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Abstract The single-chain elasticity of a completely unfolded protein ((I127)s, modules of human cardiac titin) is studied in different liquid

environments by the atomic force microscopy (AFM)-based single molecule force spectroscopy (SMFS). The experimental results show
that there is a clear deviation between the force curves obtained in the aqueous and nonaqueous environments. Such a deviation can be
attributed to the additional energy consumed by the rearrangement of the bound water molecules around the chain of the completely
unfolded (I27)s chain upon stretching in aqueous solution, which is very similar to the partial dehydration process from a
denatured/unfolded to a native/folded protein. Through the analysis of the free energy changes involved in protein folding, we conclude that
it is due to the weak disturbance of water molecules and the special backbone structures of proteins that the self-assembly of proteins can be
achieved in physiological conditions. We speculate that water is likely to be an important criterion for the selection of self-assembling
macromolecules in the prebiotic chemical evolution.
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INTRODUCTION

Water, one of the most important substances for lives on the
Earth, is vital both as a solvent in which many of the
organism’s solutes dissolve and as an essential part of many
metabolic processes within the organism!! 2. Water is treated
as the “twenty-first” amino acid because of its important role
in biomolecular structures, dynamics and functions®. The
water-dependent hydrophobic interactions are one of the
driving forces for protein folding and other biological
processes (e.g., aggregation of amphiphilic lipids into
membranes)* 3. For proteins, the aqueous solution provides
an appropriate environment, in which they adopt their native
structures and demonstrate the relevant functions!?!.

It is expected that water molecules play a vital role in the
formation of proper structures of proteins. So far, most of the
related investigations on proteins were mainly carried out in
aqueous surroundings. However, it is difficult to discern
effects of water molecules alone in aqueous medial®. An
alternative choice is to carry out the related studies in
nonaqueous solvents. It is well-known that proteins are
soluble in some polar organic solvents (e.g., keep the folded
structures in glycerol), but denatured in some polar organic
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solvents (e.g., adopt partially folded structures in ethylene
glycol, and relatively unfolded structures in DMF and
DMSO)l. Besides these, the solubility of a protein in
nonpolar organic solvents is almost zero!®!, which indicates
that there are no specific interactions between the protein and
the nonpolar organic solvents. Therefore, if proteins can be
studied in a neat nonpolar organic solvent, it will be helpful to
investigate the actual effects of water molecules on the
structures of proteins. However, due to the insolubility, it is
difficult to study the behaviors of proteins in nonpolar organic
solvents by the traditional methods.

Recently, atomic force microscopy (AFM)-based single
molecule force spectroscopy (SMFS) has been developed into
a powerful tool to investigate the single-molecule mechanical
properties of proteins under an external force®!!l. One of the
key features of AFM is that the target molecules can be
operated in different environments, no matter whether they are
soluble or not. It has been reported that, when one protein is
pulled in a nonpolar organic solvent, its native structure can
be unfolded into a polypeptide chain without special
structurel'?), which demonstrates that the water molecules
play a crucial role to protect the native structure from
unfolding. However, the thermodynamics details of the effect
of water molecules on the structures of proteins are still
unclear. Therefore, it is necessary to study the single-chain
elasticity of a completely unfolded protein (i.e., in a
“polypeptide” state) in nonpolar solvents and aqueous
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solutions.

Here in this study, we select the (I127)s Ig modules of
human cardiac titin as the model system of protein, which
have been studied in detail by using NMR!3, steered
molecular dynamics!'¥, and SMFSI'3-17, We employ SMFS
to detect the single-chain mechanics of one completely
unfolded (I27)s in nonpolar solvents and aqueous
environment, respectively. We find that, there is a clear
energy difference between the force-extension curves (in
brief, force curves) obtained in the two conditions, which can
be calculated to be 1.25 kgT/unit.

EXPERIMENTAL

Materials and Sample Preparation

The (I27)s specimen was purchased from Athena
Environmental Sciences, Inc. (Baltimore, MD). It was a
94 kDa synthetic polyprotein composed of eight repeats of the
127 domain of human titin protein. Deionized (DI) water
(> 15 MQ-cm) was used when water was involved. All other
chemical reagents were purchased from Sigma and
analytically pure, if not mentioned otherwise. For the sample
preparation, (127)s was diluted with PBS (pH = 7.4) to a final
concentration of 100 pg/mL. A few drops of the (I127)s
solution were deposited onto a freshly evaporated gold
surface for 12 h, followed by rinsing with PBS to remove the
loosely adsorbed molecules!'®!. After dried by air flow, the
sample was ready to be used. The poly-L-lysine (MW > 3 x
103, Sigma Corp.) was also diluted with PBS buffer to the
final concentration of 100 pg/mL. The preparation of
poly-L-lysine sample for the force measurements was similar
to that of (127)s.

