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ABSTRACT: Structure-based models are coarse-grained repre- o,
sentations of the interactions responsible for the protein folding W 4
process. In their simplest form, they use only the native contact qnfOIded
map of a given protein to predict the main features of its folding e
-t TN L -
process by computer simulation. Given their limitations, these - R SO w
. -~ - |
models are frequently complemented with sequence-dependent \‘

contributions or additional information. Specifically, to analyze the
effect of pressure on the folding/unfolding transition, special forms
of these interaction potentials are employed, which may a priori N
g 9 o . A >
determine the outcome of the simulations. In this work, we have I
tried to keep the original simplicity of structure-based models. h —
Therefore, we have used folded structures that have been Temperatur%f .
experimentally determined at different pressures to define native
contact maps and thus interactions dependent on pressure. Despite the apparently tiny structural differences induced by pressure,
our simulation results provide different thermodynamic and kinetic behaviors, which roughly correspond to experimental
observations (when there is a possible comparison) of two proteins used as benchmarks, hen egg-white lysozyme and dihydrofolate
reductase. Therefore, this work shows the feasibility of using experimental native structures at different pressures to analyze the
global effects of this physical property on the protein folding process.

Pressure

I. INTRODUCTION occupies the energy minimum. Therefore, the stabilizing
interactions of these models are defined from the inter-residue
contacts present in the native state, experimentally determined.
These models, thus, are used to analyze the thermodynamic
and kinetic characteristics of the folding pathways, with

Protein folding is a highly complex problem from a physical
point of view. It involves many degrees of freedom, considering
the number of atoms comprising both the polypeptide chain
and the surrounding aqueous medium. In addition, from a

dynamic point of view, it spans many temporal orders of surprisingly good results on many occasions.'"~
magnitude. Therefore, a thorough description of the full In the original definitions of these models, the effect of the
process at the atomic level requires vast computational protein sequence is completely ignored, which could in
resources, is limited to small proteins, and to fast-folding principle preclude the possibility of analyzing different
processes.1 interesting evidences such as the effect of mutations, the
Many simplified, or coarse-grained, models have been prediction of the native structure, or the change in some
developed to reduce the complexity of this problem from a environmental conditions (ionic strength, pH, etc.), just to
computational point of view. They have been recently mention a few. Consequently, structure-based models have
reviewed in the literature.”’ By often using a simplified been enriched with many modifications that decorate the
representation of the protein chain, a continuous description of interactions having the sequence into consideration, and/or

the solvent, and different kinds of simplified interaction
potentials, they provide a reasonable representation of the
conformational space available to the chain under different
conditions, at the cost of losing the detailed, microscogic
information, which may result critical in certain occasions.”

Among the different interaction potentials developed,
structure-based (or Go-type) interaction models have been
widely used.® They are based on the minimal frustration
theoretical framework for protein folding,”~” which proposes a
funnel-shaped energy landscape, where the folded state

explicitly adding non-native interactions of different na-
7,15-17
ture.”

Received: April 13, 2021
Revised:  May 28, 2021
Published: June 8, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpcb.1c03313

W ACS Publications 6179 J. Phys. Chem. B 2021, 125, 61796191


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+Ferna%CC%81ndez+del+Ri%CC%81o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Rey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c03313&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03313?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03313?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03313?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03313?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/23?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03313?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

These models have also been extended to account for the
effect of pressure in the folding equilibrium between the native
and the unfolded states. It has long been known that pressure
unfolds proteins in a different way to the effect of temperature
or chemical denaturants.'"®™° The most accepted view
assumes that water molecules are injected at high pressure
(of the order of 3—5 kbar) into the cavities or void volumes
existing in folded proteins, as a result of the incomplete
packing of the hydrophobic cores.”” This fact produces
unfolded states that are swollen versions of the native
conformations. Moderate pressures also help reduce the
cavities that are buried in the protein core in the folded
structure, thus modifying the pathways and speeds of the
folding processes.28 At a different level, pressure modifies the
hydrophobic interactions, at least when they are described as a
potential of mean force between hydrophobic groups
surrounded by water.””*" As a matter of fact, this has been
the basis of some coarse-grained models, which take pressure
into account in the study of the folding/unfolding transition, as
described below.

