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ABSTRACT

An exciting debate arises when microscopic mechanisms involved in the denaturation of proteins at high pressures are explained.
In particular, the issue emerges when the hydrophobic effect is invoked, given that hydrophobicity cannot elucidate by itself the
volume changes measured during protein unfolding. In this work, we study by the use of molecular dynamics simulations and
essential dynamics analysis the relation between the solvation dynamics, volume, and water structure when apomyoglobin is
subjected to a hydrostatic pressure regime. Accordingly, the mechanism of cold denaturation of proteins under high-pressure
can be related to the disruption of the hydrogen-bond network of water favoring the coexistence of two states, low-density
and high-density water, which directly implies in the formation of a molten globule once the threshold of 200 MPa has been

overcome.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5080942

. INTRODUCTION

Hydrostatic pressure is extensively used for studying pro-
tein folding’~> and can be applied as a perturbative method to
destabilize globular proteins.> On these, the pressure induces
changes including small conformational effects, compressibil-
ity changes,’ and local effects on regions containing internal
cavities.®

According to the protein volume theorem proposed by
Akasaka “the partial molar volume of a protein decreases in par-
allel with the loss of its conformational order.” In other words,
a protein in solution is a dynamic mixture of various confor-
mational sub-states that varies the partial molar volume and
Gibbs energy. Thus, with increasing pressure, the conforma-
tional order decreases concomitantly with its partial molar
volume (negative AV) as a result of small positive Gibbs energy
increment (AG > 0).56 Therefore, protein folding /unfolding is
controlled by Le Chatelier’s principle.”

Moreover, the structural backgrounds of unfolding are
characterized for (i) an increased hydration of the polypeptide
chain,> favoring water infiltration into the protein' along with
the disassembly of protein cavities,>® (ii) changes in the sol-
vent density through electrostriction of the exposed charged
residues,? and (iii) modification on the water structure.’%"

Likewise, changes in the solvent-exposed surface area
have also been used to explain the effects of pressure on
proteins.'? It was already observed that although the AV
associated with the protein cannot correlate directly with
the change in the surface area upon unfolding,’*® its vol-
ume changes due to the hydration of those atoms remaining
inaccessible to the solvent in the native state but become
exposed upon unfolding.” However, there are those who
would argue that the denaturation by pressure should focus
on the free energy of water transfer into the hydrophobic core
of the protein rather than a transfer of non-polar solutes into
water.'#
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However, it is well known that the high pressure prompts
the protein to visit a population of conformational states
that are more solvated than the native state.! At the same
time, the water structure is highly influenced by pressure,
generating structural anomalies in the liquid phase,’> where
the first coordination shell around the solute is destabi-
lized, the hydrogen bonds (HBs) are redistributed, and the
water density is modified.'®'6'8 Thus, these changes at high
pressures can be understood as the water structural trans-
formation from an open tetrahedral structure (Low-Density
Water, LDW) into a compact hexagonal one (High-Density
Water, HDW),'” which is evident ~200 MPa at room tem-
perature,’'® allowing water penetration into a hydrophobic
core.'?

So, what is the role of hydrophobicity and the volume
change in cold denaturation of proteins under high pressure?
How is the change in the water structure associated with the
increased hydration of the polypeptide chain?

To try and answer these questions, in this work, we
carried out a study of the effects of pressure on apomyo-
globin (a globular protein widely studied theoretically'?20.21
and experimentally,?2-2# and with which our group has studied
the behavior of the hydrophobic effect under pressure'?) to
analyze the relation between the solvation dynamics, volume,
and water structure employing computational techniques for
understanding this process.

