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Abstract

High pressures can be detrimental for protein stability, resulting in unfolding and

loss of function. This phenomena occurs because the unfolding transition is accompa-

nied by a decrease in volume, which is typically attributed to the elimination of cavities

that are present within the native state as a result of packing defects. We present a

novel computational approach that enables the study of pressure unfolding in atomisti-

cally detailed protein models in implicit solvent. We include the effect of pressure using

a transfer free energy term that allows us to decouple the effect of protein residues and

bound water molecules on the volume change upon unfolding. We discuss molecular

dynamics simulations results using this protocol for two model proteins, Trp-cage and

staphylococcal nuclease (SNase). We find that the volume reduction of bound water

is the key energetic term that drives protein denaturation under the effect of pressure,

for both Trp-cage and SNase. However, we note differences in unfolding mechanisms

between the smaller Trp-cage and the larger SNase protein. Indeed, the unfolding of

SNase, but not Trp-cage, is seen to be further accompanied by a reduction in the vol-

ume of internal cavities. Our results indicate that for small peptides, like Trp-cage,

pressure denaturation is driven by the increase in solvent accessibility upon unfold-

ing, and the subsequent increase in the number of bound water molecules. For larger

proteins, like SNase, the cavities within the native fold act as weak spots, determin-

ing the overall resistance to pressure denaturation. Our simulations display a striking

agreement with the pressure-unfolding profile experimentally obtained for SNase, and

represent a promising approach for a computationally efficient and accurate exploration

of pressure-induced denaturation of proteins.

Introduction

Proteins are marginally stable molecules, whose structure can easily be disrupted, resulting

in loss of their biological function. For instance, both high and low temperatures or extreme

pH values may be detrimental for protein stability. The presence of surfaces, chemical
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denaturants or mechanical stress may further induce conformational changes with adverse

effects on biological function.1–4

High pressures can also perturb the protein structure, 5 although this denaturation route

is less investigated and the molecular mechanisms underlying pressure-induced unfolding

of proteins remain controversial.6 The following considerations hold for pressure-induced

unfolding: if high pressure promotes the unfolding transition, this must mean that the

volume of the system is reduced upon unfolding. The volume of a protein comprises the van

der Waals volume of the protein atoms, void volumes due to packing defects of the native

fold,7 and the volume of the interacting water molecules. The van der Waals volume does

not vary with the conformational state of the protein, and cannot therefore come into play

in the volume reduction upon unfolding. The difference in void volumes between unfolded

and native state is negative, although not all the voids in the native state contribute to the

total volume change upon unfolding,8 as some voids may still be present in the unfolded

state ensemble. This void volume contribution certainly plays a major role in pressure

denaturation, as changes in the amount of void volume within a protein were found to

significantly modify the volume difference upon unfolding. 9,10

In addition, the solvent accessible surface area (SASA) of proteins increases upon un-

folding, and a larger number of water molecules will hence interact with the protein. If this

interaction results in a change in density of the solvent molecules, this will also contribute

to the effect of pressure on conformational stability. Water molecules may also penetrate

the hydrophobic core, leading to the dissociation of hydrophobic contacts. 11–13 Furthermore,

an additive approach developed by Chalikian et al., 14 in which the pressure-dependent dif-

ferences in the apparent volume occupied by amino acids inside the protein core and when

surface-exposed, has led to the hypothesis that solvation of the backbone atoms is a major

driving force in pressure-induced denaturation.

In this paper, we build on the experimental results of Chalikian et al. 14 and implement

an additive approach into an implicit solvent model in order to study pressure denaturation.
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Implicit solvation models have the advantage of allowing faster equilibration times compared

to their explicit counterpart. Indeed, the absence of the degrees of freedom corresponding to

the solvent reduces the overall computational cost, and eliminates viscous friction effects, so

that conformational transitions are accelerated. 15 We recently developed an implicit model

that could account for temperature effects (including cold denaturation), 16 showing that

many aspects of protein folding can still be captured without explicit solvent. To our knowl-

edge, the only existing implicit solvent model that accounts for pressure effects is one that

include a pressure-dependent perturbation term (the latter inspired by the works of Hillson

et al.17 and Hummer et al.12) coupled with the AWSEM coarse-grained model.18,19

Here we propose a novel method for the simulation of pressure effects in implicit solvent.

