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Molecular associations in solution are opposed by the loss of entropy (AS) that results from the restric-
tion of motion of each of the components in the complex. Theoretical estimates of AS are essential for
rationalizing binding affinities as well as for calculating entropic contribution to enzyme catalysis.

Recently a statistical-mechanical framework has been proposed for estimating efficiently the translational
entropy loss (AS®"s!), while taking explicitely into account the complex intermolecular interactions be-
tween the solute and the solvent. This framework relates the translational entropy of a solute in solution to
its “free volume”, defined as the volume accessible to the center of mass of the solute in the presence of the
solvent and calculated using an extension of the cell model (CM) for condensed phases. The translational
entropy of pure water, estimated with the CM algorithm, shows good agreement with the experimental
information. The free volume of various solutes in water, calculated within the CM, using molecular dy-
namics simulations with explicit solvent, displays a strong correlation with the solutes’ polar and total
surface areas. This correlation is used to propose a parameterization that can be used to calculate routinely
the translational entropy of a solute in water.

We also applied the CM formalism to calculate the free volume and translational entropy loss (AS?*)
upon binding of benzene to a cavity in a mutant T4-lysozyme. Our results agree with previously published
estimates of the binding of benzene to this mutant T4-lysozyme. These and other considerations suggest
that the cell model is a simple yet efficient theoretical framework to evaluate the translational entropy loss

upon molecular association in solution.

I. INTRODUCTION
A Formulation of the problem

Molecular association in solution is opposed by the loss of
entropy (AS) that results from the restriction of motion (trans-
lational, rotational, vibrational, conformational) of each of the
components upon formation of the complex. Evaluation of
AS from first principles is crucial for understanding ligand
binding and for dissecting entropic contributions to enzyme
catalysis [1-10].

The noncovalent association of two molecules A and B in
solution (e.g., A = ligand, B = protein) to form a complex AB
in the reaction A + B = AB results in an entropy loss:

AS =8S4—54—58B 1)

The notation S¢ (£ = A, B or AB) represents the entropy
of the species £ in solution and depends on the concentration.
AS is generally calculated at a standard (fictitious) concentra-
tion of 1M to allow comparison between different systems on
a common basis [1, 11-13].
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Using classical statistical mechanics, we can express the
trandational entropy Sé”l of a given concentration of solute
£ in solution (i.e., N¢ solute and NN, solvent molecules in a
volume V' at a temperature 7°) from the molecular partition
function of one solute, g¢, defined as [14]

ge = %//e*BH(pg,qg,{qw})dpgdqg )

where h is Planck’s constant and 3=1/KT. The integral is per-
formed on the whole phase space of the solute, with q, the
position of its center of mass and p, its momentum. The no-
tation {qw } represents the positions of all solvent molecules
that create a potential field U(q¢, {qw}) around the solute.
Assuming the solution is dilute enough to neglect the solute-
solute interactions, we obtain the Hagniltonian for the solute
of mass me : H(pg, ae, {aw}) = 5 + U(ae, {aw}).

The translational entropy of the system of V¢ solute mole-
cules (St is linked to the total partition function Q¢ of the
N¢ solute molecules [14]:

51n Qe
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S =k(InQe + T Iv) (3)

where £ is Boltzmann’s constant and Q; = qévf [Nl if the
N¢ solutes are indistinguishable (e.g. gas or liquid state) or

Qe = qéVE/NéVE otherwise (e.g. crystalline solid state or



bound molecule). Therefore, even at the same density, the
entropy of N¢ liquid molecules is higher than that of a solid
containing the same number of molecules by kN¢. This term
kN is sometimes called the “communal entropy” [15] and
reflects the ability of molecules in a liquid to occupy any po-
sition in a given volume, as opposed to these in a solid whose
positions are fixed [14].

Thus, the estimation of A S*"*! depends solely on the eval-
uation of the integral in Eqg. 2 which, after integration over the
momenta dp, yields

1 _
G = F/ e ﬁU(qe,{qw})dq£ (4)
¢ JV
where Ay = ﬁ is the De Broglie wavelength of a
7I"ITL£

solute molecule [14].

If the V¢ solutes were an ideal gas (i.e., without solvent nor
intermolecular interactions, U(q¢, {qw }) = 0), the integral in
Eq. 4 would be equal to V, leading to the so-called “Sackur-
Tetrode” (ST) formula for the translational entropy [14]:

rs |4 5
Seidr = k(Neln 373 + 5 Ne) ®)

This formula is sometimes used as the basis for estimating
the entropies of molecular association in solution [3, 13, 16].
However, in solution the presence of a nonzero potential
U(qe, {aw}) complicates considerably the evaluation of the
configurational integral in Eq. 4, requiring approximate meth-
ods [1].

