: linyang@bhit.edu.cn

Abstract

Exploring and understanding the protein folding problem has long been a chal-
lenge in molecular biology. Unfolded proteins must possess a universal initial
thermodynamic metastable state; otherwise, it would be impossible to explain
how proteins achieve precise folding under intense thermal vibration interfer-
ence. By analyzing the correlation between aqueous environments and pro-
tein folding, this paper reveals a universal initial thermodynamic metastable
state of unfolded proteins caused by the water molecule shielding effect. The
existence of this metastable state is determined by the physical properties of
water molecules in the environment and is considered a necessary condition
for correct protein folding. We have found evidence for this universal initial
thermodynamic metastable state by studying published experimental data and
establishing molecular models, and we have preliminarily explored the relevant
physical mechanisms through which this thermodynamic metastable state leads
to precise protein folding.
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Proteins and their products are the foundation of life on Earth, with nearly all
known important biochemical reactions and biological phenomena involving pro-
teins [1]. There may be millions of different proteins in Earth’ s organisms, and
each protein’ s biological function and activity are expressed through its three-
dimensional shape. The ability of proteins to form three-dimensional structures
arises from protein folding, which can therefore be regarded as the foundation
of molecular biology [2,3]. Protein folding functionalizes polypeptide chains—
for example, by creating the complex surface activity of globular proteins. Pro-
tein folding can be considered the most important mechanism and driving force
for the existence, evolution, functionalization, and diversity of all life, directly
leading to the generation of different protein types [4]. Since Anfinsen revealed
that a protein’ s three-dimensional structure is determined by its primary struc-
ture, research exploring the physical relationship between amino acid sequences
and protein three-dimensional structures has become a major frontier field in
molecular biology [5].

The protein folding problem was posed 60 years ago, and as one of the most im-
portant questions in molecular biology, extensive research has been conducted
on protein folding mechanisms and principles, with related studies receiving
multiple Nobel Prizes in Chemistry [5-8]. However, progress at the biophysical
level remains limited, and we still cannot explain how nature accomplishes and
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ensures precise protein folding, which restricts the development and application
of protein research. The protein folding problem is considered a legacy of basic
science, and its solution would broadly and profoundly advance the level and
progress of molecular biology and drug development [1]. Ken Dill refined the
protein folding problem into three classic questions at different levels [1]: (i)
What is the physical folding code embedded in protein amino acid sequences
that determines three-dimensional structure? (ii) What are the physical driv-
ing forces and mechanisms that enable rapid protein folding? (iii) Can protein
three-dimensional structures be accurately predicted through computer algo-
rithms? The protein folding process is guided by multiple physical forces: (i)
hydrogen bond formation, (ii) van der Waals forces, (iii) electrostatic forces,
(iv) hydrophobic interactions, and (v) entropy [1]. These physical forces can be
approximately described by “force field functions,” making molecular dynamics
simulation an important tool for solving the protein folding problem. However,
even with today’ s highest-performance computers, the protein folding problem
remains unresolved.

Protein folding primarily leads to the formation of numerous hydrogen bonds
and hydrophobic bonds within the molecule, and the formation of these bonds
releases substantial free energy while reducing the potential energy of the molec-
ular structure. Therefore, protein folding might be viewed as a free energy
release process or molecular structure relaxation process [9]. Hydrogen bonds
are the primary contributors to protein structural stability. Notably, increas-
ing temperature destabilizes protein three-dimensional structures and causes
irreversible denaturation, with denatured protein structures potentially repre-
senting stable folded conformations. The reason why most proteins can only
fold correctly within specific temperature ranges remains unknown.

A protein has an enormous number of potentially possible folding conformations.
Since these potential conformations typically form numerous hydrogen bonds
and van der Waals forces, the free energy of each folded conformation is far
lower than that of the unfolded protein. If protein folding were simply a free
energy release process, how could proteins rapidly fold into their unique native
structures without misfolding [10]? Considering that some proteins fold within
microseconds, how do they avoid misfolding without searching folding pathways?
There is still no quantitative microscopic understanding of folding pathways for
arbitrary amino acid sequences.