This situation has been explained in thermodynamic terms
by an elliptical phase diagram for protein stability in the
pressure—temperature landscape, as sketched in Figure 1,
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Figure 1. Schematic representation of the elliptic pressure—temper-
ature phase diagram for a protein, showing two possibilities for the
equilibrium line between the native (folded) and the unfolded states,
with the same transition temperature at room pressure (bottom axis).
The native state lies inside the corresponding elliptical region, while
the outer area corresponds to the unfolded state.

which also shows the cold denaturation of proteins. Within this
scenario, the effect of moderate pressures at room temperature
and above can be different depending on the elliptical shape
and orientation. If the phase diagram approximately corre-
sponds to the green solid curve in Figure 1 (apparently, the
most common situation), an increase in pressure above room
conditions (the horizontal axis in the diagram) will destabilize
the folded state, therefore, reducing its transition temperature.
On the other hand, if the diagram is like that in the red dashed
curve of Figure 1, an initial moderate increase in pressure will
shift the equilibrium unfolding temperature toward larger
values, thus stabilizing the native state. Which of these
possibilities appears has been mainly assigned, following the
Clapeyron equation for phase changes, to the sign of the
difference between the 2Partial molar volumes of the native and
the unfolded states.”””

Structure-based models have tackled pressure effects by
defining interaction potentials for the native contacts with two
attractive minima, separated by a desolvation barrier.>”*" The
pressure scale modifies the relative depth of both minima, as
well as the height of the barrier in between. Two different
approaches have been proposed for this variation, and their
effects have been very recently analyzed.>”> The main
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conclusion from this study is that the interaction potential
used determines whether moderate pressures either stabilize or
destabilize the folded state, by shifting the melting equilibrium
temperature toward higher or lower values, respectively.’” In
our group, we have also checked one of these possibilities in a
model similar to the one employed in this work.*

Interestingly, the effect of pressure in all of the studies
mentioned above with structure-based models relies on a set of
native contacts experimentally determined at room pressure,
i.e, in one native structure alone. Proteins are considered quite
compact molecules, and the effect of pressure on the native
state (up to values where it is still stable) is considered only
marginal. This has been experimentally proved in recent years
when structures determined at high pressures have been
reported. The structural deviations induced by pressures of
several kbar produce root-mean-square deviation (RMSD)
values of less than 1 A with respect to the structure at 1 bar
(see below), which could in principle be considered as a
negligible change, even below the level of resolution of many
coarse-grained models. However, these minor changes are not
uniformly distributed along the structure and, therefore, can
have an influence even in the behavior of these reduced
models.

Given this situation, we propose in this work to use a very
simple structure-based model in which the pressure effects are
not included in the mathematical description of the interaction
potential, but in the native structure itself, therefore recovering
the original ideas underlying these models:****> the native
structure mainly determines the full shape of the energetic
folding landscape. If pressure affects the native structure, it
must affect the folding landscape as well, and that is what we
want to check with our results in this work.

Obviously, the model is incomplete in several senses,
including neglecting an explicit representation of the solvent,
and therefore of the possible effects of pressure on it.*® This
also precludes the possibility to study the cold denaturation
process.”” Our idea is to check whether the apparent minute
changes in the native structure created by pressure are able to
modulate the thermodynamic and kinetic characteristics of the
folding transition studied with a coarse-grained model. This is
relevant since the model resolution is, at much, of the same
level as the pressure-induced structural changes themselves. As
we will show, the answer to this challenge is quite promising.

IIl. METHODS: SIMULATION AND INTERACTION
MODEL

To keep the coarse-grained model as simple as possible, in this
work, we use our previous expertise by employing a Monte
Carlo sampling method on a linear chain composed of N
beads, each one representing a single amino acid.”** To avoid
sampling getting trapped in local minima, in simulations
devoted to thermodynamic properties, we add a replica
exchange strategy,‘w’41 where different replicas are simulated
at different temperatures (parallel tempering). The Monte
Carlo sampling includes both local movement (single-bead)
trials, where a single unit is rotated preserving the connectivity
with its neighbors along the polypeptide sequence, and
collective (multi-bead) movement trials, where one bead
randomly chosen in the chain suffers one of the local
movements, but the rest of the chain, from the next bead to
the end, is parallelly shifted to a new position, preserving the
vectors between neighboring units. This way, we generate
configurations of the system that correspond to the conforma-
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tional equilibrium distribution of the protein model at each of
the temperatures included in the parallel tempering procedure.
The method has been thoroughly described in previous
works.>*??