This method is based on the use of free energies of transfer, and is compatible with an all-atom

representation of the protein. The methodology is described in detail in the section "Theoret-

ical Background", and allows us to separately describe the two main contributions involved

in pressure unfolding, i.e., the volume change of the protein, and the volume change of bound

water molecules. We test our approach on the α-helical Trp-cage (NLYIQWLKDGGPSS-

GRPPPS), and the globular protein staphylococcal nuclease (SNase). Trp-cage is a small

peptide (20 residues) with known secondary structure and well-characterized free energy

landscape,20 that we used for our previous investigation in implicit solvent. 16 The pressure-

induced unfolding of Trp-cage was also the subject of previous computational investigation

in explicit solvent.21,22 SNase was also included in our analysis because it is a well-known

protein, whose folding behavior has been the subject of extensive experimental 23–28 and

computational29–33 investigation, including the study of pressure-induced unfolding. 10,34–41

Our pressure-dependent potential shows an additive construction, making it possible

to assess the energetic contributions involved in pressure unfolding and in this way gain

new physical insights into the mechanisms underlying pressure denaturation. Exploiting

this additivity, we find that the volume reduction of bound water seems to drive pressure-

induced unfolding of both Trp-cage and SNase. For larger proteins, such as SNase, void
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volumes present within the native structure disappear in the pressure-denatured state, as

previously observed6,10 acting as weak spots that facilitate the unfolding transition. For

small peptides, like Trp-cage, the increase in solvent accessibility upon unfolding is key to

explain the effect of pressure.

Materials and Methods

Theoretical Background

The free energy of a peptide dissolved in water can be modelled as,

Gtot = Evac +Gel +Gnp (1)

Evac is the peptide energy in vacuum, sum of internal bonded contributions (bonds, angles,

dihedrals) and non-bonded van der Waals interactions. Gel and Gnp correspond to the polar

and non-polar energies of hydration, respectively.

Eq. 1 is valid at ambient pressure P0 = 1 bar, and cannot be used to deal with the

effects of pressure on protein behavior. Our aim is to add a further contribution Gtr(P ) that

depends on pressure P and that accounts for the pressure-induced denaturation of proteins.

For this purpose, it is important to recall that the difference between the free energies of

unfolding ∆G at two different pressures P0 and P can be expressed as,

∆G(P )−∆G(P0) =

∫ P

P0

∆V (P )dP (2)

where ∆V (P ) is the volume change upon unfolding, and is a function of pressure.

The volume change upon unfolding can be written as a Taylor expansion,

∆V (P ) = ∆V (P0)−∆K(P0)∆P − 1

2

(
∂∆K(P0)

∂P

)
T

∆P 2 +O(∆P 3) (3)
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Here, ∆K = −(∂∆V/∂P )T is the change in compressibility upon unfolding and ∆P =

P − P0.

Upon substitution of Eq. 3 into Eq. 2, the change in free energy of unfolding between P

and P0 can be rewritten as,

∆G(P )−∆G(P0) = ∆V (P0)∆P − 1

2
∆K(P0)∆P 2 − 1

6

(
∂∆K(P0)

∂P

)
T

∆P 3 +O(∆P )4 (4)

Volume Change of the Protein

The volume change upon unfolding is linked to the elimination of a consistent fraction

of the void volumes of the native state (i.e., those spaces inside the protein that are not

occupied by atoms and that are not accessible to the solvent molecules), and to changes in the

volume of hydration of the protein.8 Chalikian and Macgregor14 proposed an explanation of

the molecular mechanisms underlying pressure-induced denaturation based on the pressure-

dependent differences in the apparent volume occupied by amino acids when moved from

the protein interior to the solvent. The authors made use of the average Voronoi volumes

(Vp,b) measured by Gerstein et al.42–46 for the 20 naturally occurring amino acids, when

deeply buried within the native protein core. Such Voronoi volumes include both the van

der Waals volumes of each residue and the void around them. The presence of packing

defects within the native fold of a protein is, therefore, implicitly taken into account in these

Voronoi volumes, that are listed for the different side chains and for the backbone in the

second column of Table S1.

Chalikian and Macgregor14 also proposed values of apparent compressibility for the

buried amino acid residues Kp,b = −(∂Vp,b/∂P )T = Vp,bβp,b, as well as for its derivative

(∂Kp,b/∂P )T = Vp,b[(∂βp,b/∂P )T − β2
p,b]. These values were derived from experimental es-

timates of the average coefficient of isothermal compressibility of the interior of a native

protein βp,b = 25 × 10−6 bar−1 and of its pressure derivative (∂βp,b/∂P )T = −6.25 × 10−9

6



bar−2.47–49 Values of Kp,b and (∂Kp,b/∂P )T are listed in the third and fourth column of Table

S1, respectively.