Il. COMPUTATIONAL METHODS

Molecular dynamics (MD) simulations were performed
using the Gromacs 4.6.7 package.?>2% To account for inter-
molecular interactions, the Gromos 43al?7 force field was
employed. Initial atomic coordinates were taken from the
crystal structure of sperm whale myoglobin deposited in
the Protein Data Bank (PDB code 1VXD?®). The apomyo-
globin topology was generated taking into account stan-
dard pH 5.0 amino acid protonation states (pH of crystal-
lization) using the empirical pK, predictor, PROPKA,?° and
removing the heme group from myoglobin. The apomyo-
globin molecule was solvated in a cubic simulation box of
dimensions X = Y = Z = 71961 nm with 11 613 SPC/E water
molecules®® applying periodic boundary conditions. Twelve
Cl~ counterions were added to neutralize the system. Dur-
ing all simulations, the LINCS3' algorithm was used to con-
strain all covalent bonds, while electrostatic interactions were
calculated using the reaction field method.>? van der Waals
interactions have been computed within a cutoff of 1.2 nm.
The MD integration time step was 2 fs. The protein volume
(i.e., Voronoi volume) and protein cavities were calculated
using the computational tools trjVoronoi®*>** and trj_cavity,>>
respectively, both implemented in Gromacs.

Initially, the system was optimized following an energy
minimization process using the steepest descent method dur-
ing 5000 steps. Subsequently, the systems were simulated in
an NpT ensemble for 100 ns at P = 0.1 MPa and T = 300 K
using the velocity rescale thermostat®® (coupling constant t
= 0. ps) and the Berendsen barostat®*’ (coupling constant
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7 = 1.0 ps) for temperature and pressure control, respec-
tively. After stabilization of the system (100 ns), the final
configuration of this stage was taken as the starting point for
the simulations under pressure. Thus, the system was coupled
to a hydrostatic pressure bath, and the pressure was increased
at regular increments of 10 MPa each until a final pressure
of 400 MPa was achieved. Increments occurred systematically
every 10 ns (an equilibration run of 5 ns and a collection period
of 5 ns were performed for each pressure stage).

A. Essential dynamics
1. Principal component analysis

Collective coordinates, obtained as result of a principal
component analysis (PCA) of atomic fluctuations, are com-
monly used to predict a low-dimensional subspace in which
the essential protein motion is expected to take place.>® A
covariance matrix based on fluctuations of main-chain atoms
is diagonalized to generate eigenvectors and eigenvalues,
which describe collective modes of fluctuation of the pro-
tein.>® Sorting the eigenvectors by the magnitude of the cor-
responding eigenvalues shows that the configurational space
can be divided into a lower dimensional essential subspace in
which most of the positional fluctuations are confined.“° Thus,
according to the PCA method, each element of the covariance
matrix C can be represented as394’

Cij = {xi = i) — ), @

where X, ..., x3y are the mass-weighted Cartesian coordi-
nates of an N-particle system and () represents the average
over all instantaneous structures sampled during the simu-
lations. The symmetric 3N x 3N matrix C can be diagonal-
ized with an orthonormal transformation matrix T, q = TT(x
— (x)), which transforms C into a diagonal matrix A = (q q*) of
eigenvalues 4

A= TTCT = diag(/h,/lz, ... ,/lgN), (2)
where 41 > A2 > ... > A3n. The ith column of T is the eigenvec-
tor belonging to 4;. Thus, the MD trajectory can be projected
on the eigenvectors to determine the principal components
(PC) qi(t),i=1,...,3N.

The first few PCs typically describe collective global
motions of the system, with the first PC containing the largest
mean-square fluctuation. Our covariance matrix was calcu-
lated using the Ca carbons from the apomyoglobin during the
total time of the trajectory at 0.1 MPa and under pressure
scaling from 0.1 to 400 MPa.

B. Free energy landscapes

PCA is particularly useful in providing collective reac-
tion coordinates for the construction of folding/unfolding
free energy landscapes (FEL) of proteins.*® The FEL was com-
puted as a function of the essential eigenvectors of motions to
achieve two-dimensional representations (q; and g; reaction
coordinate) defined as
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where Kp is the Boltzmann constant, T is the temperature of < 120 1?4
simulation, and G, is the free energy associated with the prob- é g 5
ability of finding the system in a particular state q,. There- 2 304 2
. . o1s . . o
fore, P(q.) is an estimate of the probability density function - o - LR e T T
obtained from a histogram of the MD data, and Ppax(q) is the £ o 100 200 300 400
probability of the most probable state. S 401 Pressure / MPa