The goal of this paper is to provide a framework based on
cell models [2, 15, 17, 18], to approximate efficiently ASt ¢,

B Cel Mode for SE”I

The cell model (CM) was originally proposed by Eyring,
Hirschfelder and coworkers [15, 17] and developed more for-
mally by Kirkwood [18]. Its extension to the problem of
molecular association was recently suggested [2]. As the
intermolecular interactions in solution are dominated by the
short-range repulsive part of the potential U(qe, {qw}), the
exponential factor in Eq. 4 vanishes except on a small portion
of the space, which makes the calculation tractable.

The CM considers that the center of mass of each solute
molecule is confined in a cell delimited by the field of the
surrounding solvent molecules, U(q¢, {aw }). INEQ. 4 we can
divide the integration space into N¢ + IV, parts, and define the
volume v ¢ of a cell, sometimes called “free volume”, as

vre = e*BU(qE’{q‘"})dqg (6)

Ne+Na

Eq. 4 leads to g¢ = (N¢ + Ny)vy, g/A3 and the translational
entropy of the ¢ solutes immersed in N solvent molecules

becomes:
trsl (‘Z'w + | §)’Uf’£ )
= k(N¢1 —N, 7

In the limiting case of an ideal gas of V¢ solutes without sol-
vent (V,, = 0), the free volume is vy = V/N, and we re-
cover Eq. 5. The problem of evaluating the configurational
integral in Eq. 4 is now reduced to the evaluation of the free
volume using Eq. 6.

The main approximations inherent to the CM are twofold:
1) the division of the space in cells, each containing only one
molecule and 2) the calculation of the free volume.

In the first part of this paper we calculate v, in Eq. 6 using
molecular dynamics (MD) simulations to evaluate directly the
potential U(qe, {qw}) for a variety of solutes in water and
discuss the results in terms of the polarity and size of each so-
lute. We also use the CM to calculate the translational entropy
for the particular case of liquid water (i.e., £ is itself a water
molecule), which we can compare with experimental informa-
tion and with the Sackur-Tetrode (ST) estimate (Eg. 5).

C Cell Model for ASts!

The loss of translational entropy in Eq. 1 (AS*"! = Strsl —
Sirst — Strsly can be evaluated using an extension of the CM
for Sgrel, described in the previous section. The term S%
and St”l are calculated directly using Eq. 7, with ¢ = A or
&= B respectively.

The term S¥3! is more complicated, in that A and B are
confined into a complex, which we will emphasize by denot-
ing them A, and B, respectively. We cannot simply calcu-
late Si7# using Eq. 7 with ¢ = AB, because this would cor-
respond to considering only the motion of the (noncovalent)
complex AB as a whole, neglecting the residual translational
motion of B relative to A.

It is possible to use Eq. 7 to calculate Sy and Si7*!, but
the integral giving the free volume of B, (|n Eq. 6) must be
restricted to the portion of space where B, is bound to A..
This also obliterates the “communal entropy” of B, lowering
its entropy by a factor kNp, .

The CM formalism gives then finally the loss of transla-
tional entropy loss upon molecular association, expressed at
a standard state of 1M of solute in 55M of water (V,, being
Avogadro’s number):

Vf,AVSB.

ASER = kNyy(—In56 + In
Uf’A’Uf’B

—kNay (8)

Conservation of mass imposes cancelation of the terms corre-
sponding to the integration over the momenta [1, 19].

As pointed out in [2] the last term of Eq. 8, kN,, = R =
1.98e.u.(e.u ) is sometimes used as an approxima-
tion of the translatlonal entropy loss, assuming implicitly that
the ratio of the free volumes in Eq. 8 is unity. This assumption
will be discussed in the light of the results of this paper.




In this study we apply the CM formalism to calculate the
free volume and translational entropy of a benzene molecule
binding to a mutant T4-lysozyme (Eq. 8). We use a normal-
mode analysis to demonstrate that the motion of benzene
within the binding site of lysozyme can indeed be treated as
a translation and compare our results with a recent estimate
based on a body-restrain algorithm for MD simulation [20].

