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Abstract: Water is thought to play a crucial role in the process of cold and pressure denaturation
of proteins as it has been experimentally confirmed that an important driving force behind the
folding process is the minimisation of the protein’s hydrophobic surface. Water-protein interactions
are therefore a vital ingredient for the understanding of such phenomena. In this report, extending
previous results calculated in 2 dimensions, we use Monte Carlo simulations of a 3 dimensions
coarse-grain protein model in explicit bulk water to show that the changes of water properties at
the interface between the solvent and hydrophobic self-avoiding homopolymer effectively lead to a
stability region in the temperature-pressure plane in which the protein is folded. We find that the
model is able to reproduce and rationalize the protein folding and the protein pressure denaturation

at high and low pressures.

I. INTRODUCTION

Proteins perform most of the body’s functions at the
cellular level [1]. They have a long string-like structure
made up of amino acid residues and are able to carry out
their biological function when they are in the so-called
native state, i.e. when they are properly folded and fully
operational [2]. This is also known as the tertiary struc-
ture of the protein, corresponding to a three-dimensional
structure, in contrast to the protein’s primary structure
which simply refers to the sequence of monomeric sub-
units (amino acid residues) forming the protein.

The process in which a protein unfolds, losing its func-
tionality, is called denaturation. It is a well known fact
that in general, a protein can be found in its native state
for a given range of temperatures and pressures, beyond
which the protein naturally unfolds [3]. At first glance,
given the Gibbs free energy G = H - TS of a system,
high temperature denaturation can be easily understood
as due to an increase in entropy (and therefore minimi-
sation of the free energy), whereas cold and pressure de-
naturation turn out to be a little more tricky to explain.

This is where the water solvent comes into play. In
biological environments proteins are surrounded by wa-
ter, whose molecules have the characteristic property of
being polar. A water molecule is composed of two hydro-
gen atoms covalently bonded to a single oxygen atom.
Once the water molecule is formed, the eight electrons
initially corresponding to the oxygen atom tend to stay
away from the two electrons forming the covalent bonds
due to electrostatic repulsion, thus leading to the forma-
tion of the electronegative part of the water molecule;
whilst for each of the two hydrogen atoms an electropos-
itive part is formed on the opposite side of the covalent
bond (see Fig. 1). This gives rise to the “V” shape of wa-
ter molecules, enabling the formation of hydrogen bonds
and introducing interactions amongst themselves.

The presence of an inert hydrophobic body submerged
within a given volume of water affects the hydration wa-
ter (water at the water-protein interface) properties [4],
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FIG. 1: Hydrogen bonding in water forming a tetrahedral
structure.

inducing an effective interaction between the protein so-
lute and water solvent.

II. A COARSE-GRAIN MODEL OF PROTEIN
FOLDING IN EXPLICIT BULK WATER

The first step in building our many-body water model
consists in partitioning the total volume V into a con-
stant number of cells, N, with volume v = V/N > vq, vg
being the van der Waals water excluded volume. We rep-
resent our protein as a polymer made of monomers (pro-
tein residues) that fits the cell volume v. At high tem-
perature T' the protein will occupy a random sequence
of nearest neighbour cells. Next we solvate the protein
adding water molecules to all the remaining cells in V.
In the next section we give details about the water-water
interactions and the water-protein interactions.
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A. Water-water interaction away from the protein

To simplify the model we replace the coordinates of
each water molecule with a discretized density field for
each cell i, n; = 0,1 depending if the cell is gas-like
(vo/v < 0.5) or liquid-like (vo/v > 0.5). Furthermore,
we consider the system homogeneous, hence n; = n; for
any cells 7 and j not occupied by a protein residue. We
consider our system in the ensemble at constant number
of water molecules N,,, constant pressure P and constant
temperature 7. Therefore v is free to change assuming
continuous values (compressible cells) allowing the con-
tinuous change of the water-water distance.