Ill. RESULTS

04
T T T T T

A. Analysis of protein cavity and volume variation 0 100 200 300 400

After the exclusion of the heme group from the myo- B Pressure / MPa
globin, the cavity encompassed by G25, 128, L29, L32, T39, 1 o
K42, F43, L72, L89, H93, 199, Y103, L104, F106, 1107, S108, A110, a2 4h -—&-- Water molecules
1111, L135, and F138 residues evolved in time during 100 ns of G E\] -—&-- Cavity volume
the trajectory at 0.1 MPa (I'ig. 1), resulting in an average vol- z ]
ume of 97.25 + 47.87 A%. However, when the apomyoglobin was &
subjected to increasing hydrostatic pressure, the internal cav- 5
ity reduced 95.98% of its original value at pressures close to S
50 MPa (Fig. 2). >

It is noteworthy that the addition of a small pressure ]
increment resulted in a significant reduction of the cavity vol- T T T T '
ume in the protein and that the slight variations observed 0 100 200 300 400
under higher pressures can be assigned to the water penetra- Pressure / MPa
tion into the cavity upon exceeding 100 MPa [Fig. 2(b)]. Our FIG. 2. Effects of the hydrostatic pressure on the cavity. (a) cavity volume and
results suggest that at values below 100 MPa, the pressure (inset) water molecules in the cavity for each pressure increase. Columns and error
would act mainly to compress the protein. At the same time, bars indicate the average and standard deviation, respectively. (b) the data were
the probability of water penetration into the cavity appears normalized with the standard deviation (SD) values in (a). Water penetration was
to decrease with increase in the pressure. Moreover, volume computed as the number of solvent molecules fulfilling the cavity found for each

frame. The variable X represents either water molecules or the cavity volume, as

changes in the cavity only indicated a loss of the local con- applicable.

formational order in the protein. Variations in the volume AV
= V§ - Vi, where those of the apomyoglobin under pressure
were in agreement with the available experimental data'*“* and our results showed that the AV decreases with applied
pressure, becoming negative (I'ig. 3). According to Le Chate-
lier’s principle, it is well known that increasing pressure favors
configurations of smaller volume,** indicating that the volume
change upon unfolding is negative (AVy), i.e., the specific molar
volume of the unfolded state is smaller than that of the folded

one.?
0 s
O

w =20 X 208

< e

z —40 %*

R0
-60 | QK
T T T T T
FIG. 1. Cavity in the apomyoglobin (in violet) surrounded by G25, 128, L29, L32, 0 100 200 300 400
T39, K42, F43, L72, L89, H93, 199, Y101§, 104, F106', 1107, S108, A110, 1111, Pressure / MPa
L135, and F138 residues (C, H, O, and N in orange, white, red, and blue, respec-
tively). The protein surface in gray and the orange cartoon representation show FIG. 3. Variation of protein volume under the pressure regime. AV = V; — V;,
the secondary structure. The figure was made using Visual Molecular Dynamics where V; is the reference volume of the apomyoglobin in its native state at
(VMD) program.“? 0.1 MPa, and V is the volume at each pressure coupling.
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B. Solvent accessible surface area

To check if water molecules invade the inner part of the
protein, we analyzed the solvent accessible surface area (SASA)
of apomyoglobin at each pressure coupling. Interestingly, the
total SASA of the protein decreases with increasing pressure
[Fig. 4(a)]. However, unlike volume variation (Fig. 3), negative
values of SASA (AAyq = Af — A;) indicates that during pres-
sure coupling, the surface area does not decrease linearly with
increasing pressure. After achieving 100 MPa, an oscillatory
behavior can be observed but never surpassing the reference
value set as 0.1 MPa [Fig. 4(a)].