As it corresponds to a structure-based model, the
interactions are defined from the native conformation, as
taken from the experimentally solved structures available in the
Protein Data Bank (PDB).*” We then select the contacts
present in the native conformation at a given pressure and use
an energy term defined as a truncated harmonic well centered
at the native distance and whose depth, equal for all of the
native contacts, defines the energy unit of the model.*® Its
mathematical definition is

nat\2
. (”‘,’ - dij ) _
uy(ry) = a’

0,

1}, ifd" —a<n< d;‘“ +a

otherwise (1)

In eq 1, r; is the distance between the beads representing
residues i and j, di** is the corresponding distance between
their a-carbons in the native state; € = 1 defines the energy
unit for the model, and a indicates the width of the attractive
well for the native contacts. Values of a = 0.5 or 0.6 A have
provided correct results for different proteins in previous works
from our group.'”**** Here, we use a = 0.6 A. The reduced
energy scale imposed by the & value mentioned above implies a
reduced temperature scale as well. All of the reduced
(dimensionless) thermodynamic magnitudes are denoted
with an asterisk in Section IV.

In addition to the attractive interaction potential for the
native contacts, the model includes an excluded volume, hard-
sphere repulsive potential acting among any pair of model
units.”>*” This term avoids the overlapping of the model
beads.

As explained in Section I, the influence of pressure in the
folding process is considered only from its effects on the native
conformation. As shown in the next section, pressure modifies
the number and position of some native contacts, which are
passed to eq 1 to create our model interactions, which become
this way “pressure-dependent”. Thus, our pressure scale
corresponds to that reported for the experimental structures
used as input.

The thermodynamic results presented here correspond to an
average of 10 independent runs in every case. In each run, we
use 50—60 temperatures in the parallel tempering scheme,
depending on the complexity of the folding process found for
every protein reported, to warrant a proper traveling of the
replicas along the full set of temperatures. At every temper-
ature, 3 X 10° Monte Carlo cycles (each one involving N trial
conformations) are sampled for thermalization, and 10’
additional Monte Carlo cycles are computed for data recording
and analysis. The statistical reproducibility of the results from
the 10 independent runs computed from every contact map
guarantees the choice of temperatures and the statistical quality
of the sampling.

The folding kinetics calculations use the same interaction
scheme but a different samplin§ procedure, which we have also
previously used in our group.”*® Many independent Monte
Carlo simulations at a single temperature (our approximation
to room temperature, T,) are started from different
conformations belonging to the unfolded state (taken, as a
matter of fact, from the high-temperature replicas of the
thermodynamic procedure). The simulation continues with
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only local moves (single-unit moves, as described above) until
a certain “folding criterium” is fulfilled. Here, we use an RMSD
threshold value as a stop condition (computed between every
sampled conformation and the experimental native structure,
at the level of a-carbons). To determine this threshold, the
RMSD distribution of the conformations sampled at T, in
equilibrium (parallel tempering) simulations is computed. The
RMSD value that frames 90% of the conformations at that
temperature is chosen as a folding criterion. This is usually
around 1 A. The number of Monte Carlo cycles needed to
reach that value from the unfolded state is recorded. This way,
the evolution of a population of unfolded conformations at
room temperature is quantified as a function of the number of
MC cycles, which is considered to be proportional to a real
time scale. In this work, 10* folding trajectories are computed
for the calculation of the folding kinetics for each protein at a
given pressure. Our estimation for the room temperature is T,
= 0.90 T, where T,, is the equilibrium temperature for the
folding/unfolding transition, which we get from the analysis of
the parallel tempering equilibrium simulations.

lll. PROTEINS CONSIDERED

If one analyzes the structures currently present in the PDB*
(March 2021), just a handful of proteins solved by solution
NMR at different pressures (up to about 3 kbar) can be found.
On the other hand, around one hundred structures solved by
X-ray diffraction have been deposited. Many of them
correspond to moderate pressures (several tens of bar), but a
few of them rise up to 9 kbar, a pressure that should
correspond to the pressure-unfolded state according to the
current knowledge.'”*™>' It may seem that the crystal
structure somehow dampens the real pressure felt by the
protein molecule, a fact that was already noticed from the very
first solved X-ray protein structures at high pressures.’”
Nevertheless, this may also imply that the pressure felt by
the protein is not exactly the same as the pressure exerted on
the crystal inside the experimental setup. Therefore, some
caution should be possibly taken about the quantitative values
of the pressures reported.

As it could be expected, some of the proteins whose
structures have been solved at high pressures correspond to
molecules whose folding behavior has been well characterized
at room conditions. Therefore, we have chosen the X-ray
structures of hen egg-white lysozyme (HEWL)®® and
Escherichia coli dihydrofolate reductase (DHFR).** Table 1
presents the relevant information about the native structures
considered for this work. Pressure makes structures slightly
more compact, as shown by a decrease in the radius of
gyration, R,. The effect, however, is very small, with even some
deviations from this trend in certain cases, as it happens with
the two highest pressures in DHFR. From the structural
similarity level, the RMSD values are in all of the cases well
below 1 A when high-pressure structures are compared with
the same protein at atmospheric pressure.

