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ABSTRACT: Hydrostatic pressure together with the temperature is an important environmental variable
that plays an essential role in biological adaptation of extremophilic organisms. In particular, the effects
of hydrostatic pressure on the rates of the protein folding/unfolding reaction are determined by the mag-
nitude and sign of the activation volume changes. Here we provide computational description of the
activation volume changes for folding/unfolding reaction, and compare them with the experimental data
for six different globular proteins. We find that the volume of the transition state ensemble is always in-
between the folded and unfolded states. Based on this, we conclude that hydrostatic pressure will invari-
ably slow down protein folding and accelerate protein unfolding.

Life on Earth exists under a wide range of environmen-
tal conditions including high salinity, high and low pH,
high and low temperatures and a range of hydrostatic
pressures !. Importantly, the total biomass distribution
is highly skewed towards environments with high hy-
drostatic pressure. According to recent estimates, over
90% of biomass on Earth is associated with the high
pressure environments 2. Thus, understanding the ef-
fects of pressure on structure, function and dynamics
of biomacromolecules is of a particular interest '.
However, since the realization that vast majority of life
on Earth exists under high pressure conditions it has
become evident that there is a significant lag in exper-
imental and computational studies of the effects of
pressure on the biophysics of biomacromolecules. In
particular studies of the effects of pressure on energy
landscape of proteins have been limited.

The effects of perturbations such as increase in
temperature or high denaturant concentrations on the
rates of protein folding/unfolding reaction are analyzed
within the framework of the transition state theory. In
the case when perturbation is high hydrostatic pressure,
the pressure derivative of the rate constant, £, reflects
the difference between the volume of the ground state
(folded, VF, or unfolded, Vu, state ensembles) and the
volume of the transition state ensemble, Vrsg:
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Knowledge of the value of Vrsg relative to the values
Vr and Vy provides additional information on the
structural ensemble of the TS. The activation volume
of folding, AV¥, and unfolding, AV, is equally im-
portant to understand how the rates of protein folding
and unfolding will be affected by high hydrostatic pres-
sures. If for example, the volume of transition state
ensembles is greater than the folded state volume, the
rate of protein unfolding will decrease at higher pres-
sures, in effect imparting kinetic pressure stability onto
the protein . However, if the volume of the transition
state is less than the native state volume, the rate of un-
folding will increase at high pressure.
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Experimental data on the activation volumes
of folding/unfolding of six proteins have been reported
to date. Tendamistat (Protein Data Bank structure
PDB:10KO0) is a small globular protein of 74 amino
acid residues. Equilibrium and kinetic studies of this
protein have shown that its folding/unfolding reaction
is closely approximated by a two-state transition. The
equilibrium unfolding studies of tendamistat per-
formed at 35°C as a function of pressures up to 100
MPa showed that the protein is destabilized by increase
in hydrostatic pressure °. This decrease in stability was



well described by a negative equilibrium volume
change of unfolding, AVg,,,=-41.6+2.7 cm®/mol. Anal-
ysis of kinetics of GdmCl-induced folding/unfolding
reactions at different pressures was done using Chev-
ron plots. It was found that the activation volume of
folding is AV# = 25.0+1.2 cm?/mol while activation
volume of unfolding is AVjj= -16.4+1.4 cm*/mol °.
There was an excellent agreement for the overall vol-
ume of unfolding as determined from equilibrium (-
41.6+2.7 ¢cm*/mol) and kinetic (-41.4+2.0 cm?/mol)
analysis.

Thermodynamic stability and kinetics of fold-
ing of ubiquitin has been extensively characterized and
shown to closely resemble a two-state folding mecha-
nism. Ubiquitin is a small globular protein of 76 amino
acid residues (PDB:1UBQ). Heberhold & Winter ©,
used FTIR spectroscopy to characterize the effects of
hydrostatic pressure on the stability of this protein. Ex-
perimental measurements were done on broad range of
temperatures (from -10°C to 100°C) and pressures (up
to 900 MPa). The equilibrium volume change obtained
from pressure-induced unfolding was found to be neg-
ative at AVg,p= -50+20 cm®/mol. The pressure jump
experiments performed at 21°C were used to obtain the
activation volumes of unfolding, reported at AV{i=-38
cm’/mol. Considering that both equilibrium and ki-
netic unfolding are two-state, the activation volume for
folding of 12 cm*mol was calculated as AVF=AV}}-
AVgxp.