The volumetric properties of solvent exposed side chains (volume Vp,s and apparent com-

pressibility Kp,s) were obtained from the partial molar volume and adiabatic compressibility

data on N-acetyl amino acid amides.14,50 The incremental change in the partial molar vol-

ume and adiabatic compressibility for oligoglycines with three and more peptide groups was

instead used to determine the volumetric properties of the solvent-exposed backbone. 51 The

pressure derivative (∂Kp,s/∂P )T = 8.3 × 10−7 cm3 mol−1 bar−2 for the backbone is also

experimentally available,52 and was measured for Ala(Gly)n oligopeptides. Values of Vp,s,

Kp,s and (∂Kp,s/∂P )T (when available) are listed in the fifth, sixth and seventh column of

Table S1, respectively.

These volumetric data can be used to compute the change in free energy ∆gsc or bb
p (P )

upon exposure to the solvent of the backbone (superscript bb) or the amino acids side chains

(superscript sc),

∆gsc or bb
p (P ) = ∆V sc or bb

p (P0)∆P − 1

2
∆Ksc or bb

p (P0)∆P 2 − 1

6

(
∂∆Ksc or bb

p (P0)

∂P

)
T

∆P 3 (5)

where ∆V sc or bb
p = V sc or bb

p,s − V sc or bb
p,b and ∆Ksc or bb

p = Ksc or bb
p,s −Ksc or bb

p,b .

Considering that the unfolding process involves exposure of residues from the native

interior to the solvent, and assuming additivity, the following expression may hence be used

to describe the change in free energy Gtr
p (P ), due to volumetric changes of the protein with

pressure, in implicit solvent simulations,

Gtr
p (P ) =

n∑
k=1

∆gsc,kp (P )αsc,k + ∆gbbp (P )
n∑
k=1

αbb,k (6)

Here the summations runs over the total number n of amino acids in the protein, and

αsc,k or bb,k is a fractional solvent accessibility, defined as the ratio between the solvent acces-
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sible surface area (SASA) of each side chain or backbone, and the corresponding SASA in

the tripeptide Gly − k −Gly,

αsc,k or bb,k =
SASAsc,k or bb,k

SASAsc,k or bb,k
Gly−k−Gly

(7)

The values of ∆gsc,k or bb
p (P ) as function of pressure P are shown in Figure 1.
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Figure 1: Values of ∆gsc,k or bb
p (P ) as function of pressure P for the different side chains, and

for the backbone.

It is important to note that the volumetric data of solvent-exposed side chains obtained

from Chalikian and Macgregor14 refer to uncharged forms of Asp, Glu, Lys and Arg. At

neutral pH, these residues are charged, and electrostriction may probably reduce their vol-

ume, making the data for the uncharged form not completely reliable. For this reason, the

side chains of Asp, Glu, Lys and Arg will not be considered in the first summation of Eq. 6,

and the corresponding ∆gsc,kp (P ) values are not shown in Figure 1.
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Volume Change of the Solvent

The term Gtr
p (P ) includes only the contribution due to volume changes of the protein at a

pressure P 6= P0. However, the surrounding water molecules may also experience a volumet-

ric change. For instance, Gerstein and Chothia53 found that water molecules near the protein

surface have a mean volume Vw,s = 24.5 Å3, approximately 18% smaller than the volume of a

molecule in bulk water (Vw,b = 29.7 Å3). This means that if a protein unfolds and its SASA

increases, then a larger number of water molecules will be close to the protein surface, and

the overall volume of the system will experience a reduction. The volume reduction of the

water molecules due to increased SASA of the protein and to pressure will have two effects:

(1) a contribution Gtr
w,vp that promotes unfolding at higher pressures, because a system with

reduced volume is energetically favored according to Eq. 4; (2) a contribution Gtr
w,ev that

favors the native fold, due to the stabilizing excluded volume effect of a denser solvent, as

predicted by scaled particle theory.54–58 These two opposing contributions should therefore

be taken into account when computing the overall change Gtr
w (P ) in the free energy of the

system due to water,

Gtr
w (P ) = Gtr

w,vp(P ) +Gtr
w,ev(P ) (8)

The Gtr
w,ev contribution is due to excluded-volume effects and can be computed as detailed

in the Supporting Information file,

Gtr
w,ev(P ) = RT

[
rwSASA

Vw,s(P )
− rwSASA

Vw,s(P0)

]
(9)

where rw is the water molecules radius (1.4 Å), R is the universal gas constant, T is temper-

ature and SASA is the total solvent accessible surface area of the protein.

The volume Vw,s(P0) can be obtained from Gerstein and Chothia53 (Vw,s(P0) = 24.5 Å3),

while the value at pressure P can be calculated as,
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Vw,s(P ) = Vw,s(P0)− Vw,s(P0)βw,s∆P (10)

where βw,s is the coefficient of isothermal compressibility of water in the first hydration shell

of the protein. Persson and Halle59 used molecular dynamics simulations to measure the

coefficient of isothermal compressibility of water in the bulk (βw,b = 0.504 ± 0.011 GPa−1),

and in the first hydration shell of a protein (βw,s = 0.348 ± 0.007 GPa−1). They found a

difference between the two values, that will affect the volumetric behavior of water with

pressure.