In fact, total, hydrophilic and hydrophobic SASA val-
ues display a different trend above and below 200 MPa
[Figs. 4(a)-4(c)], respectively. For example, hydrophilic SASA
[Fig. 4(b)] tends to increase when the pressure exceeds
200 MPa, while hydrophobic SASA acts contrariwise [Fig. 4(c)].
Our result suggests that the apomyoglobin produced locally
disordered conformers due to variations in SASA due to
the pressure increase. To check this issue, we computed
the ratio between the hydrophobic/hydrophilic SASA and
the total SASA for each pressure coupling. SASA fluctua-
tions, particularly in the range of 0.1-400 MPa, rise as a
consequence of different variations in the solvation state of
hydrophobic and hydrophilic residues of the apomyoglobin
[Fig. 4(d)].

Furthermore, it is noteworthy that above 200 MPa,
hydrophilic and hydrophobic SASA contents present opposite
trends, i.e., while one increases the other acts contrarily. How-
ever, total SASA seems to be more correlated with variations
of the hydrophobic SASA [Figs. 4(b) and 4(c)], which represents
58% of the total area, instead of the hydrophilic one, present-
ing just 42%. Further description is given in Sec. III F, where
water penetration can be observed in Fig. 10.
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C. Principal component analysis

To analyze how the system responded to the action of the
increasing pressure, we also monitored the dynamical evolu-
tion to identify correlated movements by studying the MD tra-
jectories of the Ca atoms from apomyoglobin using principal
component analysis (PCA). For obtaining the principal compo-
nents (PCs) and defining the essential subspaces (Sec. II: Com-
putational methods) in the apomyoglobin, we calculated the
projections of each trajectory onto their first five eigenvectors
with largest amplitudes, i.e., eigenvalues (Fig. 1S in the sup-
plementary material). For apomyoglobin at 0.1 MPa and under
pressure scaling, the top five components with the largest
amplitudes represented 75.39% and 68.01% of the movements,
respectively.

Thus, we could correlate the amplitude of the protein
movements with the fluctuations of their residues and analyze
local disorder of the system. We also computed the root mean
square fluctuation (RMSF) of the Ca atoms of each apomyo-
globin residue, projecting each trajectory (0.1 MPa and pres-
sure coupling) onto their first five eigenvectors (Figs. 5 and
2S in the supplementary material), to determine the relation-
ship between local disorders of the system and their hydration
profiles.

In both conditions, at 0.1 MPa and under pressure scal-
ing, PC1 exhibited the most significant fluctuations. When the
protein was under pressure scaling, no substantial fluctuation
was found in any of the five PCs examined when compared
with those corresponding to 0.1 MPa (Fig. 2S in the supple-
mentary material). In this particular case (pressure scaling),
atomic mobility was restricted due to the increased pres-
sure, the residues that showed the highest fluctuations being
Val21 and His119 (Fig. 5) of the five PCs examined. We have
selected these particular residues because they are located

AA o / nM?

Hydrophilic / nm?

FIG. 4. Solvent accessible surface area
(SASA) in apomyoglobin under hydro-
static pressures. In (a), AAgtar = Ar — Aj,
where A; is the total reference area (0.1
MPa) of the apomyoglobin in the native

Total / nm?

state, and Ay is the total area at each

pressure coupling. In (b), hydrophilic

O 0 300400 0 0020 300400 SASA (blue line) and total SASA (gray
Pressure / MPa Pressure / MPa line). In (c), hydrophobic SASA (red line)
o - o 045 — and total SASA (gray line). In (d), the

S 044
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hydrophobic (red) and hydrophilic (blue)
SASA content is represented as a ratio
between the hydrophobic or hydrophilic
SASA with the total SASA for each pres-
sure coupling. In (b) and (c) total SASA is
used as a graphical reference to analyze
the behavior of the partial components,
Atota/ = Ahydrophilic + Ahydrophobic-
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flexibility

FIG. 5. (a) Root mean square fluctuation (RMSF) of the apomyoglobin under pres-
sure scaling, projecting each trajectory onto their first five eigenvectors. In red, the
residues with the greatest fluctuation Val21 and His119. (b) B-factor putty repre-
sentation of PC1 shown in (a). The differential colors are according to the residue
flexibility values. The thickness of the tube is proportional to the fluctuations.

on the surface of the protein and are part of an e-turn that
is more susceptible to be affected by the solvent effect. So,
they can act as checkpoints to understand the solvent effect
exerted on the protein under pressure.