The native contact maps, which define the attractive
interactions in our simulation model, have been computed
from the atomic coordinates and are depicted in Figure 2.
They use a standard cutoff value of 4.5 A between non-
hydrogen atoms belonging to different residues to decide
whether a contact is present or not in the native conformation
at every pressure. In Figure 2, we also show ribbon diagrams
with the superposition of the structures for both proteins at
four different pressures, the native contact maps at atmospheric

https://doi.org/10.1021/acs.jpcb.1c03313
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Table 1. Relevant Data of the Structures Taken from the
PDB** to Represent the Effect of Pressure on Hen Egg-
White Lysozyme (HEWL) and Dihydrofolate Reductase
(DHFR)

number of
(A) RMSD (A) native
pressure Ca to 1 bar tertiary
protein (kbar) PDB file only) (Ca only) contacts”
HEWL® 107 4WLD  13.77 292
N =129 (room
pressure)
1.9 4WLT 13.67 0.149 302
3.8 4WLY 13.60 0.229 304
6.0 4WM2 13.51 0.333 309
DHFR** 107 SZ6F 1522 376
N = 160 (room
pressure)
22 576] 15.11 0.277 386
4.0 SZ6K 15.04 0.339 385
8.0 SZ6M 15.08 0.730 385
““Tertiary contacts” in the last column amounts for native contacts
present between residues i and j with li — jl > 4, excluding virtual

bond angles and virtual torsion angles in the model.

pressure, and the difference between the contacts present at
high pressure with respect to the same protein at room
pressure. In these plots, the first interesting differences
between the two proteins considered in this work arise.
Although HEWL essentially shows a monotonous increase in
the number of native contacts as pressure increases, as it can be
seen both in Table 1 and in Figure 2a, DHFR presents a more
complex behavior, keeping an approximately constant number
of contacts at the highest pressures (Table 1). As seen in
Figure 2b, this is because native contacts both appear and
disappear when pressure increases with respect to 1 bar
contacts. Therefore, in HEWL, the increase in contacts can be
assigned to a small reduction of the volume of cavities in the
native state, as shown in the experimental results,”® which
similarly affects different parts of the structure, since the new
contacts are scattered over different sections of the contact
map. In DHFR, on the other hand, pressure creates distortions
in the structure, which generate new contacts in some regions
but make others present at room pressure vanish, due to some
water molecules being injected into the structure at moderate
and high pressures.>*

To properly discuss the results of these two proteins, there
are some cautions we should remark. Given the simplicity in
the coarse-grained representation of both the polypeptide
chain geometry and the system interactions, a direct
comparison with experimental results>"®* is not always
possible. For example, HEWL presents four disulfide bonds
in its native structure, which are preserved in the denatured
state in many (fortunately, not all) thermal and pressure
unfolding experiments under oxidizing conditions. In our
model, these bonds are considered as any other native contact
and, therefore, are prone to disappear along the unfolding
process; therefore, we can only compare our results to
experiments where the sulfur bridges are lost upon unfolding.
In addition, the crystal structures of DHFR we are using are
complexed with folate and NADP as ligands. Neither of them
is considered in this work, where only the protein residues are
accounted for.
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IV. RESULTS

IV.. Thermodynamic Simulations. From the energy
distributions obtained at each temperature, we can readily
calculate the heat capacity curves. In the reduced units used in
this work,

(@) - ey

C*
(T%)*

)

They are shown in Figure 3a for HEWL and Figure 3b for
DHER, for the four pressures used in each protein. The error
bars included in these graphs are statistical errors of the mean
values computed from the analysis of the 10 independent
simulations run in every case. In Figure 3¢, we summarize the
results for the transition temperatures, T,, which are the
absolute maxima (the peak temperatures) in the heat capacity
curves, and correspond to the thermodynamic equilibrium
between the folded and unfolded states. To better quantify the
effects of pressure, they are normalized in Figure 3c with the
value of T, at 1 bar for the corresponding protein. As can be
seen, both proteins behave in a different way: while for HEWL
the equilibrium temperature is shifted toward larger values as
pressure increases, the opposite situation appears for DHFR. In
addition, HEWL at 1 bar shows a second transition at
temperatures higher than T, whose influence along the global
thermal transition seems to be highly reduced when pressure
increases, since only a minor asymmetry in the heat capacity
curves is observed at high pressures. We shall further comment
on this result below.