Next, we define the Hamiltonian for those water
molecules away from the protein first hydration shell
(bulk water):

H = Z U(Tz‘j) - JNJ(;)B - JnNcoop (1)
tj

The first term of the Hamiltonian refers to the van der
Waals interaction between every pair ¢ — j of molecules
separated by a (continuous) distance r;; between the
pair’s oxygen atoms (O-0O). Hence we have:

00 for iy <mrg

0 for ri; >,

Where rg = v(l)/g = 2.9 A is the water van der Waals
diameter € = 5.8 kJ/mol and r. = 6rg is the cutoff.

The second term accounts for the energy associated to
the directional component of the hydrogen bonds (HBs)
present in the bulk water, J being the energy of each HB

and N'?. the total number of bulk HBs:

NN
NI(;?B = Z ninj(so'ijsaji (3)

<ij>

The sum extending over nearest neighbours (NN). While
n;n; makes sure that for a hydrogen bond to exist both
cells must be liquid-like, d,,; ,;, makes up for the fact
that two molecules are H-bonded in only one sixth of all
the possible angular configurations made by the H in the
O-H-O plane. The angle (¢) is defined as the one formed
between the hydrogen atom and the straight line unify-
ing the two oxygen atoms forming the bond. Therefore
hydrogen bonding is possible for angles of up to £30°
(hence: 360°/60°=6). Based on this information, we as-
sign six possible different values to the bonding index
of each cell (o;; = 0,1,2,3,4,5) that must be equal for
nearest neighbour cells in order for them to be able to
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form a hydrogen bond. We also assume that each water
molecule can have up to 4 hydrogen bonds, as is the case
corresponding to the water tetrahedral structure (see Fig.
1).
The third term represents the hydrogen bond coop-
erativity due to the quantum many-body interaction [5]

with:
Ncoop = an Z 50‘1‘19,03'1 (4)

i (L,k):

where (I, k); goes over all six different combinations of o,
and oy, both bonding variables of the same molecules 3.
Because we choose the energy J, of the many-body in-
teraction as J, < J, the term in Eq.(4) represents an
effective interaction among all the HBs formed by the
molecules ¢ that takes place at an approximate temper-
ature J,/kp, once the HBs are formed at a higher tem-
perature J/kp approximately.

For low enough pressures P water takes the form of
an open hydrogen-bonded tetrahedral structure with low
density [6]. By increasing the pressure or temperature,
hydrogen bonds are broken, consequently leading to an
increase of density. We incorporate this behaviour into
our model by adding to the free energy an enthalpic term
PV where

V = Nuyg + Nl(fj)gvgg (5)

and US)B is the volume associated to a hydrogen bond.
Pressure and temperature therefore contribute to en-
thalpy variations through the formation/destruction of
hydrogen bonds with an average enthalpy variation of

Pv(Hb}9 per hydrogen bond.

B. Water-water interactions at the protein
interface

We consider the protein to be a hydrophobic ho-
mopolymer (made up of the same monomer) with no
interactions among its residues other than the excluded
volume. Therefore the only effect the protein has in our
model is how its presence affects the surrounding water
at the interface. Experiments suggest that water-water
hydrogen bonds near a hydrophobic residue are more sta-
ble than in bulk, compensating the enthalpy gain during
the denaturation process [7]. Hence the energy associ-
ated to a hydrogen bond at the interface, Jg, has to be
greater than the hydrogen bond energy in the bulk, J,
(J¢ > J).

The local density and compressibility of the hydration
water are also affected by the interfacial interactions [8-
10]. This is introduced in the model using a linear de-
pendence on pressure of the average volume change per
water-water hydrogen bond at the hydrophobic interface:

Vv o =1~ kP (6)
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where vg%’o is the volume change associated to hydro-

gen bond formation in the hydrophobic shell at zero pres-
sure and k is a positively defined parameter. It has been
tested that the use of a vg% dependance of up to the third
order in P has not introduced significant qualitative dif-
ferences [11] since the pressure values we are interested
in are small, being in the range of biological atmospheric
pressures. The total volume V' of the system is therefore
given by:

V=v®4y@ =y® L &L, @) (7)