Il. METHODS
A Molecular dynamicssimulation

Estimation of the free volume of a solute ¢ in a sol-
vent, given by the integral in Eq. 6, requires an evaluation
of the energy of interaction of the solute with the solvent,
U(ag, {aw}). This energy must in principle be evaluated for
all positions of the solute (q¢) in the volume ﬁ around
its equilibrium position and averaged over a set of configura-
tions of the surrounding solvent molecules {qw } representa-
tive of the NVT ensemble.

Using molecular dynamics (MD) simulations to gener-
ate trajectories of the solute and the solvent molecules,
we used individual “snapshots” to calculate the potential
U(ag, {aw}). Inall the simulations described below we used
the CHARMmM28 force field [21] and the SHAKE algorithm
[22] to allow an integration time step of 2 fs, saving snapshots
of configurations every 2 ps for analysis. Unless otherwise
stated, we maintained the temperature at 300K by adjusting
the kinetic energy term [23] and used a cutoff of 12 A for
non-bonded interactions.

1 Soluteinwater

Trajectories of pure water were generated first. 512 wa-
ter molecules (TIP3 model) were placed in a cubic box of
side length = 24.8346 A, to get the density of liquid water
at 300 K and 1 bar (p ~ 1g/em3, equivalent to 55 M). As
water molecules were treated explicitely, we used a dielectric
constant of 1 for the electrostatic interactions. Cubic periodic
boundary conditions were used, with a cutoff of 12 A for the
interactions with the periodic images. We minimized the total
energy using 400 steps of steepest descent, heated the water
box from 0 to 300K for 20 ps, thermalized it for 40 ps at 300K
and generated 800 ps of trajectories at T=300K. We tested two
different methods for maintaining the temperature at 300K to
probe the sensitivity of the free volume calculations: adjusting
the Kinetic energy [23] and using a Nose-Hoover thermostat
[24, 25].

We then inserted the solute (see Table I for the list of so-
lutes used in this study) into the center of the box of water
and into its periodic images, removing the water molecules
that overlapped with the solute. As the 12 A cutoff is slightly
less than half the box side length, solute molecules do not

interact with their images. This mimics an ideal, infinitely di-
lute solution [1, 11-13]. The standard state concentration of
1M solute is obtained by adjusting N, and N,, in Eq. 7. We
again minimized the total energy using 400 steps of steepest
descent, first with the solute constrained to relax only the sur-
rounding water, and then for 400 steps without restraints. We
heated the system from 0 to 300K for 20 ps, thermalized all
the molecules in the box for 40 ps at 300K, and produced 800
ps trajectories at 300K for each solute.

2 Benzene hinding to a mutant T4-lysozyme

A mutant T4-lysozyme (L99A, C54T, C97A, hereafter
called TCM, for Triple Cavity Mutant) was designed to create
a hydrophobic cavity large enough to accommodate a benzene
molecule [26]. The 1.9 A crystal structure provided coordi-
nates for 162 out of 164 residues of the TCM T4-lysozyme in
complex with benzene (PDB entry: 1L84, [26]). Two missing
amino acids, located at the C terminus, far from the cavity,
are unlikely to affect the results. As the cavity is quite rigid
and excludes solvent [20], these simulations were performed
in vacuum. The structure was minimized for 400 cycles of
steepest descent, and then subjected to a 60 ps equilibration
step at 300K. Small harmonic constraints (2.4 Kcal/mol A2)
force constant on the C,, atoms were imposed to avoid un-
folding of the protein but still allow the ligand to move in the
cavity during 800 ps of production at 300K.

B Freevolume calculations

The integral in Eq. 6 was approximated as a summation
over a three-dimensional fine grid (spacing d, =6, =46, =
0.1A) set up over the volume of the cell. The x, y and z
axes of the grid coincide with the principal axes of inertia of
the solute, so that all snapshots could be aligned. The poten-
tial U(z,y, z, {qw}) of interaction between the solute located
at each grid point q¢ = (z,y,2) and the surrounding water
molecules, at positions {q. } comprises the two nonbonded,
distance-dependent terms : Van der Waals and electrostat-
ics. It was calculated using as reference value the minimum
within the cell, i.e. AU(z,y, z,{aw}) = U(z,y,2,{aw}) —
U(min,,min,, min,, {qw}). For each selected snapshot (i)
we calculated

9
vien Y. exp[—BAUN(z,y, 2, {aw})losdyd.  (9)

T,Y,2=—4

C Normal Mode Analysis

The motion of the bound ligand was also analyzed using the
normal modes analysis facility (“vibran”) of the CHARMm28
program [21] starting with the minimized structure of the



complex. The TCM T4-lysozyme was kept fixed and the nor-
mal modes were calculated in the reduced basis corresponding
to the motion of the benzene in the field created by the fixed
lysozyme. The six modes of lowest frequency corresponded,
as expected, to translational/rotational motions. The energy
profiles along these modes were explored and compared with
those of the four internal modes with lowest frequency.