The small oncogenic product P13 protein, con-
sist of 117 amino acid residues (PDB:1QTU), and
shows unfolding transition that can be closely approx-
imated by a two-state model ’. Changes in the intrinsic
fluorescence intensities as a function of pressure at
21°C were analyzed to obtain the total volume change
of unfolding AVg,,= -105£15 cm®/mol. The pressure
jump unfolding experiments were closely approxi-
mated by a single-exponential fit which allowed to
compute the activation volume of unfolding
AV#=79+35 cm’/mol 7. Considering that both equilib-
rium and kinetic unfolding are two-state, the activation
volume for folding of -26 ¢m?/mol was calculated as
AVE=AV[-AViyy.

Azurin from Pseudomonas aeruginosa, a sin-
gle chain polypeptide of 128 amino acid residues
(PDB:5AZU), was studied by Cioni et al . The kinet-
ics of folding was monitored by changes in fluores-
cence intensity during pressure jumps at 50°C. Some-
what different values for AV*y and AV*s were obtained
from the experiments performed in the upward p-jump
(AVi= -17.1£1.2 cm’/mol and AVg= 39.5+1.2
cm’/mol) and the downward p-jump (AV= -11.7+2.9

cm’/mol and AVj= 48.6+2.4 cm’/mol). However,
overall these values are consistent with the results of
independent experiments to obtain the equilibrium vol-
ume changes of unfolding AVgy,, (50°C)=-54.5+0.5
cm’/mol %,

The 23-kDa protein from the spinach photo-
system II (PII123kDa) is a monomer of 175 amino acid
residues (PDB:4RTI), and pressure induced fluores-
cence measurements suggest that both pressure-in-
duced equilibrium unfolding and kinetics of fold-
ing/unfolding reactions are well approximated by a
two-state model °. The equilibrium volume changes of
unfolding is reported to be AVg,,(20°C)=-157.6
cm’/mol. The corresponding activation volume of un-
folding AV= -66.2 cm’/mol and folding AV#= 84.1
cm’/mol are consistent with the equilibrium measure-
ments °.

Trp-repressor is a dimer of 105 amino acid res-
idues per monomer (PDB:3WRP). The effects of high
hydrostatic pressure on the folding/unfolding reaction
of this protein have been monitored by fluorescence
spectroscopy and infra-red absorption techniques '°. It
was found that unfolding of Trp-repressor follows a bi-
omolecular two-state unfolding, whereby the dimer
dissociation leads to unfolding of monomers. The
equilibrium volume of unfolding is reported to be
AVgyp(21°C)=-162 cm’/mol per monomer. The acti-
vation volumes, measured with pressure jump experi-
ments are AVj= -65+6 cm’/mol and folding AV/=
114+8 cm?/mol ',

These experiments provide a comprehensive
dataset to benchmark our computational work. The
goal of this work is to use computer simulations to
characterize the volumetric properties of the transition
state ensemble for protein folding. It relies on two
computational methods.

The first is a coarse-grained simulation of pro-
tein folding/unfolding reactions. Energy landscape
theory of proteins, and in particular the principle of
minimal frustration, allows the development of an ef-
fective computational approach to map energy land-
scapes of individual proteins '"'*. To this end struc-
ture-based models (SBM) of protein folding have been
widely explored to rationalize the experimental ¢-
value analysis of protein transition states, effects of
charged residues on the folding energy landscape, and
dynamics within folded state ensemble 524,

The second is the recently developed semi-em-
pirical computational framework to calculate volumet-
ric properties of proteins in solution, the so-called Pro-
teinVolume (PV) approach. This method has been
benchmarked against experimental data and shown to



reproduce well the total volume changes upon protein
unfolding 252, It uses structural information obtained
from all-atom explicit solvent molecular dynamics
simulations starting with x-ray coordinates in order to

compute the volume changes upon protein unfolding
26-28

Here we combine the SBM and PV to map vol-
umetric properties of transition states upon protein un-
folding. The results of these calculations are compared
to the experimental data available for the six aforemen-
tioned proteins that unfold according to a two-state
model. To further validate the PV algorithm for the six
proteins used in SBM, we compared the results of the
calculations, AVry,;, with the experimentally meas-
ured equilibrium volume changes upon unfolding of
these proteins, AVg,,, (Figure 1¥). It is evident, that
there is a very good correspondence between
AVror and AVgy,, thus providing rationale for applying
the PV algorithm to the analysis of volumetric proper-
ties of structural ensembles from SBM.