Experimental techniques such as laser temperature-jump and single-molecule
experiments have revealed important principles of protein folding kinetics. Ex-
perimental results have confirmed that protein folding first leads to secondary
structure formation, with tertiary structure formation occurring later [2]. Ad-
ditionally, experiments have shown that secondary structure formation is ex-
tremely fast, completing within the microsecond timescale [11,12]. The native
structure is often considered the most stable structure with minimum free en-
ergy [13], suggesting that protein secondary structures represent locally most
stable structures with minimum potential energy. Classic secondary structures

chinarxiv.org/items/chinaxiv-201812.00136 Machine Translation


https://chinarxiv.org/items/chinaxiv-201812.00136

ChinaRxiv [$X]

— -helices and -sheets—indeed maximize the number of hydrogen bonds formed
between backbone groups, as carbonyl oxygen atoms (C-O) and amide hydrogen
atoms (N-H) on the backbone all form hydrogen bonds with each other [14,15].
The formation of these numerous hydrogen bonds ensures that the formation
of -helices and -sheets can effectively release free energy and reduce molecular
potential energy.

However, many protein secondary structures are not -helices or -sheets [14,15],
meaning many protein secondary structures do not effectively form more hy-
drogen bonds to substantially reduce their free energy. Consequently, these
secondary structures are not stable structures with minimized local molecular
potential energy, and their stability is not high because the number of hydrogen
bonds maintaining them is not large. Their structural stability is clearly incom-
parable to that of -helices and -sheets. Since the natural process of protein
folding cannot guarantee that every segment of the amino acid sequence forms
a potential energy-minimized stable structure, protein folding cannot be simply
understood as a relaxation or free energy minimization process. It is difficult to
explain how protein folding abandons numerous locally more stable structures
to pursue the stability and potential energy minimization of tertiary structure.
The formation of a protein’ s hydrophobic core occurs late in protein folding,
and hydrophobic bond formation requires hydrophobic amino acids to approach
distances where surface tension interactions between hydrophobic regions occur.
Therefore, it cannot be determined that hydrophobic interactions dominate the
protein folding process. In summary, the formation of different secondary struc-
tures from different amino acid sequence segments cannot be simply explained
as ordinary free energy release phenomena. The mechanism causing proteins
to form specific secondary structures in specific amino acid sequence segments
remains unknown—that is, the physical folding code of proteins is unknown.

Moreover, protein folding typically requires an aqueous environment and appro-
priate temperature. The environmental temperature required for protein fold-
ing is close to room temperature, and the thermal motion at this temperature
is extremely intense for nanoscale unfolded protein molecules. One could even
consider that unfolded protein molecules complete precise folding amidst violent
thermal vibrations. In such an environment of intense thermal motion, precise
protein folding is almost certainly not entirely determined by structural relax-
ation processes or hydrophobic interactions. Because unfolded protein molecule
surfaces contain numerous hydrophilic functional groups, intense random ther-
mal vibrations would cause these groups to randomly encounter each other and
form hydrogen bonds, leading to misfolding. From this, we can speculate that
unfolded protein molecules may possess some thermodynamic metastable state
that prevents random folding during vibrations. Protein folding might utilize
thermal vibrations to precisely disrupt this thermodynamic metastable state
in certain amino acid sequence segments to form precise folding, which also
explains the necessity of appropriate temperature for protein folding. There-
fore, finding the thermodynamic metastable state of unfolded proteins is key to
answering the protein folding problem.
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If all unfolded proteins universally possess the same thermodynamic metastable
state to ensure folding according to a clear physical folding code, this metastable
state likely exists before folding begins—that is, the polypeptide chain molecule
itself possesses some thermodynamic stable state. Once protein folding begins,
it would be difficult for different types of proteins to form the same type of
metastable state during the folding process.

Notably, proteins can only fold in aqueous environments and almost never fold
correctly in any non-aqueous solution [16,17]. A comprehensive understanding
of the interaction between unfolded proteins and water may lead to discovering
the answer to the protein folding problem, or at least important thermody-
namic metastable states along the folding pathway. Compared to other solvent
molecules, water molecules have unique characteristics: they are very small, and
each water molecule’ s hydrogen and oxygen atoms carry positive and negative
charges, respectively. This allows water molecules to insert into gaps between
side chains of unfolded proteins and form hydrogen bonds with every hydrophilic
side chain of the unfolded protein. In other words, the ability of these hy-
drophilic side chains to form hydrogen bonds can be saturated by numerous
water molecules, preventing hydrogen bond formation between hydrophilic side
chains and between hydrophilic side chains and the backbone. Water molecules
in aqueous solutions can shield the hydrophilicity of each hydrophilic side chain.
Under conditions where the aqueous environment causes hydrophilic side chains
to lose activity, the state of the unfolded protein is likely determined by other
adjacent charged atoms on the protein backbone.