I1l. RESULTSAND DISCUSSION
A Soluteg in water

The various solutes used in this analysis were chosen for
their different sizes and patterns of surface polarities (see Ta-
ble I).

The free volume of a solute ¢ in water reflects restriction
of the motion of its center of mass. This depends on the in-
teraction energy U (¢, {aw }) between the solute and the field
created by the surrounding water molecules. To use Eq. 9, this
interaction energy was calculated for each snapshot on a three-
dimensional grid centered around the equilibrium position of
the solute. Fig. 1a and Fig. 1c present a one-dimensional slice
(along the x axis, in the y=z=0 grid plane) of the interaction
energy U(z,0,0, {qw}) as well as a quadratic fit to this en-
ergy profile. This emphasizes the anharmonic character of the
energy profile, for solutes as different as glycerol (Fig. 1a) and
benzene (Fig. 1c). Fig. 1b and Fig. 1d show the 2D-profile
of the exponential factor exp[—2Y 2249w 1 ysed in Eq. 9
and illustrate that the translation of the solute molecule in the
field created by the surrounding water molecules is restricted
to less than 1 A in each direction, before the Boltzmann factor
falls to zero. Due to its higher surface polarity, the motion of
glycerol in water is more restricted than that of the nonpolar
benzene.

The corresponding energy profiles for methylacetate (data
not shown) are of the same order of magnitude and present
intermediate features between that of glycerol and benzene,
consistent with the respective surface polarities of these
molecules.

The free volume vj, was computed for each snapshot
i; a normalized probability distribution of vj; is plotted in
Fig. 2 for three selected solutes, of comparable size (glycerol,
methylacetate, benzene).

The distribution for glycerol (Fig. 2) shows a sharp peak
at low vff, reflecting the tight packing of water molecules
hydrogen-bonded to the glycerol and a small tail at large v}

that extends to about 0.1 A3, In contrast, the histogram for
benzene is broader, with a much smoother cutoff at low vj
and a wider tail at large v}. The average free volume for ben-
zene shifts towards higher values (see Table I). This reflects
the looser packing of the clathrate-forming water molecules
around the hydrophobic benzene molecule. For methylac-
etate, the situation is intermediate between the glycerol and

(a) Energy profile in the y=z=0 plane for glycerol in a snapshot
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(b) Boltzmann factor in the z=0 plane for glycerol in a snapshot
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(c) Energy profile in the y=z=0 plane for benzene in a snapshot
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(d) Boltzmann factor in the z=0 plane for benzene in a snapshot
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Fi1G. 1. lllustrations of the restriction of the motion of glycerol
(a, b) and benzene (c, d) in the field of the water molecules:
(a) One-dimensional energy profile in the plane y=z=0, for
displacements of the glycerol molecule along the x-axis. A
quadratic fit to the data illustrates the anharmonic behavior
of the energy. (b) Two-dimensional profile of the Boltzmann
factor exp[— W] for glycerol moving along x and
y in the plane z=0. (c) and (d) are the corresponding plots for
benzene.
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F1G. 2. Normalized probability distributions of free volume
for three solutes of similar size in water : Glycerol (green),
Methylacetate (blue) and Benzene (red). v data are binned in

10 A2 increments to generate the histograms.



the benzene, because of the presence of both hydrophobic
(methyl) and hydrophilic (acetate) groups.

The average free volumes are computed as vy =
% Zfil vj, (where N = number of snapshots) with a stan-
dard deviation o(v;) = (& Yo, (v — v7)%)/2, as sum-
marized in Table 1. For each solute considered in this study,
the free volume is very small compared to the size of the so-
lute itself, because it corresponds to the volume defined by the
movement of the center of mass of the solute molecule. The
large standard deviations could be thought to arise from using
a limited number of steps in the simulations. However, the
histograms after 400 ps and 800 ps are very similar (data not
shown), indicating that these deviations are a reflection of the
local variations in density in the liquid state. Moreover, in the
next section we perform similar calculations for pure water,
for which we observe the same phenomenon.