Molecular dynamic simulations using all-atom
structure-based model AA-SBM were performed in
Gromacs ? (details are given in the supplementary
data, ESIf). To accelerate equilibration, Replica Ex-
changed Molecular Dynamics (REMD) at 20 different
temperatures was employed. Temperatures were
spaced by 0.5 K and trajectories were combined in the
Weighted Histogram Analysis Method (WHAM) to
calculate relevant thermodynamic parameters includ-
ing the free energy and the constant volume heat ca-
pacity profiles from the simulations 3°. The fraction of
native contacts, Q, was used as a reaction coordinate.

Figure 2 shows the results of analysis of SBM
simulations of six different proteins in terms of free en-
ergy profiles as a function of Q, computed at the corre-
sponding transition temperatures. In all cases, the tran-
sitions closely resemble a two-state with a single max-
imum corresponding to the TSE. For larger proteins
the transition state appears to be more diffused (i.e.
spanning wider range of Q-values) than for smaller
proteins. Also notable is that the position of the TSE
is different for different proteins, in agreement with
previous observations for other proteins %22, The
heat map of native contacts formed in the TSE is also
shown in Figure 2. Again, depending on the protein,
there is a unique set of contacts that remains populated
in the TSE.

Most importantly, the free energy profiles as a
function of Q, allows us to perform volumetric analysis
of all states, i.e. unfolded, folded and TS. To this end,
a set of 200 structures corresponding to each of these
states was extracted from the trajectories and volumes

of each structure was calculated using the PV algo-
rithm. The ensemble-averaged volumes for each pro-
tein are compared on the top right plot of each panel in
Figure 2. The same panel shows the experimental data,
plotted with the unfolded state set as a reference. The
relative (to the folded and unfolded state volumes) po-
sitions of the volume of TSE in experiments and in cal-
culations (based on SBM) are in a good agreement. To
further facilitate the comparison, we introduce a pa-
rameter Pv defined as the ratio of the activation volume
to the total volume of unfolding *':
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The By p parameter is similar to B, Tanford beta-pa-
rameter used in the analysis of the position of the tran-
sition state relative to the native and unfolded states in
denaturant-induced kinetic experiments 32, and ex-
pressed as the ratio of the activation to equilibrium
Gibbs energy, AG:
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The By pvalues larger than 1 will indicate that the vol-
ume of the transition state is larger than the volume of
the folded state. In this case increase in hydrostatic
pressure will slow down the rates of unfolding, thus
making a protein kinetically more stable at higher pres-
sures. The By ¢ values less than 1 will indicate that the
volume of the transition state is in-between the vol-
umes of the folded and unfolded states. Furthermore,
the values of By  that are smaller than 0.5 will suggest
that the volume of the transition state is closer to the
unfolded state, while values larger than 0.5 will indi-
cate that the TSE is volumetrically closer to the native
state.

Comparison of experimental and computed
Py r parameters is shown in Figure 3. In all cases, By ¢
is less than 1, suggesting the volume of TSE for all six
studied proteins is larger than the volume of unfolded
state but smaller than the volume of the native state. It
is also evident that for two proteins, ubiquitin (1UBQ)
and photosystem II 23kDa protein (4PTI) the transition
state is closer to the unfolded state. The remaining four
proteins, judging by their Sy ¢ values, have their TSE
closer to the native state.