III. COMPUTATIONAL METHODS

As already mentioned, we simulate the system fixing
the pressure (P), temperature (T'), and number of cells
(N), that is, working in the NPT thermodynamic en-
semble. We choose the density in such a way that n; =1
for any ¢ making sure the protein has a completely hy-
drated surface. Given the thermodynamic ensemble we
have chosen, the probability of a microstate of energy
FE = H and volume V is proportional to:

p= e—ﬁ(E+PV)_ (8)

For the sampling of the phase space we use the Wolff
algorithm:

A. The Wolff algorithm

The Wolff algorithm is based on the formation of a
cumulated cluster of correlated degrees of freedom. This
is done according to the following steps:

1. A random molecule i is chosen and one of its four
bonding indexes (or arms) o;; is randomly chosen as the
first element of the cluster.

2. Any or the three remaining arms that are in the
same state ¢ as the initial arm are added to cluster with
probability:

ps, =1—exp(=BJ;) (9)

3. The value ¢’ of the arm of the nearest neighbour to
the initial arm is checked and added to the cluster with
probability:

ps=1—cexp(—p|Jess|) (10)
if Jopf =J—PV >0and ¢ =qorif Josy <0andq #q.

4. Steps 1,2 and 3 are repeated for any new element
added to the cluster until no more elements are added.
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5. If Jegy > 0 a new bonding index value ¢* is chosen
and all elements of the cluster are flipped to this value;
otherwise, if J.r¢ < 0 each arm is changed according to:

oY = (0°ld +¢%) mod6 (11)

(“6” corresponding to the six different possible values a
bonding index can have).

With each Monte Carlo step (a whole loop of the Wolff
algorithm) a change in the cell volume is also attempted
according to the probability in equation (8). Changes
of the cell volume modify the Gibbs free energy of the
system in the following way:

AG = AU + PAV, —TAS (12)

where AV, refers to the volume change due to the vari-
ation of the cells’ size and not due to a variation in the
number of hydrogen bonds. HBs produce an additional
change in volume because of the volume associated to
them (vgp). Both the Lennard Jones potential and the
entropy of the system are affected by AV, since both de-
pend on the cell size; the former according to equation
(2) and the latter according to:

AS = 2NTIn(1 + Av/v) (13)

We choose small random cell variations in each step rang-
ing from —0.01ry to 0.01ry with an acceptance probabil-
ity of:

1 for AG<O0

Dy = (14)
e~ BAG for AG >0

B. Simulations

For the simulations we choose a protein length of 30
(i.e. the protein is made up of 30 equal segments), in an
infinite (wrapped) three dimensional space, using cubic
cells, therefore each cell has 6 nearest neighbours, able to
bond with up to 4 of them. We begin our simulations by
generating an initial random configuration for the pro-
tein, and starting from high temperatures (0.6¢/kgT’)
we move along isobars towards lower temperatures (i.e.
through an annealing process). This is done to ensure
that the protein has enough time to reach equilibrium,
since starting the simulations of a random initial config-
uration at low temperatures would most likely result in
the protein being in an out-of-equilibrium state (this was
effectively tested through simulations).

To test wether the protein is folded or not (or how
much “folding” there is) we count the number of residue-
residue contacts and compare it to the maximum possible
value corresponding to the case of 100% folding; which is
30 in our case.

The program runs 10000 steps at the beginning of each
simulation (at fixed pressure and temperature), looping
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through the Wolff algorithm with each step. This is the
tolerance time chosen for the system to equilibrate. Once
this is done, another 500 steps are performed allowing the
protein to move by undergoing 90° or 180° rotations un-
til it “reaches” equilibrium as well, and finally the last
30000 steps are carried out with the protein supposedly
in equilibrium (Fig. 2); where the total energy of the
system, total volume, number of bulk and cooperative
hydrogen bonds, cell radius, pure van der Waals poten-
tial energy and number of residue-residue contacts are
recorded and saved using 10-step intervals. The average
number of residue-residue contacts will give us the fold-
ing of the protein at a given temperature and pressure.
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FIG. 2: Red line: Energy fluctuations once the system is at
equilibrium; black line: Energy fluctuations during the “equi-
libration” process.