For a protein having n residues, and making use of the same additive construct employed

in Eq. 6, Eq. 9 can eventually be rewritten as,

Gtr
w,ev(P ) = RTrw

(
1

Vw,s(P )
− 1

Vw,s(P0)

)( n∑
k=1

SASAsc,kGly−k−Glyα
sc,k +

n∑
k=1

SASAbb,kGly−k−Glyα
bb,k

)
(11)

The other contribution, ∆Gtr
w,vp, is due to the reduction in the volume of water upon

binding to the protein, and can be described by the following expression, similar to Eq. 6,

Gtr
w,vp(P ) =

n∑
k=1

∆gsc,kw,vp(P )αsc,k +
n∑
k=1

∆gbb,kw,vp(P )αbb,k (12)

where,

∆gsc,k or bb,k
w,vp (P ) = ∆V sc,k or bb,k

w (P0)∆P − 1

2
∆Ksc,k or bb,k

w (P0)∆P 2 (13)

∆V sc,k or bb,k
w and ∆Ksc,k or bb,k

w are computed as,

∆V sc,k or bb,k
w =

2rwSASA
sc,k or bb,k
Gly−k−Gly

Vw,s
(Vw,s − Vw,b) (14)
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∆Ksc,k or bb,k
w =

2rwSASA
sc,k or bb,k
Gly−k−Gly

Vw,s
(Vw,sβw,s − Vw,bβw,b) (15)

where the fraction (2rwSASA
sc,k or bb,k
Gly−k−Gly)/Vw,s is used to count the number of water molecules

in contact with residue k.

In summary, the solvent contribution may be expressed as,

Gtr
w (P ) =

n∑
k=1

∆gsc,kw (P )αsc,k + ∆gbbw (P )
n∑
k=1

αbb,k (16)

where,

∆gsc,k or bb
w (P ) = RTrw

(
1

Vw,s(P )
− 1

Vw,s(P0)

)
SASAsc,k or bb

Gly−k−Gly + ∆gsc,k or bb
w,vp (P ) (17)

We note here that we are using in our modelling a residue-averaged decrease in the volume

of water when moving from the bulk to the protein surface. We will show that this residue-

averaged estimation of volume decrease upon binding to the protein seems to be sufficient

in our simulations to reproduce the conformational changes induced by pressure, but fu-

ture work could deepen this aspect even more, trying to introduce residue-specific values of

differential solvent density.

In Eq. 17, a single value of SASAbbGly−k−Gly =
∑20

k=1 SASA
bb,k
Gly−k−Gly/20 = 41.215 Å2 has

been introduced, by averaging over the 20 different amino acid types. This was done in order

to obtain a single free energy of transfer contribution for the backbone group. The evolution

of the ∆gsc,k or bb
w (P ) values with pressure is shown in Figure S1.

In the following, we will perform simulations at different temperatures and pressures.

Therefore, Eq. 1 will be modified by the addition of two terms,

Gtot = Evac +Gel +Gnp +Gtr(P ) +Gtr(T ) (18)
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The first three terms describe a protein at T0 = 298 K and P0 = 1 bar. The Gtr(T ) and

Gtr(P ) terms describe the transfer of the protein to a temperature T 6= T0 and pressure

P 6= P0, respectively. Gtr(T ) will be modelled as described in approach 2 of our previous

work,16 where the temperature-dependent term Gtr(T ) was obtained by mining a large set of

PDB files obtained by nuclear magnetic resonance at different temperatures. Two different

descriptions will instead be used for Gtr(P ),

• Case 1 - protein contribution only:

Gtr(P ) = Gtr
p (P ) (19)

In this case we will therefore neglect the contribution of the solvent, and consider only

the volume changes of the protein.

• Case 2 - protein + water contributions:

Gtr(P ) = Gtr
p (P ) +Gtr

w (P ) = Gtr
p (P ) +Gtr

w,vp(P ) +Gtr
w,ev(P ) (20)

In case 2, both the water and protein contributions will be considered. The evolution

of the ∆gsc,k or bb
p (P ) + ∆gsc,k or bb

w (P ) values with pressure is shown in Figure 2 for the

different side chains, and for the backbone.