D. Hydrogen bond network

Hydrogen bond (HB) network is structurally affected
by pressure increase due to the rearrangement of water
molecules surrounding the protein. So, we analyzed the pres-
sure effect upon the global distribution of hydrogen bonds
and the number of Donor-Acceptor (DA) pairs (Fig. 6) involv-
ing the formation of a hydrogen bond. HB and DA anal-
yses are determined based on cutoffs for the hydrogen-
donor-acceptor angle (30°) and the donor-acceptor distance
(0.35 nm) between the two groups involved (water-water or
water—protein).

The relationship HB/DA is a measure of the hydrogen
bond density as a function of the number of available DA
pairs. It helps visualize how the network changes when nor-
mal conditions are affected. When apomyoglobin is subjected
to increasing pressures, the HB /DA ratio decreases, indicating
that water molecules reorganize themselves around the pro-
tein due to volume compression [Fig. 6(a)]. However, when the
pressure exceeds 200 MPa, a discontinuity in the ratio HB /DA
can be observed [Figs. 6(b) and 6(c)].
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FIG. 6. Hydrogen bonds analysis. (a) the ratio between hydrogen bonds (HB)
and Donor—Acceptor (DA) pairs of HB. The HB/DA ratio was computed between
apomyoglobin-water. (b) number of HB (blue diamonds) and DA (red diamonds)
around of Val21. (c) number of HB (blue squares) and DA (red squares) around of
His119. For (b) and (c), only hydrogen bonds between water molecules within the
shell distance of 0.5 nm from the Ca atom on Val21 and His119 are considered.
Squares and diamonds represent the average, and the error bars represent the
standard deviations. In all, HB and DA analyses are determined based on cutoffs
for the hydrogen—donor-acceptor angle (30°) and the donor-acceptor distance
(0.35 nm).

We also observed that both Val21 and His119 show a dif-
ferent trend regarding the number of hydrogen bonds formed
between water molecules within the shell of 0.5 nm radius
from the Ca atom and these hydrophobic and hydrophilic
residues, respectively.

It is noteworthy that around the hydrophobic residue
Val2l, in the 0.1-200 MPa range, the hydrophobic effect is
favored: (i) the number of the DA pairs is proportional to HBs
formed, and (ii) for the selected cutoff, the distance between
water molecules (HB network) and Val21 increases, decreasing
the HB and DA counts. The scenario is different for pressures
>200 MPa, where compression increased the number of water
molecules around Val2l (more DA pairs available). Although
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the number of HBs increases, the HB network formation is
less favored since for each available DA pair, it is not possi-
ble to form as many HBs as those formed under low pressures
[Fig. 6(b)].

On the other hand, for the hydrophilic residue His119, the
results are not conclusive about the relationship between DA
pairs and HBs network under pressures from 0.1 to 200 MPa.
Even between 100 and 200 MPa, an increase in DA pairs is evi-
dent without an apparent augmentation in the HBs number of
water molecules, given that solvent molecules form hydrogen
bonds with hydrophilic residues. However, similar to Val21, the
number of water molecules around His119 increased at pres-
sures >200 MPa due to the compression effect, but with a
more significant number of HBs and DA pairs, mainly due to
the hydrophilic environment [Fig. 6(c)].

E. Water structure

A key point to this phenomenon is the change in the
behavior of water molecules when the pressure exceeds
200 MPa. In our simulations, we observed an increment of
the number of water-water hydrogen bonds with increas-
ing pressure, resulting in the restructuring of the hydrogen
bond network around the protein and a change in the protein
environment. In this regard, we analyzed the solvation
dynamics calculating the density of water molecules in the
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FIG. 7. Radial distribution function, g(r), under pressure scaling between oxygen
atoms of water molecules. Arrow indicates the direction the increased pressure.
The normalization value refers to the diameter of a water molecule (0.275 nm).
Inset: the first peak of g(r) between oxygen atoms of water molecules around the
hydrophilic (His119) and hydrophobic (Val21) regions (Ca atoms in the amino acid
residues) in apomyoglobin at high pressures.