In Figure 3c, we have also included the results of HEWL
computed from two NMR structures taken from the PDB:
1GXV (measured at 30 bar) and 1GXX (measured at 2 kbar),
which represented the first solution structures of globular
proteins under pressure.”® The first conformer in the deposited
set has been used in each case to define the contact map for
our simulation model, although all of the experimental
conformers at each pressure are nearly identical to one another
and provide the same behavior.®*®’ Interestingly, the NMR
results show the same trend as the X-ray ones, namely, a small
stabilization of the native state as pressure increases. The
quantitative results are not identical, though, probably
reflecting the different pressure scales felt by the protein in
solution and in the crystal structure, as commented on above.
Anyhow, the results obtained for lysozyme are qualitatively
coincident with the experimental evidence, showing an
increase in the thermal stability of the native structure as
pressure increases up to moderate values,®®® related to the
compression of internal cavities described for native
structures.”” The experimental results, however, are highly
dependent on pH and other factors,”” which cannot be taken
into account in our coarse-grained model. This temperature—
pressure behavior approximately corresponds to the equili-
brium red dashed line sketched in the phase diagram of Figure
1.

DHFR, on the other hand, shows the most common
behavior, with the equilibrium temperature shifted toward
lower values as pressure increases, a tendency that is equivalent
to the green solid line in the phase diagram of Figure 1. In this
protein, the injection of water molecules inside the protein
structure as pressure increases from room values to 4 kbar
must be responsible for this behavior. Beyond that pressure,
the protein core cannot accommodate more water molecules,”*
and the result we obtain for the equilibrium temperature at 8

https://doi.org/10.1021/acs.jpcb.1c03313
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Figure 2. Difference contact maps (native contacts present at high pressure minus native contacts present at room pressure) for (a) lysozyme,
HEWL, and (b) DHFR. The native contact maps for both proteins at room pressure are also shown, with a sketch of the elements of the secondary
structure along the axes (orange: a-helices; cyan: f3-strands). The ribbon diagrams show a superposition of the experimental native structures

corresponding to the different pressures of each

protein, color-coded as indicated.
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Figure 3. Simulation results for the reduced heat capacity against the
reduced temperature for (a) HEWL and (b) DHFR, at different
pressures. (c) Phase diagram representing the equilibrium transition
temperatures for the different pressures, for both proteins. The
statistical bars for these temperatures roughly correspond to the
symbol sizes. The lines are just eye guides showing the global trends.

kbar is almost the same as that obtained at 4 kbar (see also the
change in the trend shown for the radius of gyration, R, of the
native structures between these two pressures in Table 1).
To better understand the thermodynamic features of the
folding transition for these two proteins upon pressure
changes, we have used the weighted histogram analysis method
(WHAM)”°"7* to obtain the free energy landscapes. This
method uses information coming from all of the temperatures
sampled in the parallel tempering procedure to define
thermodynamic statistical weights for different states of the
conformational space of the protein model simulated. There-
fore, an estimation of the entropy is obtained, which combined
with the energy provides the free energy. In Figure 4, we show
the free energy profiles for HEWL (left graphs) and DHFR
(right graphs) at every pressure and two different temper-
atures: the equilibrium temperature T, computed at room
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pressure for each protein (upper graphs) and our estimation of
room temperature, T, (bottom graphs), which as mentioned in
Section II is computed at 90% of the T, values and will be
used later for kinetic simulations. For the x-axes in these plots,
we have used

Q = E:;mpled/EI:kDB (3)
where E .4 is the reduced energy of the sampled
conformations of the model along the simulation and Efyy is
the reduced energy of the experimental native conformation,
according to our energy scale. The latter is just the total
number of native contacts with a minus sign. This definition of
Q roughly corresponds to the degree of “nativeness” of the
conformations sampled along the simulations. We have
previously used this ratio®””* instead of the fraction of native
contacts customarily used in structure-based models since it
avoids an arbitrary definition of a threshold to determine
whether a native contact is formed or not in a given
conformation, something which may become controversial.”*
With our scale, which can be considered as a reasonable
folding coordinate for structure-based interaction models,”® we
just obtain slightly lower values of Q for the folded state than
with the standard native contact fraction, especially at T,
given the structural fluctuations present in the native state,
which slightly reduce the energy in comparison with that
computed for the experimental structure, Efpp.