We will imagine that the protein is first tranferred from pressure P0 to pressure P at

constant temperature T0. For this reason, the temperature T in Eq. 11 will be set to

T0. This is consistent with the volumetric data used for Gtr(P ), that were evaluated

at ambient temperature. Afterwards, the term Gtr(T ) in Eq. 18 will move the protein,

already at pressure P , from temperature T0 to temperature T . We will therefore make

the implicit assumption that the term Gtr(T ), described in our previous work,16 does

not depend on pressure.
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Figure 2: Values of ∆gsc,k or bb
p (P ) + ∆gsc,k or bb

w (P ) as function of pressure P for the different
side chains, and for the backbone.
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Simulation Details

Trp-cage (pdb 1L2Y60) at pH 7 and staphylococcal nuclease (SNase, pdb 1STN 61) at pH

5.5 were used as model systems in our simulations. The protonation state of the proteins

was adjusted using the H++ server, version 3.2 (http://biophysics.cs.vt.edu/H++ 62). We

employed the Amber ff99SB-ILDB force field,63 and ran the trajectories on the AMBER 20

simulation suite,64 combined with Plumed 2.4.7.65 The generalized Born/surface area model

of AMBER 20 was used to model the first three terms of Eq. 18. Specifically, we employed

the OBC(II) model66 to estimate the Born radii (IGB = 5). The free energy of transfer

terms Gtr(T ) and Gtr(P ) were added as external biases using Plumed, and we also took into

account the effect of temperature and pressure on the dielectric constant. The equations

proposed in Ref.67 were used for this purpose.

The systems were first energy minimized for 3000 steps using the steepest descent algo-

rithm. Trp-cage was then simulated for 500 ns at different pressures in the range 1 bar-5

kbar, and at different temperatures in the range 270 K - 360 K. The first 200 ns were then

discarded, and only the last 300 ns were used for the subsequent analyses. SNase was in-

stead simulated for 250 ns at 298 K in the pressure range 1 kbar-3.5 kbar, and only the

last 150 ns were used for analysis. Implicit solvent simulations significantly accelerate con-

formational transitions compared to their explicit counterpart, 15 and we checked that the

collected trajectories for Trp-cage and SNase were fully converged (Figure S2). In all cases,

temperature was controlled using Langevin dynamics, with a collision frequency of 1.0 ps−1.

All bonds linking to hydrogen atoms were constrained using the SHAKE algorithm. 68 The

center of mass translation and rotation were removed every 500 steps (1 ps), and no cut-off

was used for the Coulombic and Lennard-Jones interactions. A time step of 2.0 fs was used

and configurations were saved every 2 ps.
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Analysis of the Trajectories

Secondary structure content

The α-helix (α) and parallel (pβ) or antiparallel (aβ) β-sheet content was computed as the

number of residue sections having an α-helical, parallel or antiparallel β-sheet configura-

tion,69

α/pβ/aβ =
∑
µ

g[rdist({Ri}i∈Ωµ , {R0})] (21)

Here the summation runs over all possible segments involved in the α-helix or β-sheet.

{Ri}i∈Ωµ are the atomic coordinates of a set Ωµ of 6 residues of the protein, and g(rdist) is

the following switching function,

g(rdist) =
1−

(
rdist
r0

)8

1−
(
rdist
r0

)12 (22)

rdist is the distance RMSD with respect to a reference α-helical, parallel or antiparallel

β-sheet configuration {R0}, and the cutoff distance r0 was set to 0.08 nm.

Cluster analysis

The conformations assumed by the proteins during the last 300 ns (Trp-cage) or 150 ns

(SNase) of the simulation time were grouped together using the Daura algorithm. 70 A cutoff

of 0.2 nm (Trp-cage) or 0.8 nm (SNase) on the root mean square deviations of the N-Cα-C

atoms was used to cluster structures together. The most probable conformations were then

visualized using the software VMD (Visual Molecular Dynamics). 71

Hydrogen bond analysis

The number of within-peptide hydrogen bonds was also measured. A hydrogen bond was

deemed to be present when the distance between donor and acceptor was less than 0.30 nm,
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and the angle formed between the acceptor, hydrogen and donor atoms was greater than

135◦.

Cavities/clefts analysis

The presence of cavities and clefts within the most probable conformations (isolated using the

Daura algorithm70) was analyzed using the McVol algorithm72 using a 1.1 Å probe sphere,

as it was done already in previous work.10

Results and Discussion

The Volume Reduction of Bound Water is Necessary to Describe the

Pressure Unfolding of Trp-cage and SNase

Chalikian and Macgregor14 analyzed the volumetric properties of buried and exposed amino

acids, obtaining graphs similar to those shown in Figure 1. It is evident that the volume

change of amino acids is not dramatic when moving from the protein interior to the external

solvent. In addition, the ∆gsc,kp (P ) contribution is positive, or close to zero, for most side

chains. Only the backbone experiences a non negligible decrease in volume when exposed to

the solvent, leading to a negative ∆gp(P )bb (Figure 1D). Based on this observation, Chalikian

and Macgregor concluded that the solvation of backbone atoms should play a major role in

pressure-induced protein denaturation.