[Figure 1: see original paper] The thermodynamic metastable state of unfolded
proteins. (a) The stable state of adjacent peptide planes remaining parallel
in aqueous environment. (b) The state of adjacent peptide planes remaining
parallel widely exists in -sheets.

In aqueous environments, an unfolded protein conformation may first enter a
thermodynamic metastable state to prevent misfolding. This metastable state
may also be a necessary condition for the protein physical folding code to take
effect, as shown in Figure la. Peptide bonds on the protein backbone cannot
rotate freely due to their double-bond character. The carbonyl oxygen atom and
amide hydrogen atom in each peptide plane carry negative and positive charges,
respectively. Water molecules cannot shield the electrostatic attraction between
two atoms this close. This electrostatic attraction between carbonyl oxygen and
amide hydrogen atoms causes the corresponding C-O and N-H bonds to tend
toward parallel alignment (see Figure la), which simultaneously causes the two
adjacent peptide planes containing these bonds to tend toward parallel align-
ment. Considering that peptide planes are rigid planar structures, we find that
the unfolded protein backbone in this state cannot fold freely because rotation
of all single bonds is restricted. Without thermal motion disrupting this electro-
static attraction between carbonyl oxygen and amide hydrogen atoms, protein
folding cannot occur. Only when adjacent carbonyl oxygen and amide hydro-
gen atoms move away from each other and escape electrostatic attraction can
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chemical bonds on the backbone rotate freely. Thus, the state of adjacent pep-
tide planes remaining parallel represents a universal thermodynamic metastable
state of unfolded proteins. The most direct evidence for the existence of this
thermodynamic metastable state is that the molecular structure of -sheets fea-
tures adjacent peptide planes remaining parallel, meaning this metastable state
extensively exists in protein native structures, as shown in Figure 1b. Moreover,
even in protein native structures that are not -sheets, this state of adjacent pep-
tide planes remaining parallel is also widespread (as shown in Figure 2 [Figure 2:
see original paper]). This demonstrates that this state of adjacent peptide planes
remaining parallel is an important thermodynamic stable state for polypeptide
chains.

[Figure 2: see original paper] The state of adjacent peptide planes remaining
parallel widely exists in other protein secondary structures: (a) 1UG1, (b) 1IWFI,
(¢) 1X5H, (d) 1YDU.

Evidence demonstrates that water molecules indeed shield hydrogen bond for-
mation between hydrophilic side chains and between hydrophilic side chains
and the backbone. First, in protein molecular models described by the classic
CHARMM [18] potential function, hydrogen atoms in water molecules carry
a charge of (0.417e), which is generally greater than the charge of positively
charged atoms in protein hydrophilic side chains (as shown in Figure 3 [Figure 3:
see original paper]). Therefore, in aqueous environments, electronegative atoms
in protein hydrophilic side chains will preferentially form hydrogen bonds with
hydrogen atoms in water molecules. For the same reason, positively charged
hydrogen atoms in protein hydrophilic side chains will preferentially form hy-
drogen bonds with negatively charged oxygen atoms in water molecules. An-
other piece of evidence is that many protein native structures are not compact
[14,15]; many local structures could still approach each other to form numer-
ous hydrogen bonds and create more compact, more stable protein structures.
The existence of these non-compact protein structures also confirms the shield-
ing effect of water molecules on hydrophilic side chains (as shown in Figure
2). Furthermore, protein secondary structures are stabilized by hydrogen bond
formation between backbones, with hydrophilic side chains not participating in
secondary structure formation, which also proves that protein hydrophilic side
chains are shielded by water molecules.

[Figure 3: see original paper|] Comparison of charge properties between water
molecules and hydrophilic side chains.