The free energies computed at T, reflect the pressure effects
commented above, with an increase in pressure further
destabilizing the unfolded state in the case of HEWL
(therefore, in relative terms, stabilizing the native state), with
the opposite effect observed in DHFR. More interestingly, the
profile for lysozyme at 1 bar shows two minima at lower Q
values, signaling the presence of a thermodynamic intermediate
in the folding process. The free energy barrier separating this
intermediate from the unfolded state is clearly less than that
separating the native state, and it becomes even lower as
pressure increases. That is why the unfolded—intermediate
transition can be effectively considered as barrierless at T,
which is the reason for the asymmetry in the heat capacity
curve shown at room pressure in Figure 3a, which is hardly
noticeable at higher pressures. The folding pathway of
lysozyme at room pressure has been described as a complex
one, involving intermediate states.””*® With our model, an
intermediate that is populated at low values of the folding
coordinate has to be considered with some caution, at least
from the structural point of view, since only native contacts are
considered in our attractive potential, instead of the sequence-
dependent interactions, which are more likely to stabilize non-
native contacts in these conditions.”® That is why we have not
pursued a more detailed structural analysis of this intermediate.
However, the presence of a complex free energy landscape,
which is pressure-dependent even though we have obtained it
from very similar native structures, is worth mentioning.

For DHFR (right column plots in Figure 4), there are some
local minima on top of a very broad barrier separating the
folded from the unfolded states. However, the very small
barriers existing among these minima, together with the high
free energies they show, make their populations rather small
and not relevant from a thermodynamic point of view.

When the temperature is reduced to room conditions (plots
at the bottom row of Figure 4), the native state is the only one
thermodynamically favored at any pressure. The free energy
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Figure 4. Free energy profiles (in reduced units) against the reaction coordinate Q (see eq 3 in the main text for details). Left column: results of
HEWL. Right column: results of DHFR. The top graphs are computed at the transition temperature T,, corresponding to room pressure. The
bottom graphs are computed at our approximation to room temperature, T,. The statistical error bars roughly correspond to the width of the drawn

lines.

landscapes still show some roughness, apparently more
important for HEWL at 1 bar than for the other pressures or
for DHFR at any pressure. To better analyze the pressure
effects in these conditions, we show in the next section the
results of our kinetic analysis.

IV.Il. Kinetic Simulations. For every protein and pressure
conditions, we have started 10* independent simulations at
random conformations corresponding to the unfolded state
and analyzed how long (in Monte Carlo cycles) it takes for
every one of them to reach the native state, as described in
Section II. This is a way of measuring the folding kinetics by
exploring the behavior of a population of chains that, starting
from the unfolded state, evolves toward the native state at
room temperature T, where this state is the only one
thermodynamically stable. The results from these calculations
are shown in Figure 5. In the y-axes, we have included the
fraction of the original populations, which has not reached the
native state after a given number of Monte Carlo cycles; that is
why we have termed this fraction 1—Py, since Py represents
the fraction of the original population already folded, and we
cannot claim, given the methodology employed, if the
surviving population is still in the unfolded state or in possible
kinetic intermediates appearing along the folding pathways.

Monte Carlo kinetics provides a rough description of the
folding process kinetics, given the artificial nature of the
conformational changes implemented in the sampling
procedure. Even though the trajectories computed permit a
more detailed numerical analysis, we have deliberately limited
ourselves to global features, related to the final folding, which
happens at a time scale orders of magnitude larger than the
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Figure 5. Kinetic results of (a) HEWL and (b) DHFR computed at
room temperature. The graphs show the evolution of the population
of the model chain from the unfolded state toward the native state.
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Figure 6. Populations sampled from the kinetic simulations at room temperature, T,. The color scales, as indicated in the rainbow panels, are
percentage populations on a logarithmic scale. The RMSD values are referred to the experimental structure at the corresponding pressure. Q values
are computed as defined in eq 3. Left column: results of HEWL. Right column: results of DHFR. The top graphs are computed at room pressure.

The bottom graphs are computed at our highest pressure.

approximate scale of the local moves used in our kinetic
simulations. Under these conditions, it is reasonable to assume
a direct relation between the number of MC cycles and the real
time, as we have done when analyzing the pressure effects in
Figure S.