As a first objective, we therefore set out to investigate whether the negative ∆gp(P )bb

contribution alone could explain the pressure-induced unfolding of proteins. We ran implicit

solvent simulations of Trp-cage at 5 kbar, and in the range 270 K-360 K, considering only the

protein contribution to pressure-related effects (Eq. 19, case 1 in the Materials and Methods

section). The results of this analysis are displayed in Figure 3 (red series). Similarly, SNase

was simulated at 3.5 kbar and 298 K, considering only the protein contribution to pressure

effects, and the results are shown in Figure 4 (red series). The protein radius of gyration Rg,
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α-helix content for Trp-cage and folded fraction for SNase, end-to-end distance Ree, backbone

root mean square deviation (RMSD) compared to the crystal structure (pdb 1L2Y 60 for Trp-

cage and pdb 1STN61 for SNase), number of internal hydrogen bonds and solvent accessible

surface area have been computed. In particular, the end-to-end distance Ree was computed

between the centers of mass of the first and last residues of the proteins, while the folded

fraction of SNase was defined as the fraction of time during the equilibrated trajectory (last

150 ns) corresponding to a RMSD < 0.8 nm compared to the crystal structure. Errors

were estimated by block averaging. Briefly, the equilibrated trajectories were divided into

4 blocks, and the standard deviation computed over the average values of the properties in

each of the blocks.

When the protein contributions only were considered, no noticeable difference was ob-

served between Trp-cage behavior at 1 bar (black curve in Figure 3) or 5 kbar (red curve).

The radius of gyration (Figure 3A), end-to-end distance (Figure 3C), and solvent accessible

surface area (Figure 3F) were almost superimposed. Some degree of stabilization at 5 kbar

was even observed around 320 K, as in this case the α-helix content (Figure 3B) was higher

than at 1 bar, and the RMSD (Figure 3D) was slightly lower. These results indicate that the

protein contribution only is not enough to explain pressure-induced unfolding of Trp-cage, as

also emerges from the α-helix content vs. Rg and Ree vs. Rg distributions shown in Figure

S3A,B.

Similarly, SNase simulated at 3.5 kbar does not unfold if the protein contribution only is

considered. This is evident from the small radius of gyration (1.4573± 0.0007 nm, red series

in Figure 4A) obtained in this condition. The green curve in Figure 4A shows the evolution

of SNase radius of gyration with pressure, as experimentally measured by Paliwal et al. 34

It was experimentally noted that SNase is stable until about 1500 bar, with a small radius

of gyration of about 1.6 nm for the native basin. The pressure-unfolding transition occurs

between 1500 and 3000 bar, and above 3500 bar SNase is completely unfolded, with a much

larger radius of gyration of about 3.6 nm. When we consider only the protein contribution,
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Figure 3: Evolution of (A) radius of gyration Rg, (B) α-helix content, (C) end-to-end dis-
tance Ree, (D) backbone RMSD compared to the crystal structure, (E) number of inter-
nal hydrogen-bonds, and (F) solvent accessible surface area of Trp-cage with temperature.
Black line: 1 bar, red line: 5 kbar-protein contribution only (case 1), green line: 5 kbar-
protein+water contributions (case 2), blue line: 1 kbar-protein+water contributions (case
2). Error bars show one standard deviation as calculated from block averaging.
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Figure 4: Evolution of (A) radius of gyration Rg, (B) folded fraction, (C) end-to-end dis-
tance Ree, (D) backbone RMSD compared to the crystal structure, (E) number of internal
hydrogen-bonds, and (F) solvent accessible surface area of SNase with pressure. Black line:
protein+water contributions (case 2), red square: protein contribution only (case 1), green
curve in panel A: experimental data from Paliwal et al. 34 Error bars show one standard
deviation as calculated from block averaging.

19



the radius of gyration obtained from our simulations at 3500 bar clearly corresponds to

the native basin. Also all the other indicators (folded fraction, Ree, RMSD, number of

hydrogen bonds, SASA) in the red series of Figure 4 are those of the native SNase, and the

most sampled conformation in this condition shows a native-like secondary structure content

(Figure S4A,B).

The negative (i.e., favourable to unfolding) ∆gbbp (P ) contribution for the backbone is

therefore offset by the positive (i.e., unfavourable to unfolding) ∆gsc,kp (P ) contributions

for the side chains. This translates into absence of destabilizing effect. The water term

∆gsc,k or bb
w (P ) is, on the contrary, negative (i.e., favourable to unfolding) for all side chains

and for the backbone (Figure S1). When added to the protein contribution, the total pres-

sure term shown in Figure 2 is obtained. As can be seen, now also the side chains participate

in unfolding.