In Table | we also report free volumes vy ,,,y calculated
with potential energy profiles averaged over all the snapshots.
These calculations systematically underestimate the average
free volume. Two problems contribute to this effect, as seen
on Fig. 1: (1) the energy profile of the different snapshot
are not necessarily centered on the equilibrium position of
the solute molecule, due to the kinetic terms; (2) since at the
edges the energy rises very rapidly, energy averages are highly
weighted in favor of the small volumes. Therefore we will use
Uy instead of vy ., to calculate the translational entropies.

B Thecase of purewater

CM calculations for pure water require a slight adaptation
of Eqg. 6. In this case, the solute itself is a water molecule
(denoted by ’x’ in the following), and the assumption (used
to write Eq. 2) that the solutes do not interact with each other
(ideal solution) is violated. Therefore, we need to take these
interactions into account in the potential term of the Hamilto-
nian. The derivation in the appendix leads to the free volume
of a specific water molecule (labeled ")

_B .
Vf e = / e~ 2V @wsdan . })dqw* (10)
%
and the translational entropy of the whole water box is
5

Strel = k(N In “(—3“’ + 5 Ny) (11)
The energy profiles of Fig. 1 (glycerol or benzene in water)
and Fig. 3 (pure water) reveal that the range of motion of the
center of mass of a molecule of glycerol or benzene in water is
similar to that of a water molecule (less than 1 A in each direc-
tion). This feature is not necessarily intuitive, considering the
difference of size between these solutes and water. It empha-
sizes once more that restriction of motion of the center of mass
of the molecule depends on the interactions of the molecule
with its neighbors more than on the size of the molecule itself.

(a) Energy profile in the x=y=0 plane for water #30 in a snapshot
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(b) Boltzmann factor in the x=0 plane for water #30 in a snapshot

exp (-(U-Ug)/2kT)
1

FiG. 3. Illustrations of the restriction of the motion of a wa-
ter molecule in the field of the other molecules: (a) One-
dimensional energy profile in the plane y=z=0, for displace-
ments of a water molecule (number #30) along the x-axis.
A quadratic fit to the data illustrates the anharmonic behavior
of the energy. (b) Two-dimensional profile of the Boltzmann
factor exp[— AU(I*”’*;,:%{“‘"’#“*})] in the plane z=0, for the
same water molecule.

Nevertheless, motion of a bigger molecule requires a coordi-
nated displacement between more water molecules, which is
less probable and therefore likely to reduce the free volume,
as will be shown later in this study.

As in the previous section, we calculated the free volume
for each snapshot, vy ,,~ and report in Fig. 4 the distribution
of vy~ for 4 different water molecules (labeled w1, w2, w3
and w4, respectively). The histograms for wil, w2 and w3
were calculated from the 800 ps simulation that used adjust-
ment of the kinetic energy [23] to maintain the temperature
at 300K, whereas that for w4 was calculated from a separate,
independent 800 ps simulation that used a Nose-Hoover ther-
mostat [24, 25].

The peak of Fig. 3br (pure water) is larger than that of
Fig. 1b (glycerol in water) but narrower than that of Fig. 1d
(benzene in water), which is again consistent with the ranking
of the polar surface areas of glycerol, water and benzene (see
Table I).

All four histograms in Fig. 4 have similar widths and are
skewed to the right (i.e., tail at larger values of vff). The sharp
cutoff at low v} corresponds to densely packed regions and
the tail at high v’ to low-density regions. As in the previous
section, the width of the distribution reflects the local density
variations in liquid water [27].

The average value of the free volume from the combination
of these four histograms is 0.099 A3, with a standard deviation
0f 0.088 A3. With this value, the translational entropy of water



Table I. Comparison of free volumes (in A3) for various solutes in water, for a molecule of pure water, and for benzene in the
TCM T4-lysozyme. vy is the average free volume over all snapshots and o (vy) its standard deviation. vy ., s is the free volume
calculated after averaging the potential, as explained in the text. ASA+ and ASAp are the total accessible surface area and the

polar accessible surface area of the molecule, respectively.