CONCLUSIONS

It is rather remarkable, that the computed and
experimentally derived Bv values are rather similar.
Based on this, one can argue, that the method presented
here can be valuable for gaining additional insight into



transition state ensembles, through the lenses of the
volumetric properties of TSE. However, it also implies
that because the volume of TSE is always in-between
the volumes of folded and unfolded states, hydrostatic
pressure will always impair protein kinetics stability by
increasing the rates of unfolding. Thus proteins from
piezophilic organisms that live under high hydrostatic
pressure will need to employ adaptation mechanisms
that counteract it. These mechanisms remain to be dis-
covered.
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Comparison of the results of calculations, AVt (red), with the experimentally measured total volume
changes upon unfolding of six proteins studied here, AVgy, (black).
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Comparison of the results of calculations from SBM and experiments on the activation volume of fold-
ing/unfolding reaction for six proteins studied here. A. Ubiquitin (1UBQ); B. Tendamistat (10K0); C.
P13-oncogene (1QTU); D. Trp-repressor (3WRP); E. Azurin (SAZU); F. Photosystemll 23 kDa pro-
tein (4RTI). Each of the six panels shows (clock counter-wise starting in the upper left corner): the
cartoon of the corresponding protein structure, the contact plot based on the x-ray structure, color-
coded by fraction of contacts formed for the TSE, weighted probability of the potential energy as a
function of Q (fraction of native contacts), and comparison of relative volumes of unfolded, TS and
folded ensembles from the experiments (black) with computed, for each ensemble, values (red).
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Supplementary Methods

All-atom structure based potentials were generated using SMOG (version 2.0.3) web server http://smog-
server.org ! with default parameter sets 2. The following PDB entries were used: 1UBQ - ubiquitin; 10KO - ten-
damistat; 1QTU - P13-oncogene; 3WRP - Trp-repressor; SAZU - azurin; 4RTI - Photosystemll 23 kDa protein.
The contacts were identified from PDB coordinates through use of the Shadow Contact Map algorithm * with a
cutoff distance of 6 A, shadowing radius of 1 A and residue sequence separations of 3. Atom pairs that are not
identified as contacts are assigned an excluded volume interaction. The bond lengths and angles, improper and
planar dihedral angles of the protein are maintained by harmonic potentials. The potentials are assigned such that
the native configuration of each bond and angle is considered the minimum. The final form of the potential energy
function for AA-SBM model is:

V=D e G-n?+ ) @0+ D fU-X)+ ) emFo(d)

bonds angles improper backbone
/planar
12 6
.. Oij Oij
+ &sc Fp(¢) + gc@,))al—=] —-bl—
. . Tij Tij
side—chai contact

12
+ Z enc (@ )) <?>

L
non—contact J

Fp(¢) = [1 = cos(¢ — $o)] + [1 = cos(3(¢ — ¢,))]/2

With all parameters having the default values as reported in 2.

Gromacs 4.6.7 was used as the computation engine to run the simulations *. To enhance sampling effi-
ciency and accelerate equilibration, the replica exchange molecular dynamics (REMD) method ° as implemented
in Gromacs * was used. We used 20-24 replicas spaced by 0.5 K that were centered around the transition temper-
ature for a given protein. Exchange was attempted every 5000 time steps, and coordinates were saved every 1000
integration steps. REMD was combined with Langevin dynamics (time step T = 0.0005 ps) for 5-10® time steps per
replica. The fraction of number of native contacts (defined as any native pair within 1.5 times the native distance)
formed as a function of time, Q, was used as a global reaction coordinate. Potential energy as a function of Q from
all replicas was analyzed by Weighted Histogram Analysis Method (WHAM) to calculate the free energy profiles
and the constant volume heat capacity °.

A set of 200 random structures for each state (unfolded, folded and TS) identified from the analysis of the
free energy profiles were extracted and energy minimized to adjust bond length and add hydrogens. Energy mini-
mization was performed with Gromacs 4.6.7 for 1,000 steps using the Steepest Descent minimization algorithm
with GBSA implicit solvent model and dielectric of 80. The volume for each structure, Vsg, was calculated using
PV algorithm with starting volume probe radius of 0.08 A, surface probe minimum distance of 0.1 A. The volume
of hydration was calculated from the polar and non-polar molecular surface areas as ’:

Viya = (knp - MSAyp) + (kp - MSAp)

with knp=0.38 A and kp=0.03 A. The final volume Vo is the sum Vsg and Viya .
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