We fix WS)B = 05?1)3,0 = wg/2 according to exper-

imental suggestions [12], J, = 0.05 (in units of 4e),
Js/J = 1.5 and the pressure coefficient in equation (6)
to: k = lvp/4e; meanwhile different values for the hydro-
gen bond energy J will be tested.

IV. RESULTS AND DISCUSSION

Hawley proposed a theory [13] predicting a close sta-
bility region in the pressure-temperature plane with an
elliptic shape by hypothesising that proteins can be found
in either the unfolded or folded state and that the transi-
tion form one state to the other was a reversible process.

We define how folded the protein is by counting
the number of contact points between non-subsequent
residues (Fig. 3). Our results depict a semi-elliptical
shape in the pressure-temperature plane indicating the
region where the protein is folded (Fig. 4). All three
figures have a similar shape with the difference between
them lying in the “shrinking” of the folded region for
smaller values of the HB strength J, since the energy
term related to hydrogen bonding is less likely to com-
pensate the free energy decrease associated to high tem-
perature and pressure denaturation.
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FIG. 3: Examples of proteins folded 100% (top left), 30%
(top right), 10% (bottom). Green indicates the protein
“backbone”. Fictitious yellow bonds are drawn to indicate
residue-residue contact. Residues in contact with a neighbour
are painted yellow while those that are not are painted red.

We notice that the isobaric entropy-driven unfold-
ing for high temperatures is accurately reproduced by
the model since an unfolded protein configuration corre-
sponds to a greater number of compatible micro-states.

The isothermal denaturation of the protein for increas-
ing pressure observed is associated to a decrease in the
total volume (given by equation (7)) due to the breaking
of bulk hydrogen bonds (whose abundance would imply
the formation of the low-density tetrahedral structure in
water). A slight increase in the number of surface hy-
drogen bonds is also present, leading to an increase in
volume (even though Ul(’?l)? is reduced as a consequence of
the high P value according to equation (6)); nevertheless
unable to compensate the volume decrease due to the
bulk hydrogen bond breaking. During this process there
is an increase in the internal energy of the system due
to the smaller cell size and bulk hydrogen bond breaking
according to equation (1), but it is outweighed by the
contribution of the pressure-volume decrease leading to
a lower Gibbs free energy.

Finally, the isothermal denaturation for low pressures
has to do with the enthalpy minimisation through the
formation of more hydrogen bonds at the interface given
by:

AH = (Poff), — J;)AN), (15)

which is effectively what we observe in our simulations.
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FIG. 4: Pressure-temperature phase diagram for simulations
with: J = 0.75 (top), J = 0.5 (middle), J = 0.3 (bottom).
Colour indicates the folding percentage: purple for > 70%,
green for > 60%, blue for > 50%, orange for > 40%, yellow
for > 30% and blue circles for < 30%.

V. CONCLUSIONS

Concluding, in this report we have shown using
a coarse-grained model of protein folding in explicit
bulk (3 dimensions) water, how the pressure and high
temperature denaturation mechanisms can arise through
the competition of different terms in the Gibbs free
energy of bulk and hydration water.

The fact that our model is able to produce accurate
results for pressure and high temperature protein
denaturation by solely focusing on the water properties,
neglecting any protein-protein interactions, highlights
the fundamental role that water plays in protein folding.

However, further investigation is needed in the case
of cold denaturation, which would eventually lead us to
the obtention of a completely elliptical close stability
region in the pressure-temperature plain as proposed by
Hawley. The answer to this possibly lies in the variation
of one of the parameters left constant in our simulations
(most probably the relative surface bond strength Jy/J).
This is indeed the case for the 2 dimensions version of the
present model that has been studied in detail in Ref. [11].

Furthermore, taking into consideration residue-residue
interactions would be an interesting detail to add to
the model since in the absence of these interactions the
protein has several native states, all equivalent due to
the fact that folding is entirely based on the number of
residue -residue contacts.
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