Molecule i ASAr [A?] ASAp [A?] vy [A%]
(by decreasing size) Vf,mf vy + o (vy)
4-methly, 1-hydroxyl naphthalene 322.8 47.17 0.035 0.053 £ 0.030
naphthylhydroquinone 3144 94.71 0.021 0.030 £ 0.013
naphthylquinone 312.8 90.96 0.032 0.049 £ 0.024
naphthalene 286.7 0.000 0.066 0.146 + 0.084
quinone 255.5 102.2 0.035 0.059 + 0.031
glycerol 238.2 154.6 0.024 0.030 + 0.013
benzene 225.0 0.000 0.101 0.245 + 0.147
methylacetate 218.8 64.46 0.070 0.120 £ 0.059
methanol 148.9 61.54 0.078 0.129 + 0.073
pure water 1131 113.1 0.049 0.099 + 0.088
benzene in TCM T4-Lysozyme | | 0.053 0.095 + 0.036
pure water - free volume histogram Ing the heat CapaCity (Cp) of ice : Smelt,QQSK = 6.835e.u..
014 : : S — Assu_ming the two main contriputions to SmeltY?gg K are the
or | w2 rotational and communal entropies [30], we obtain a value for
' wa the rotational contribution to the entropy S7°¢ of 4.85e.u..
0.1 1 This value is in reality the difference between the rotational
— entropy in water and the Iibrgti(_)na_l entropy in ice and should
< thus be considered a lower limit (i.e., S/ %055 > 4.85e.u.).
2 oos | The gas-phase rotational entropy for water [14] gives the up-
004 ] | per limit (S74gsc < 10.4e.u.). Adding these rotational en-
o tropy bounds to the CM estimate (Sr%,, =~ 8.90e.u.), the
002 4 | limiting values of the total entropy are:
o i b il S o D
0 50 100 150 200 250 300 350 400 450 500 13.75e.u. < Sfuit(l;l]lv[ < 18.4e.u.

vi [10°A ]

FiG. 4. Normalized probability distributions of free volumes
for 4 different water molecules, calculated for snapshots taken
every 2 ps during the 800 ps simulation. vjc data are binned in

10 A? increments to generate the histograms.

is Sirel\; = 8.90£1.76 e.u. (the error on the entropy is given
by o(S) = R%}”). The ST estimate (Eg. 5) at the density
of liquid water, gives Srsl,, = 20.3e.u.. To compare the

CM and ST estimates with the experimental value of the total
entropy of liquid water at 298 K [28] :

Sfuo’t]%(}) =16.7e.u.

we need to estimate the rotational entropy of water (S7°%), as-
suming that the vibrational and other contributions are com-
paratively small at this temperature [29]. We can approxi-
mately determine lower and higher bounds of S7°t from the
entropy of melting and from gas-phase values, respectively.
The experimental value [28] of the entropy of melting of ice
to water is Speir,273x = 5.258 e.u.. Corrected to 298K us-

The same procedure with the ST estimate (S5 %, ~ 20.3 e.u.)
leads to

25.75 e.u. < S < 30.8 e.u.

These limiting values are compared with the experimental in-
formation in Table I1.

The CM and ST estimates can also be compared to the ex-
perimental entropy of vaporization [28], at a standard state of
1 atm and 298K :

ASlotel «p = 2829 e.u.
We assume the main contributions to the entropy of va-
porization are translational (ASrst = Girsl _ glrsl —

vap gas lig
Rn(vy,gas /vy,iq)) and rotational (AS72L = Sget — S7oh)
and use the same approximations as before for the rotational

contributions: 4.85e.u. < Sjot < 10.4ew. = Syot. For

the translational contribution, S;’gssl can be estimated from

Eq. 5 (with V/N = vy 405 = 24,400 cm3/mol, at 1 atm
and 298 K). Using the CM model, Slt;;s’ can be estimated

from Eq. 7 (v; = 0.099A° /molecule), which leads to



AStrsl oy = 21.02e.u. Using the ST model, S/75 can be
estimated from Eq. 5, at the density of liquid water, which
leads to ASETs! o = 14.27 e.ur..

Combining the rotational and translational estimates, we
get limiting values of the total entropy of vaporization for the

CM model:

21.02 e.u. < ASLL < 26.57 e.u.

and for the ST model:

14.27 e.uw. < ASLOMG < 20.16 €.u.

The comparison between these values and the experimental
one is summarized in Table II.

This study reveals that CM provides a much better approx-
imation of the translational entropy of water than ST. This is
not very surprising, considering that ST is derived from ideal
gas statistical mechanics, neglecting the interactions between
molecules, whereas CM takes the intermolecular interaction
explicitely into account in calculating the free volume, as seen
in Eq. 7.

Table I1. Comparison of the experimental values (EXP) with
our Cell Model (CM) and with the Sackur-Tetrode (ST) es-
timates. Stote! is the entropy of liquid water at 298K and
ASotal s the entropy of vaporization of water at 298K. The
arrows indicate boundaries calculated as explained in the text.
Values are in entropic units (e.u. = —<a

mol K7*
ST CM EXP
Giotal 25.15 — 30.8 13.75 — 18.4 16.7
ASfotal 142752016  21.02-— 2657  28.29

Some of the discrepancies between CM and the experimen-
tal values might be a consequence of the assumption that each
cell is occupied by one molecule. This overlooks the regions
of low density that exist locally in water, as indicated by the
tail on the histogram of Fig. 4. Some modifications of CM,
notably the hole theories, take into account the possibility of
unoccupied cells, but these lead to many practical complica-
tions without significantly improving the results [14, 30].