Force Measurements

All force experiments were performed on a commercial AFM
(MFP-3D, Oxford Instruments). Prior to the measurements, a
drop of liquid was injected between the V-shaped SisNs AFM
cantilever (Bruker Corp., CA) and the sample. Then during
the AFM manipulation, the data were recorded at the same
time and converted to force curves subsequently. The spring
constant of each AFM cantilever was calibrated by the
thermo-excitation method, ranging from 20 pN/nm to
50 pN/nm!"?), The stretching velocity applied in this study
was 2.0 um/s, if not mentioned otherwise. The experimental
details of the AFM instrumentation can be found
elsewherel® 20211,

RESULTS AND DISCUSSION

The Single-chain Mechanics of Unfolded (I127)s in
Nonpolar Solvents

At the first step, we measured the single-chain mechanics of
(I27)s in a nonpolar organic solvent—octylbenzene (Fig. S1,
in electronic supplementary information, ESI), which is a
poor solvent for proteins. As described in the literature!'?, the
characteristic “sawtooth” profiles, which correspond to the
successive unfolding events of the protein domains, are not
observed at all. Only “single peak” can be detected in each
force curve (see Fig. 1a). In a typical force curve, the force
rises monotonically with extension until the molecular bridge
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Fig. 1 (a) Normalized force curves obtained from an (127)s
sample in octylbenzene; (b) The comparison of force curve of
(I127)s obtained in octylbenzene (black line) and the QM-WLC
model fitting curve with /, = 0.38 nm (red dotted line)

between the tip and substrate is broken. After normalization,
these force curves can be superposed very well with each
other, indicating that the force curves represent the
single-chain mechanics of (I127)s in octylbenzene?> 231, One
can find that these force curves are similar to the single-chain
mechanics of a random-coiled polymer without special
structure. Thus, we can conclude that the (I127)s molecule has
been completely unfolded into a polypeptide chain upon
stretching in octylbenzene!'?. After the sample preparation,
there is a nano-layer of water adsorbed on the sample
surfacel®. When the tip moves away from the gold surface,
one (I127)s molecule is pulled from aqueous environment to
nonpolar organic solvent. It is well known that the
hydrophobic interactions play an important role during the
protein folding!* 5 2% 231 which should be absent in
octylbenzene because there is almost no water. When the
(I27)s chain is pulled from water to octylbenzene, it is
expected that the folded structure will be unstable. In such a
case, the thermal fluctuation (at the level of kg7) at room
temperature could be strong enough to destroy the native
supramolecular structure of a protein. Therefore, these force
curves in Fig. 1(a) represent the single-chain mechanics of a
completely unfolded (127)s in octylbenzene.

To strengthen this conclusion, a recently developed
theoretical model, QM-WLC model, is utilized to fit the
experimental force curve. As shown in Fig. 1(b), the force
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curve can be superposed very well with the fitting curve at [, =
0.38 nm, which is identical to the length of one residue in a
polypeptide chain. This result indicates that the force curve
represents the pure elastic behavior of a completely unfolded
(I27)s chain in octylbenzene.

In addition, a typical polypeptide, poly-L-lysine, is chosen
as the sample for the force measurements. By measuring the
single-chain mechanics of poly-L-lysine in octylbenzene, it
can be found that the force curve can be superposed well with
that of (I127)s obtained in octylbenzene, shown in Fig. S2 (in
ESI). Because the poly-L-lysine chain adopts a
random-coiled conformation, the (I27)s molecule should
adopt a similar conformation in octylbenzene.

The Single-chain Mechanics of Unfolded (I27)s in
Aqueous Solution

In one cycle of a typical SMFS force measurement, two force
curves are obtained, i.e., the stretching force curve and the
relaxing one. For a common polymer without special
structure, the two force curves should be superposed very
well, both of which could reflect the single-chain elastic
behaviors of the polymer chain. As for a protein with a fine
supramolecular structure, the stretching force curve
represents the consecutive unfolding events of a native
protein, but the relaxing force curve of the completely
unfolded protein reflects the single-chain elastic properties of
an unfolded “polypeptide” chain°l.

Then, we obtain the relaxing force curves of a completely
unfolded (I127)s in PBS buffer (Fig. S3, in ESI), and find that
these force curves are all monotonically increased with
extension, which is similar to the single-chain mechanics of a
common polymer without special structure. After
normalization, it can be found that these relaxing force curves
are superposed very well (see Fig. 2). This result indicates
that the relaxing force curves can represent the single-chain
mechanics of a completely unfolded (127)s in PBS buffer.