vicinity the hydrophobic and hydrophilic regions using the
radial distribution function g(r) between water oxygen atoms
(Fig. 7).
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FIG. 8. Conformational sampling obtained by bi-dimensional (2D) projection of the trajectories onto the first two PCs. In the main box, the diamond shows the most probable
structural conformations to 0.1 MPa. The smaller boxes indicate the protein substates for each pressure range analyzed: (a) 0.1-50 MPa, (b) 50-100 MPa, (c) 100-150 MPa,
(d) 150-200 MPa, (e) 200-250 MPa, (f) 250-300 MPa, (g) 300-350 Mpa, (h) 350-400 Mpa.
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In general terms, each g(r) peak shows the preferred posi-
tion of the successive neighboring water coordination lay-
ers.'® According to the two-state model, in the classical shape
of the g(r) of water at 0.1 MPa, the second peak reveals the
tetrahedral component of the water structure. Consequently,
the increase in pressure induces an increase in the hexag-
onal structural contribution in detriment of the tetrahedral
one. 617

As pressure increases, while the position of the first peak
remains unaltered, the position of the second peak is atten-
uated, being replaced by a valley, revealing the presence of a
simple structure in the solvent (Fig. 7). However, an increase
in pressure generated a change in the density of water
molecules around the hydrophobic and hydrophilic regions
(Fig. 7 inset).

F. Free energy landscapes

We analyzed the conformational changes in the apomyo-
globin associated with the probability of finding the protein
in a particular state under the effect of high pressures. Thus,
with the calculation of the first two PCs, it is possible to
recover more than half of the total fluctuation of apomyo-
globin (Fig. 1S in the supplementary material). In Fig. 8, it
is shown the probability distribution functions p(q) of the
first two PCs, where each point represents a transitional
protein conformer. Therefore, when apomyoglobin is sub-
jected to pressure enhancement, it migrates out of its most
probable structural conformations at 0.1 MPa, experiencing
a slight displacement from the native state towards a pop-
ulation of conformers at pressures in the 10-50 MPa range
(Fig. 3S in the supplementary material) characterized by the
loss of volume in the cavity (Fig. 2). These new conform-
ers remained unaltered until an approximate value close to
200 MPa [Figs. 8(a)-8(d)] was achieved. Above this threshold,
the protein jumped off towards a new region of the con-
formational space between 200 and 300 MPa [Figs. 8(e) and
8(f)] and explored once again new regions at 300-400 MPa
[Figs. 8(g) and 8(h)].

Moreover, from p(q) analysis, we can explore the free
energy landscape by obtaining the probability density corre-
sponding to the overall free energy minimum position of the
apomyoglobin analyzing the new conformations achieved by
the system at different pressures (see Sec. II).

The FEL analysis suggests that the system under the high-
pressure regime presents four conformational states defined
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FIG. 9. Free energy landscape using as reaction coordinates the projection of
the apomyoglobin under pressure increasing trajectory along the first two princi-
pal comportments. The star and A, B, and C labels indicate the localization on
the FEL of the most probable protein conformers (local minima) for pressure val-
ues of 0.1 MPa, 10-200 MPa, 200-350 MPa, and above 350 MPa, respectively
(See Fig. 8).

by four minima (Fig. 9), indicating a progressive conforma-
tional transition towards different states. The first local min-
ima correspond to conformers in the native state at 0.1 MPa.
For pressures below 200 MPa, the protein abandons its native
conformation and migrates toward a new state characterized
(Fig. 8) by conformers lacking a defined cavity (second local
minima at 0.07 kcal mol ™).