C Benzenebindingtothe TCM T4-lysozyme

As mentioned above, the TCM T4-lysozyme was designed
to accomodate a benzene molecule in a cavity created by three
mutations : L99A, C54T and C97A.

1 Normal Mode Analysis

Fig. 5 presents the energy profile for small displacements of
the benzene molecule in the cavity of the TCM T4-lysozyme,
along each of the ten lowest-frequency modes. Modes 1 to 6

exhibit frequencies about 4 times lower than the next modes
and their energy profile has a relatively flat minimum corre-
sponding to anharmonic translational/rotational motions (sim-
ilar to a particle-in-a-box motion). Modes 7 to 10 correspond
to low frequency internal modes, with a clear harmonic be-
havior. This analysis shows that the motion of the benzene
within the binding site of the TCM T4-lysozyme can be best
described as a combination of translations.
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FiG. 5. Energy profile along the ten lowest-frequency modes.
The frequency of each mode (in em™1) is listed in the fig-
ure. Modes 1 to 6 (51 to 148 em ™! ) exhibit a relatively
flat energy minimum corresponding to translations/rotations,
whereas modes 7 to 10 (434 to 683 em~1) correspond to
higher frequency harmonic motions.

2 Freevolume

Fig. 6 shows a histogram of the free volume of benzene in
the hydrophobic cavity of TCM T4-lysozyme. A comparison
of Fig. 6 and Fig. 2 indicates that the average free volume
of benzene in the TCM T4-lysozyme is much smaller than
that of benzene in water (see Table I). Moreover, the general
shape of the histogram in Fig. 6 is similar to that of glycerol
in water. This reflects the tight encapsulation of the benzene
by the hydrophobic cavity as well as the higher density of the
protein interior (about 1.4 times that of water [31]).

Simple concentration estimates (such as the “cratic
entropy”[2, 12, 32]) as well as gas phase estimates (Sackur-
Tetrode equation) would disregard the difference in free vol-
ume between benzene in water and benzene in the TCM T4-
lysozyme, as mentioned in the section 11 B. Using Eq. 8 and
considering that the free volume of the TCM T4-lysozyme is
similar to that of the complex, we get AS: ~ —11.78 e.u..

Hermans and Wang [20] estimated the rms displacements
of the benzene in the binding pocket using MD simulations
and obtained a value of 0.13 A for the motion perpendicular
to the benzene ring, and 0.3 Ain two orthogonal directions in
the plane of the ring, which corresponds to a volume of about
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FiG. 6. Normalized probability distributions of free volume
for benzene in TCM T4-lysozyme. v} data are binned in 10

A3 increments to generate the histogram.

0.26 x 0.6 x 0.6 = 0.0936 A3, in excellent agreement with
our free volume calculations.

D Parameterization

The results obtained for the free volumes shown in Fig. 2
suggest some degree of correlation between the free volume
and the hydrogen-bonding ability or polarity of the solute.
To quantify this, we calculated the total (ASA7) and polar
(ASAp) surface area of each solute listed in Table I (including
the case of pure water), using an algorithm originally devel-
opped by Lee and Richards [33]. The free volume calculated
with the cell model (v&¢™) was fitted to a linear combination
of polar and total surface areas of the molecule :

vf" =aASAp +bASAT +¢

with good agreement (Fig. 7). The value of the fitting param-
eters are :

a=-1181038 b=-47810%2 ¢=02978A°

This indicates that for the range of solutes considered in this
study, the maximum free volume is ¢=0.2978 A3. It also in-
dicates that the free volume of a molecule is more influenced
by its polarity than by its size (i.e. @ > b). This correlation
applies to molecules with ASA7 smaller than about 600 A2.
Larger molecules, including proteins, are expected to have a
free volume of approximately 0.03 A3 or smaller.

Even though more data on several other solutes are neces-
sary to establish this correlation more precisely, this promis-
ing result opens the possibility to obtain estimates of the trans-
lational entropy of a solute in water bypassing the molecular
dynamics simulations.
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FiG. 7. Free volume calculated with the Cell Model (v$¢™)
vs. free volume calculated from a correlation with total and
polar surface areas (vf ‘) for the various solutes used in this
study as well as for pure water. The perfect fit is given by the
line (v&M = vf™).