Considering that during protein amino acid sequence generation in the ribo-
some, electrostatic attraction already occurs between carbonyl oxygen atoms
and amide hydrogen atoms in free amino acid molecules, this metastable state
exists immediately upon generation of the protein amino acid sequence. From
PDB molecular models, we can find that the distance between adjacent carbonyl
oxygen and amide hydrogen atoms in -sheets is approximately 2.2 A. The in-
teraction between carbonyl oxygen and amide hydrogen atoms at this distance
already constitutes weak hydrogen bonding, indicating that this thermodynamic
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metastable state is quite stable. This weak hydrogen bonding between adjacent
peptide planes in the metastable state allows the unfolded protein backbone to
bear certain torque and bending moments; rotation of one peptide plane will
drive rotation of adjacent peptide planes, meaning torsional waves propagate
along the unfolded protein backbone.

Since protein folding requires a certain temperature range, we can speculate that
thermal motion caused by temperature disrupts the metastable state at specific
amino acids in the sequence, causing the distance between carbonyl oxygen and
amide hydrogen atoms at those amino acids to increase to a state where the
parallel alignment of the corresponding C-O and N-H bonds cannot be restored,
leading to folding at those amino acid positions. So how does an unfolded protein
in this metastable state fold accurately? This requires analyzing what causes
the electrostatic attraction between carbonyl oxygen and amide hydrogen atoms
to be disrupted. Considering that the thermal environment inevitably causes
side chain vibrations, the most likely cause is large vibrations or rotations of side
chains connected to -carbon atoms between adjacent peptide planes, disrupting
the electrostatic attraction state between the corresponding carbonyl oxygen
and amide hydrogen atoms.

[Figure 4: see original paper] Hydrophobic collapse leading to destabilization
and -helix formation.

What specific physical mechanism does temperature use to disrupt the elec-
trostatic attraction state between carbonyl oxygen and amide hydrogen atoms
at certain amino acids on unfolded proteins, thereby initiating folding? The
metastable state of adjacent peptide planes remaining parallel prevents each
peptide plane from rotating freely, so torsional waves generated by side chain
thermal vibrations propagate along the unfolded protein backbone. When differ-
ences in torsional resistance between adjacent side chains in the protein amino
acid sequence hinder the propagation of torsional waves along the protein back-
bone, folding is likely to be triggered [19]. Torsional waves propagating along
the backbone due to temperature may also initiate electrostatic attraction or
repulsion between adjacent side chains, which could also cause protein folding.
Furthermore, when a segment of consecutive hydrophobic amino acids exists
in the unfolded protein’ s amino acid sequence, these consecutive hydropho-
bic amino acids likely form a continuous hydrophobic region. Under entropy
effects, this irregular hydrophobic region experiences hydrophobic interactions
that cause it to collapse. The combination of hydrophobic interactions and side
chain thermal vibrations can also disrupt the thermodynamic metastable state
of these amino acids. When these amino acids lose their metastable state, col-
lapse of their hydrophobic region likely forms these amino acids into a helical
structure, as shown in Figure 4. If we can discover that folding codes composed
of five consecutive hydrophobic amino acids widely exist in -helices of protein
structures, we can identify them as the physical folding code of proteins. By
comparing PDB files [20], we searched for 30 such codes and found that 90% of
them exist in -helices, proving the existence of this folding code.
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The rotatable single bonds on the unfolded protein backbone give each amino
acid in the sequence at least two degrees of freedom for folding, leading to count-
less possible folding conformations. Considering that the temperature environ-
ment required for protein folding in aqueous solutions causes intense thermal
vibrations and misfolding of unfolded proteins, we can speculate that a universal
initial thermodynamic metastable state exists to prevent interference from ther-
mal vibrations during folding. By discovering that water molecules can shield
the hydrophilicity of hydrophilic side chains, we have revealed a universal initial
thermodynamic metastable state of unfolded proteins characterized by adjacent
peptide planes remaining parallel. This metastable state enables unfolded pro-
teins to bear certain torque and bending moments without folding, preventing
misfolding. We have identified three physical mechanisms that can disrupt the
thermodynamic metastable state at specific amino acids in unfolded protein se-
quences, with torsional waves propagating along the protein backbone being key
to initiating these physical mechanisms. Studying these physical mechanisms
can decipher the physical code of protein folding. The universal initial thermo-
dynamic metastable state of unfolded proteins revealed here suggests that the
protein folding problem may have a Newtonian mechanics-based answer, and
the protein folding problem may be a legacy of basic science left for Newtonian
mechanics.
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