In order to exclude the influence of loading rates, we also
obtain the relaxing force curves of a completely unfolded
(I27)s at different stretching velocities in PBS buffer. From
Fig. S4 (in ESI), one can find that these force curves can be
superposed very well with each other, which implies that the
relaxing process is carried out in a quasi-equilibrium
condition. In addition, the single-chain mechanics of
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Fig. 2 The normalized relaxing force curves of a completely
unfolded (I27)s obtained in PBS buffer

poly-L-lysine in PBS buffer was measured to further confirm
the results. After normalization, the stretching force curves of
poly-L-lysine are superposed very well with the relaxing
force curves of (I127)s obtained in PBS buffer (see Fig. S5 in
ESI). This result indicates that the single-chain mechanics of
a completely unfolded (I27)s is identical to that of a
random-coiled poly-L-lysine in aqueous media, which is
reasonable because they share the same backbonel?”],

The Difference of Single-chain Mechanics of Unfolded
(I127)s in Aqueous and Nonaqueous Environments
Subsequently, we compare the single-chain mechanics of a
completely unfolded (127)s obtained in nonpolar solvents and
PBS buffer, respectively. From Fig. 3(a), it can be observed
that the two force curves are superposed very well at low and
high forces. However, there is a clear deviation between them
in the middle force region. To find out the possible reason,
two different kinds of aqueous media are used, including DI
water and 1 mol/L NaCl solution, to repeat the force
measurements. As shown in Fig. S6 (in ESI), there is no
evident difference among the force curves obtained in these
aqueous media, which indicates that the single-chain
mechanics is salt-independent. Therefore, we suppose that the
bound water around the chain may be a potential
explanation(?3 28],
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Fig. 3 The comparison of normalized force curves of a
completely unfolded (I27)s obtained in aqueous environment
(upper line) and nonpolar organic solvents (lower line): (a) The
original force curves obtained from experiments; (b) The two
force curves smoothed and enlarged to show a clear deviation
between them
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The above experimental results show that poly-L-lysine
and a completely unfolded (I127)s share the same single-chain
mechanics, as long as the force measurements are carried out
under the same condition. Considering that the sequences of
poly-L-lysine and (127)s are totally different, we suppose that
all polypeptides and completely unfolded proteins share the
same single-chain mechanics under the same condition. Thus,
a random-coiled polypeptide chain can be used as the model
system of the completely unfolded protein. It is known that
there are many hydrogen-bonding acceptors and donors in
one polypeptide chain. Thus, some water molecules can bind
to the polypeptide chain by forming hydrogen-bonds in
aqueous solution. When the polypeptide chain is in a fully
stretched state, due to the limitations in chain conformation,
there will be fewer bound water molecules per repeating unit
than that in the free coil state. That is, the polypeptide chain
would lose bound water molecules gradually during the force
stretching. This rearrangement of the bound water molecules
will consume additional energy besides those contributions
from the “pure” elasticity (e.g., the single-chain elasticity in
nonpolar organic solvents). In other words, the stretching
process of a random-coiled polypeptide chain in aqueous
solution will consume more energy than that consumed in
nonpolar organic solvents, which is calculated to be
1.25 kgT/unit (3.1 kJ/(mol residue)), as reflected in the
deviation shown in Fig. 3%,

The Free Energy Change Involved in the Protein Folding
in Aqueous Solution

According to the above results, the water rearrangement
around the completely unfolded (I27)s chain upon AFM
stretching can be regarded as a partial dehydration process,
see Eq. (1) below:

Polypeptide chain-x H.O ——
Polypeptide chain-y H.O + (x — y) HO (1

It is known that the folding-unfolding of proteins is a
reversible process. This means that the native and unfolded
states exist simultaneously in a dynamic equilibrium!®,
which can be described by Eq. (2):

Unfolded state —— Native state 2)

Generally speaking, a protein favors the native state in
physiological conditions. If the physiological condition is
changed, e.g., in a 6 mol/L Guanidinium chloride solution, the
equilibrium will move toward the unfolded state. It is known
that both the native state and the unfolded state are hydrated
in the aqueous solution, and the binding sites with water in the
unfolded state is more than that in the native statel*?. Thus, a
partial dehydration process will occur while the native
structure is formed. Then, Eq. (2) should be corrected as
follows:

Unfolded chain-x H,O —
Native chain-z H,O + (x — z) H,O 3)

According to the literature, a typical value for the Gibbs
free energy change for Eq. (3) (AGs) is about
—0.5 kJ/(mol residue)['® 31-34], The formation of protein native
structure can be separated into two steps, including the partial

dehydration and the supramolecular self-assembly, as
described by the two equations below:

Unfolded chain'x H,O —
Unfolded chainz H,O + (x — z) H.O 4)

Unfolded chain-z H O —— Native chain-z H,O ®)

In the above two steps, all the water rearrangement is
completed in Eq. (4), and all the self-assembly occurs in Eq. (5),
which are a non-spontaneous (AG4 > 0) and a spontaneous
process (AGs < 0), respectively. It is clear that for the total
process, which is a favorable reaction under physiological
conditions, the Gibbs free energy change is negative, i.e., AG3
= AG4 + AGs < 0. Thus, the Gibbs free energy change in the
process of partially removing the hydration shell of the
unfolded chain must be compensated by that of the formation
of the native structure, i.e., AGs < —AGs. However, AG4 (or
AG ) is neither a ready datum in references, nor a value that
can be measured easily.