By comparing the different scales in the horizontal axes for
both proteins, HEWL in Figure Sa and DHFR in Figure Sb,
our results show that at T, the folding of the latter is much
slower than the former, a fact that had been previously
reported from experimental results,” given the very slow
folding of DHFR.*°"%>7879

For lysozyme, the kinetic results show an increase in the
folding speed as pressure is increased, with small variations for
the three high-pressure results. This is quite coincident with
the free energy profiles at the same temperature for this protein
shown in Figure 4 (bottom left graph). The kinetic results
cannot be fitted to a single exponential decay (data not shown)
at any pressure, as it would correspond to a single barrier
transition from the unfolded to the folded state. As a matter of
fact, kinetic models with one or two intermediates have to be
used,”’ showing that the kinetic folding pathway can become
even more complicated than the transition analyzed from a
thermodynamic point of view.

For DHFR, the kinetic curves show an initial fast evolution,
followed by a very slow decay of the non-native population.
Interestingly, kinetic experiments following DHFR refolding
after urea unfolding have shown a relatively fast structural
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collapse (in about 300 ps) followed by a much slower folding
step.””®" For this protein, we had to use complex kinetic
mechanisms with up to three intermediates to numerically fit
the behavior shown in Figure Sb. The effect of pressure on
DHER is, once more, opposite to that shown in HEWL; now,
an increase in pressure implies a slower folding process, with
almost no difference between the results at 2.2 and 4.0 kbar.
This is not the same behavior observed in the free energy
profiles for DHFR at T, the right lower panel of Figure 4.

To try to better understand the kinetic behavior shown by
our model for both proteins, we have analyzed the
conformations sampled along the folding pathways. In Figure
6, we show the results obtained as two-dimensional histograms,
where the relative populations of the sampled conformations
are represented as a function of the folding coordinate Q, as
defined in eq 3, and the structural RMSD between any
sampled conformation and the corresponding experimental
native structure at the level of a-carbons. In these histograms,
we should recall that the population of the native state does
not accumulate, even though it is the only one thermodynami-
cally stable at room temperature, since the trajectories are
stopped when this state is reached, according to the threshold
described above.

For HEWL, we observe what can be considered as a rapid
transition from the initial unfolded state, at Q ~ 0.3, toward an
intermediate state, at Q ~ 0.45. This intermediate also appears
in the thermodynamic free energy profiles shown in Figure 4.
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Figure 7. (a) Residue-level structural fluctuations for the native state simulated at room temperature (with respect to the X-ray native structures)
and the indicated pressures for HEWL (left column) and DHFR (right column). The error bars are standard errors over the set of computed
conformations. (b) Similar fluctuations as in (a), normalized with the corresponding fluctuations at room pressure. (c) Experimental B-factors,
taken from the PDB files, averaged over the atoms in each residue and normalized with the values at room pressure.

The population of this intermediate is high at 1 bar and is
reduced at higher pressures (the behaviors of our intermediate
pressures are very similar to those computed at 6.0 kbar shown
in Figure 6). This eventually implies a faster transition toward
the native state at high pressures, as shown in the kinetic curves
depicted in Figure Sa.

For DHEFR, there are not populated intermediates at low
values of the folding coordinate Q, a situation that would favor
the rapid initial trend of the kinetic pathway commented on
above. However, we can observe several intermediates around
Q ~ 0.65—0.8, with barriers of various heights among them, as
guessed from the reduction of the populations sampled at this
region, which frame the different intermediates. This situation
can be blamed for the very slow final evolution observed in our
kinetic results for this protein. At room temperature, the
thermal fluctuations are relatively small, and the time required
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to leave these local minima can be very large (therefore
explaining their large populations).