We observed that increasing pressures allows apomyo-
globin to visit several regions of the FEL. We detected that
the system visited a new conformation [Fig. 9(b)], different
from the equilibrium stage at 0.1 MPa when the threshold
of 200 MPa was overcome (0.61 kcal mol~!). Interestingly, at
pressures between 300 and 350 MPa, the system jumped off
this third minimum [Fig. 8(g)] and explored additional regions
of the conformational space achieving the fourth minimum
finally (0.43 kcal mol~') at pressures above 350 MPa [Fig. 8(h)].
Visual inspection of the lowest energy structure revealed that
at 220 MPa, water molecules penetrate into the protein closer
to the hydrophobic core. This water infiltration became even
more evident at 400 MPa (Fig. 10).

Thus, our outcomes indicate that the pressure induced
local disorder, which can be strongly correlated with a tran-
sition from the native to the molten globule state. According
to available experimental data, the production of a molten
globule induced by pressure in apomyoglobin at pH 6-7 was
reported to occur around 200 MPa.??

FIG. 10. Lowest energy apomyo-
globin conformers computed in Fig. 9.
Hydrophobic and hydrophilic surface
are in red and light blue, respectively.
The water molecules (yellow) are
represented for a cutoff of 1.4 A of the
hydrophobic surface.

220 MPa

400 MPa
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IV. DISCUSSION

An exciting debate arises when microscopic mechanisms
involved in the denaturation of proteins at high pressures
are explained. In particular, the issue emerges when the
hydrophobic interaction is invoked, given that hydropho-
bicity cannot elucidate by itself the volume changes mea-
sured during protein unfolding.** Thus, according to the
hydrophobic model, if the transfer of hydrophobic com-
pounds to water is accompanied by a significant negative
volume change at low pressure,*> then at high pressures,
this volume change increases becoming positive.*547 Con-
sistently, Royer“® reported that in the case of the unfold-
ing of proteins, AV is negative at high pressures in most
cases (Fig. 3). In other work, they performed a study in
which they spawned 10 new variants of an internal cavity of
staphylococcal nuclease.® These variants had different vol-
umes and with adding pressure to the system, the authors
observed that during the protein unfolding the cavities were
completely lost suggesting that destabilization was due to
the cavities disruption, even at pressure values lower than
50 MPa.

Several theoretical and experimental studies demonstrate
that pressure effects are evidenced locally and can be subtler
than those produced by changes in temperature.® Thus, alter-
ations in the local environments of amino acid residues due
to changes in the pressure lead to conformational fluctuations
(locally disordered conformers) associated with an increase in
the solvation state of the proteins.22444849

Another critical aspect of the hydrophobic model is the
one which states that unfolding of proteins at high pres-
sures produces the exposure of hydrophobic residues, for-
merly located at the inner part of proteins, to bulk water.*344
Instead, Gregorio Weber has raised the hypothesis that under
high pressures, proteins could be penetrated by water.! Any-
how, in both cases, either with the exposition of hydrophobic
residues to water or the solvation of inner residues by pene-
trating water, hydration of hydrophobic residues is favored by
increasing pressure?2>9 (Figs. 4 and 10).

However, although both ASASA and AV decreases with
increasing pressure, the volume decreases linearly (Fig. 3)
while the SASA change its trend at specific pressures (Fig. 4).
Therefore, modifications in the SASA provide relevant infor-
mation in relation to the local conformational changes in the
protein.

Moreover, the inner cavity becomes more susceptible
to compression (Fig. 2). In this regard, some NMR and flu-
orescence spectroscopy studies have shown that different
regions of the apomyoglobin can act differently when com-
pressed, being more or less susceptible to changes with
pressure.?248

Hence, in agreement with experimental data,'® our
results suggest that changes in the hydration shell around
the protein could be mainly due to the pressure effect
on the hydrogen bonding network of water (Iig. 6). The
first hydration shell of H-bonds would be almost unaffected
by pressure (Fig. 7), while molecules in the vicinity of the
second-shell would approach the interstitial sites of the first
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tetrahedral shell as the pressure increases giving rise to a
hexagonal structure.'®

In other words, the structure of water can be represented
as a combination of two different local structures, called low-
density water (LDW, open tetrahedral structure) and high-
density water (HDW, more compact hexagonal structure).'6-18
Thus, under the pressure regime above 200 MPa, the liquid
water shifts from a low-density state to a high-density state,
favoring the upsurge in the solvation of the hydrophilic and
hydrophobic residues. It is imperative to emphasize that so far,
the only water model representing the liquid-liquid transition
(LWD to HWD) at the pressure experimentally reported (~0.2
GPa)'618 s the SPC/E model.