When both the protein and the solvent contributions are considered, the pressure-induced

unfolding of Trp-cage can be recovered (green and blue lines in Figure 3, obtained at 5 kbar

or 1 kbar, respectively). At 1 kbar (blue line), the unfolding is not very pronounced around

ambient temperature, and becomes remarkable only above 320 K (Figure S3C). This is

evident from the evolution of the radius of gyration (Figure 3A) and RMSD (Figure 3D),

where the blue and black curves are almost superimposed in the range 270-300 K. This result

is in line with previous computational and experimental investigations of Trp-cage, 21,73 where

high pressures were found to be needed for unfolding Trp-cage at low temperatures. However,

adding a 1 kbar pressure reduces the number of internal hydrogen bonds (Figure 3E), and

increases the solvent accessible surface area (Figure 3F) and end-to-end distance (Figure 3C)

at any temperature.

If the pressure is further increased to 5 kbar (green line in Figure 3, and Figure S3D),

complete unfolding of Trp-cage at any temperature is obtained. The protein structure in

these conditions is very expanded (high radius of gyration and solvent accessibility), and

shows negligible secondary structure content. The effect of temperature at 5 kbar is, on the
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contrary, not very pronounced.

Also for SNase, addition of the water term (case 2, Eq. 20) succeeds in recovering the

correct unfolding profile with pressure (Figures 4 and S5). The radius of gyration starts to

increase above 2000 bar (black series in Figure 4A), showing a remarkable overlap with the

experimental curve (in green). The folded fraction similarly decreases, eventually reaching

a value of zero above 2500 bar (Figure 4B). Pressure-unfolding of SNase is accompanied by

an increase in end-to-end distance (Figure 4C) and solvent accessible surface area (Figure

4F), and a disruption of the internal hydrogen bonding network (Figure 4E). The SNase

structures obtained above 2500 bar display reduced secondary structure content, and a very

expanded conformation (Figure S5).

The results herein illustrated indicate that the reduction of protein volume upon unfolding

is not enough to explain the pressure-induced unfolding of Trp-cage and SNase. The solvent

contribution needs also to be taken into account. When the protein unfolds, a larger number

of water molecules will be in contact with the protein surface, and these molecules will have

a smaller size, reducing the system volume.

Pressure Unfolding is Driven by the Increase in Solvent Accessibility

for Trp-cage, and the Elimination of Internal Cavities for SNase

We investigated the process of pressure unfolding further. We simulated Trp-cage at different

pressures in the range 1-3500 bar, at either 280 or 300 K, including both the protein and

solvent contributions (Figures 5 and S6).

We observed that the unfolding process of Trp-cage is gradual, with a noticeable effect on

most secondary and tertiary structure indicators above 2000 bar at 300 K (black line in Figure

5) or 1500 bar at 280 K (red line). We previously observed that the solvent contribution is

crucial for pressure unfolding, suggesting that the solvent accessible surface area exposed by

the protein should play a crucial role. In line with this, the solvent accessibility of Trp-cage

in Figure 5F displays a continuous and consistent increase with pressure.
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Figure 5: Evolution of (A) radius of gyration Rg, (B) α-helix content, (C) end-to-end distance
Ree, (D) RMSD compared to the crystal structure, (E) number of internal hydrogen-bonds,
and (F) solvent accessible surface area of Trp-cage with pressure. Black line: 300 K, red
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We compared in greater detail Trp-cage conformations at the onset of hot (320 K and 1

bar, as identified in our previous work in which we developed an implicit solvent model that

could account for temperature effects,16 and as can be observed looking at the black line in

Figure 3) and pressure (300 K and 2000 bar, black line in Figure 5) unfolding. We found

(Figure 6) that Trp-cage displays a considerably larger solvent accessible surface area at 300

K and 2000 bar than at 320 K and 1 bar, suggesting once again that hydration effects are

crucial for pressure denaturation.

A – 320 K, 1 bar B – 300 K, 2000 bar

67.84 %

8.67 %

Figure 6: Distribution of Trp-cage SASA as function of the radius of gyration at the onet of
hot (320 K, 1 bar) and pressure (300 K, 2000 bar) unfolding. The most probable conformation
in each condition is also shown, with the corresponding probability.

Previous work suggested that the presence of void volumes inside the protein structure

would play a major role in determining pressure unfolding, 6,9,10,74,75 while changes in the

solvent density should be less important. Specifically, a good correlation was experimentally

observed between the size of cavities within the native fold, and the sensitivity to pressure,

while the change in SASA upon unfolding seemed to play a minor role.