V. CONCLUSIONS

In this work, we have used a simple structure-based model to
study the pressure—temperature phase equilibrium of globular
proteins, as well as the folding kinetics at different pressures,
with molecular simulations. All of the pressure dependence of
our interaction potential is based only on experimental
structures previously determined at several pressures, for two
test proteins: hen egg-white lysozyme (HEWL) and
dihydrofolate reductase (DHFR). To this end, we have used
a simple, coarse-grained representation of both the polypeptide
chain geometry and the interactions that favor the energetic
stability of the native state.
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An initial analysis of the pressure effects on the native
structures, as discussed in the corresponding publications for
HEWL’® and DHFR** and summarized in Table 1 and Figure
2, could incorrectly indicate that these effects are too small to
have any relevant consequence on the results, especially given
the coarse-grained representation we are using. However, we
have observed a thermal destabilization of the native state of
DHER and stabilization of HEWL as pressure increases. This
corresponds to the two possible behaviors observed for the
pressure—temperature phase diagrams of globular proteins,””*"
depending on the sign of the protein partial volume change
upon unfolding. It is particularly interesting that, experimen-
tally, this change depends on the cavities present in the native
structure and on the possibility of water molecules being
injected inside these cavities. Since the chain representation we
are using only considers one spherical interaction site per
residue (therefore, no real cavity analysis can be done at the
level of the coarse-grained model) and the solvent is just
implicitly considered, this could be taken as a surprising result.
We have tried to rationalize it further by computing the
structural fluctuations of the native state as represented by our
coarse-grained model. In Figure 7, we show the fluctuations
along the sequence for both proteins, simulated in equilibrium
at room temperature, using the parallel tempering technique
already described to warrant a proper equilibration. The graphs
in row (a) correspond to the absolute values of the root-mean-
square fluctuations (RMSFs) of each model site, relative to the
a-carbons of the native conformation, averaged over the
sampled conformations. To better appreciate the pressure
effects, the graphs in row (b) show the ratios of the results at
high pressure with respect to room pressure. For HEWL,
fluctuations are less in the helical regions and are monotoni-
cally reduced as pressure increases. This is explained by the
consistently larger number of native contacts found at larger
pressures, scattered all around the contact map, as shown in
Figure 2a, and partially justifies the equivalently larger
transition temperatures for this protein collected in Figure
3c. In DHEFR, on the other hand, the results in Figure 7 are
much more complicated. The fluctuation amplitudes are
different (with ratios smaller or larger than 1) along the
protein sequence, and the same can be said about the trend
with pressure itself. This means that pressure may compress
some cavities, but others may expand as well if water molecules
are injected inside them, as shown in the analysis of the
experimental structures.” This behavior is clearly different
from the one we have obtained for lysozyme, and therefore, the
thermodynamic effect of pressure on the transition is also
different. These results indicate that a global measurement of
the structural difference among structures, as the results for the
global RMSD in Table 1, can indeed not be enough to
properly appreciate the effects of pressure, either in the real
native structures or in their coarse-grained representations.

To complete this analysis, in Figure 7c, we show the
experimental B-factors taken from the crystallographic data in
the PDB files.”>>* The results shown correspond to average
values over the atoms in each residue, divided by the
corresponding values at 1 bar. B-factors provide an estimation
of the thermal fluctuations for the different atoms in the crystal
structure and are therefore an experimental analogue, with the
restrictions of the crystal packing, of the RMSF values we have
computed in rows (a) and (b). We have checked that using the
B-factors of the a-carbons alone produces equivalent pressure
dependences of the ratios plotted.
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The results of lysozyme are qualitatively similar to the
computed structural fluctuations in Figure 7b, although for the
B-factors there is a larger similarity in the ratios at intermediate
pressures and a larger difference with the results at 6 kbar than
with the <RMSF> results. This kind of global behavior is quite
similar to what we have obtained for the heat capacity curves
(shown in Figure 3a) or the free energy profiles (Figure 4) of
HEWL and can be therefore considered as further validation of
our simulation results.

For DHEFR, the results for the B-factors are again rather
complex. Actually, for the highest pressure the fluctuations are
huge. The researchers who measured the experimental
structures for this protein reported”* that at slightly higher
pressures the X-ray reflections disappear, probably indicating
the pressure denaturation of the protein, and that at 8 kbar the
resolution is less than that at the other pressures. At
intermediate pressures, there is not a clear trend in the B-
factor ratios, as it also happens for <RMSF> in this protein,
with values usually less than 1 but in some positions also larger
than 1. The lack of ligands in our coarse-grained representation
prevents a better comparison with the experimental fluctua-
tions for this protein.

The approximate kinetic results we have obtained from the
model at room temperature also show a clear pressure
dependence, as shown in Figures S and 6. Of course, more
detailed structural analyses can be performed on these (as well
as the thermodynamic) data. However, we want to recall that
our model lacks some important features of the real proteins
considered, namely the sulfur bridges in the case of HEWL and
the ligands in the case of DHFR. Since these groups create
specific interactions that surely affect the folding/unfolding
process, in this manuscript, we have limited our comparison
between simulation results and experimental evidence to very
global characteristics, as mentioned in Section IV. Even with
these restrictions, which could be partially avoided using more
complex models (an aim for future work), this comparison
quite supports the validity of our goals.

This way, we have proved that the minute differences shown
by the experimental native conformations when pressure is
increased are indeed reflected in reasonable pressure-depend-
ent thermodynamic and kinetic behaviors for the correspond-
ing folding processes. If the number of structures determined
at high pressures continues to increase, as it has started to be
the case in recent years, the approach described in this work
can be a useful tool in the analysis of these pressure effects, and
we hope it can be extended to different implementations of
structure-based models and sampling techniques.
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