Both, the hydrophobic and hydrophilic solvation depend
on thermodynamic conditions of the solvent (e.g., pressure—
temperature).®’ Thus, changes in the free energy of the sys-
tem are due to structural and energetic changes in the sol-
vent around each solute molecule,>'52 and hence, water
molecules exhibits a preferred orientation at the hydrophilic
or hydrophobic surface.>* This is linked to the result of Djikaev
and Ruckenstein,”' who computed the effective width of the
fluid solvent-solute transition layer (o) and average density
(o) therein, where the behavior change of o and p modifies
the hydration mechanism depending on the solute-solvent
affinity. Similarly, Luzar and co-workers®>® concluded that in
the average number of hydrogen bonds per molecule, only
the nearest neighbor interactions among water molecules
confined to the length of the O-H---O bond are taken into
account, due to more distant water molecules are less impor-
tant in the behavior of the average number of hydrogen bonds
in the solvent-solute interface.

Our analysis suggests that a liquid-liquid transition in
water favors the solvation of apomyoglobin, which leads us
to believe that the conformational changes suffered by the
protein could be correlated with the structural changes in
the hydration pattern. Also, some small Angle X-ray scatter-
ing experiments show that the reduction of motions at high
pressure can be related to an increase of the density in the
hydration shell of proteins.>*

Hence, our data indicate that the conformational changes
in the protein are accompanied by a qualitative change in the
hydration water shell dynamics involving locally disordered
conformers produced by water diffusion from the bulk to the
inner portion of the protein. Thus, the mechanism of pressure
denaturation can be related to the disruption of the hydrogen-
bond network of water favoring the coexistence of two states,
low-density and high-density water, which directly implies in
the formation of a molten globule once the threshold of 200
MPa has been overcome.

V. CONCLUSIONS

In this work, we investigate the effect of the pressure in
the apomyoglobin generated from the removal of the heme
group of the whale sperm myoglobin using MD and PCA as
analysis tools.

Our data showed a correlation between SASA and the
volume determined by the decreasing tendency in both with
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increase the pressure. However, unlike the volume, the SASA
shows changes in the solvation dynamics of the polypeptide
chain, observing a heterogeneous hydration due to fluctua-
tions in water density.

Thus, for pressures lower than the point of liquid-liquid
transition in water (LWD to HWD), the most probable con-
formational states in the protein are characterized by a dras-
tic reduction in the cavity volume, leading to a decrease in
the number of water molecules inside these, due to the lack
of available volume to occupy. However, once the pressure
exceeds the liquid-liquid transition point, a small fraction of
water molecules hydrate this region. Therefore, lowest energy
apomyoglobin conformer observed in our simulations, is the
one that refers to conformations lacking cavity and sensitive
to compression.

For pressure values above the LWD to HWD transition
point, the structural changes in the hydrogen bond network
result in the process of gradual weakening of the hydropho-
bic effect. The water structure is highly influenced by pres-
sure, generating structural anomalies in the liquid water, the
second coordination shell collapses on to the first coordina-
tion shell and the water density is modified (at this stage,
water acts as an unstructured liquid), leading to an increase
in the hydration of the apomyoglobin caused by the insertion
of water molecules inside the protein. Finally, we can con-
clude that the main driving force of protein denaturation at
high pressures is an increase in its hydration state inducing in
the apomyoglobin a conformational change where the internal
cavity was largely reduced to increase the population of less
ordered conformers, resulting in the formation of a molten
globule.

SUPPLEMENTARY MATERIAL

See supplementary material for additional information on
the cumulative percentage contribution of the total motions
in each system, RMS fluctuations of the Ca atoms of each
apomyoglobin residue, and the analyzed PC1 and PC2 bi-
dimensional projection (2D) of the trajectories for each pres-
sure.
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