Interestingly, it can be observed that the process of
partial dehydration in Eq. (4) is very similar to the process
of the loss of bound water upon AFM stretching in Eq. (1).
Then, it is expected that the Gibbs free energy changes
of these two equations are very close, i.e., AG) = AG4 =
3.1 kJ/(mol residue). Thus, we can calculate that AGs is
about —3.6 kJ/(mol residue), which is not far from zero. In
such a case, the value of AG, is vital to the process of Eq. (3).
If AG4 is a much larger value (e.g. > 3.6 kJ/(mol residue)),
the whole process of protein folding will not be favorable,
because AG3; would be a positive value. Although the water
rearrangement upon AFM stretching also occurs in other
macromolecule/water systems, like the poly(N-vinyl-2-
pyrrolidone)/water system (13.0 kJ/mol unit)®*! or the
poly(ethylene-glycol)/water system (7.2 kJ/mol unit)i®%, it is
found that biomacromolecules (such as protein and DNAPT)
cost lower energy among them. Therefore, the self-assembly
of proteins in physiological conditions can be achieved due to
the weak disturbance of water molecules around the unfolded
chain.

The Backbone Structure of Proteins and the Prebiotic
Chemical Evolution

As discussed above, water plays a key role in the
self-assembly of proteins. On one hand, it is the weak
disturbance of water molecules that ensures the stability of
the folded structure in aqueous media. On the other hand, by
shaving off the water molecules, proteins will be destabilized
and tend to unfold. Another fact is that, there are many kinds
of water soluble macromolecules, but only a few can form
stable folded structures. This may imply that proteins are
somewhat special in the backbone structure.

We suppose that the specific backbone structure of proteins
is not a result of chance. It is more likely to be the final result
of the natural selection. We conceive a possible route of the
prebiotic chemical evolution as described below.

Because of the complexity, we attempt to fractionize the
whole prebiotic chemical evolution into 6 levels. First, the
primitive Earth is an inorganic world. There are gas mixtures,
water, and inorganic molecules (Level 1). Then, the inorganic
compounds may be converted into the organic monomers by
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the Miller-Urey process and other possible routes! (Level 2).
Afterwards, many macromolecules can be generated by
polymerization reactions (Level 3). The reactions involved
from Level 1 to Level 3 are in a dynamic equilibrium because
of the reversibility under certain conditions. To prevent the
degradation into monomers, these macromolecules must form
stable supramolecular structures (Level 4). However, water is
a strong solvent, which usually has remarkable impact on the
solute molecules. With the strong interference from water,
only a few macromolecules can form stable supramolecular
structures in aqueous solution. As a result of long-time natural
selection, the backbone structure of proteins has survived
(Level 5). Note that DNA and RNA also have stable
supramolecular structures in aqueous media®. With RNA,
DNA and proteins, the “central dogma” may be realized in a
primitive cell (Level 6).

During the whole chemical evolution, water can be
regarded as the most important substance. As a reactant and
the only solvent, it directly participates in the earlier prebiotic
chemical evolution. Also, as a “selector”, most of the
macromolecules in the Level 3 were screened out by the water
environment. Therefore, water, as the primary environment of
the earth, is not only a support of life, but also a restraint of
the form of life. It is interesting that the prebiotic chemical
evolution may also run in a Darwin fashion 37,

CONCLUSIONS

In summary, we have measured the single-chain elasticity of a
completely unfolded protein ((I27)g) in aqueous environment
and nonpolar organic solvents respectively by using SMFS.
By comparing these force curves, it is found that there is a
clear deviation between them in the middle force region,
which is calculated to be 3.1 kJ/(mol residue) in energy. The
deviation is attributed to the rearrangement of water
molecules around the completely unfolded (I127)s chain upon
stretching in an aqueous solution, which does not exist in
nonpolar organic solvents. Through the energy analysis of
protein folding, we find that the partial dehydration process of
a protein before folding is very similar to the process of the
loss of bound water of a protein in aqueous solution upon
AFM stretching. It is the weak disturbance of water that
enables the folding of protein in physiological conditions. We
suppose that, the backbone structures of proteins are the final
results of natural selection in the early chemical evolution,
where water acted as the selector. It is greatly anticipated that
this notion will cast new light on the origin of life in the
future.
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