These previous results from the literature are not in contrast with our simulations. Figure

7 shows the evolution of SNase cavities and clefts, as identified by the McVol program. 72

It is evident that, in line with previous results, internal void volumes within the native

fold disappear during the unfolding process. It is also interesting and important to note
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that at the onset of pressure unfolding (2 kbar), the C-terminal helix of SNase detaches

from the rest of the protein, and the loop preceding this helix is partially disrupted. The

structure we obtained from our simulations is extremely similar to an intermediate observed

experimentally under pressure.10

1000 bar
446 A3

1500 bar
250 A3

2000 bar
198 A3

2500 bar
29 A3

3000 bar
33 A3

3500 bar
0 A3

Figure 7: Volume of SNase cavities and clefts, as identified by the McVol program. 72 Cavities
are shown as red beads in the cartoon representations of SNase structures.

Cavities are therefore crucial for the pressure denaturation of SNase also in our simu-

lations, as experimentally observed.10 However, this does not necessarily mean, as it was

previously inferred, that the role of hydration is marginal. This can be better explained

using the following analogy. We can imagine a vessel under the effect of internal pressure,

and equipped with some weak areas, that act as vents. If pressure increases, the weak ar-

eas will be the first to break, because of their lower resistance. In addition, the larger the

surface of these weak areas, the smaller the pressure endured by the vessel. However, the

actual mechanism underlying the explosion is the pressure build-up inside the vessel and the

possibility for this pressure to be released in a larger environment upon breakage of the weak

areas. Cavities within the native fold of a protein act as vents, i.e., they are weak spots that

determine the overall resistance to pressure denaturation. However, disruption of these cav-

ities translates into an increased SASA, and the actual mechanism behind unfolding is the

reduction in solvent volume that accompanies this process. Only when the solvent contribu-
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tion is taken into account, can the unfolding profile of SNase be recovered in our simulations,

displaying a striking agreement with the evolution of Rg experimentally measured (Figure

4A). If the protein contribution only is considered, cavities and clefts in SNase are stable even

at 3500 bar (Figure S4C). Our proposed mechanism for pressure-induced unfolding is also in

line with the previous hypothesis that water molecules may penetrate the hydrophobic core

during pressure denaturation, disrupting the hydrophobic contacts. 11–13

The case of Trp-cage is different, as the protein size and internal hydrophobic core are

too small to account for an important role of cavities and clefts. As already observed in

previous work,10 the contribution from hydration density is thereby expected to be even

more apparent in model systems such as Trp-cage, as confirmed by our results.

Conclusions

In this paper we have addressed the problem of protein unfolding induced by pressure. Two

model proteins, Trp-cage and SNase, have been selected for this investigation. We have

developed an implicit solvent approach, based on the concept of free energies of transfer, to

describe the effect of pressure. Our modelling approach considers two energetic contributions,

i.e., the volume change of the protein, and the volume change of bound water molecules.

We have performed simulations with the objective to dissect these two contributions,

and thus evaluate their relative importance in determining pressure unfolding. Interestingly,

we have found that the volume change of the protein is not enough to explain the effect of

pressure, and the water contribution has to be taken into account to recover the unfolding

transition. Our results support the hypothesis that hydration effects are crucial to describe

the pressure-induced unfolding of proteins.

For small systems, like Trp-cage, denaturation is accompanied by a consistent increase

in solvent accessibility. A larger number of water molecules can interact with the extended

conformation of the protein, reducing the overall volume of the system and as such pro-
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moting the unfolding transition. For larger proteins, like SNase, pressure denaturation is

accompanied by the concomitant elimination of cavities present within the native fold and

due to packing defects. These void volumes act as weak spots, being filled by water during

unfolding and determining the overall resistance to pressure.

The implicit solvent approach proposed in the present work allows an efficient sampling of

conformational space, and shows an excellent agreement with the pressure-unfolding profile

obtained experimentally for SNase. Our approach provides a valid alternative to explicit

solvent simulations, whose convergence at high pressure is problematic because of the slow

conformational changes observed in these conditions.

Supporting Information

Volumetric parameters, excluded volume contribution Gtr
w,ev(P ) of water to pressure-induced

unfolding, values of ∆gsc,k or bb
w (P ) as function of pressure, convergence graphs, distribution

of α-helix content and end-to-end distance as function of the radius of gyration for Trp-cage,

distribution of the α-helix and β-sheet content as function of the radius of gyration for SNase,

most sampled conformations of Trp-cage and SNase during the simulations.
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Pressure–Unfolding: Gtr(P)=protein+water contributions
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