IV. SUMMARY AND CONCLUSION

Theoretical estimation of the loss of entropy upon molec-
ular association (AS) is essential for rationalizing binding
affinities as well as predicting entropic contribution to enzyme
catalysis [1-9]. The main difficulty in estimating AS from
first principles resides in the intricacy of the intermolecular
interactions in solution.

In this study we developed and analysed a framework,
based on cell models (CM) of liquids, to evaluate the loss of
translational entropy AS!"s! [2]. The CM, as implemented in
this study, takes the intermolecular potential explicitly into ac-
count using information gathered during molecular dynamics
(MD) simulations in solution. In the CM framework, the en-
tropy of a solute in solution is related to the volume in which
the center of mass is allowed to move without the molecule
colliding with the neighboring, fixed, water molecules. This
so-called “free volume” was calculated for various solutes in
water, as well as for pure water.

The estimated free volume seems to vary significantly from
compound to compound (Table 1), ranging from 0.029 A3 (for
naphthylhydroxyquinone) to 0.245 A3 (for benzene). We ob-
served a correlation between this free volume and a linear
combination of the total and polar surface area of the solute,
suggesting that the free volume (and therefore the transla-
tional entropy) of a molecule can be estimated based solely
on its surface area (total and polar), without having to carry
out costly MD simulations.

The Sackur-Tetrode (ST) equation, based on gas-phase sta-
tistical mechanics, is sometimes used for proteins to cir-
cumvent the difficulties of liquid-state statistical mechanics
[3, 13]. The CM predictions for pure water agree with the
experimental data, much better than the ST equation, suggest-



ing that CM rather than ST should be used to estimate the
translational entropy loss in solution. We also applied the CM
to the estimation of AS!s! upon binding of benzene to the
TCM T4-lysozyme. The results are in excellent agreement
with previous estimates [20], demonstrating the applicability
of the CM.

The CM also provides a theoretical explanation of the sim-
ple concentration estimates based on the “cratic entropy”
[12, 32]: these neglect the difference in free volume be-
tween a ligand in water and a ligand in the binding site.
For the case of benzene binding to the TCM T4-lysozyme
(Uf,benzeneinwater = 0.245A3 y Uf benzeneinlysozyme —
0.095A%), this leads to an error in the entropy of approxi-
mately 1.88 e.u..

We therefore propose the CM as a simple method to eval-
uate the loss of translational entropy upon molecular associ-
ation. An extension of this model for the other components
(e.g., rotational) of this entropy loss will be considered in a
future publication.
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APPENDIX A: PARTICULAR CASE : PURE WATER

This appendix contains derivations for the calculation of the
free volume and translational entropy of pure water, which can
be considered a particular case of a solute ¢ in water, in which
the solute itself is a water molecule. However, as mentioned in
the text, in this case the assumption (used to write Eq. 2) that
the “solutes” do not interact with each other (ideal solution)
cannot be used. Therefore, two modifications are necessary:
1) take these interactions into account in the potential term of
the Hamiltonian and 2) use the partition function of the system
Q. instead of the partition function of one molecule ¢,, (used
in Eq. 2). For N,, molecules of water in a volume V" at a
temperature T, the translational entropy of water is given by
(cf. Eq. 3):

d1nQy
Sl — k(i Qg + 72w ) (A1)
8T
where the partition function of the whole system is
1
_ ~BH(Pw,aw)
Qu = h3N. N, / / € P dpw dgw (A2)
and the Hamiltonian:
Pw’
H(pwaqw) =—+ U(qw) (A3)

ng

Integration of Eq. A2 over the momenta yields

1

Q= BN

(A4)

Where A, = h/+/27m,, kT is the De Broglie wavelength of
a water molecule [14] and we introduced the configurational
integral Z:

Z= / ePUaw) dq,, (A5)

By analogy with the gas phase entropy, we write the liquid
entropy as

w 5
Sirel = k(N In % +2Ny) (A6)

This defines the free volume as

Z = (Noj)w = / / PV aN)dq, ... dgn (A7)
1 N

Dividing the space in N, cells for each of the integrals: [ =
J., +---+ ., ,with one water molecule in each cell.

ar=cy an=c; © A1

.. / e”BU(l'“qN)dql ...dan
an

(A8)
As there are NV ways to place N molecules into N cells, we
get

Z:NN/ / e AU@aN)gq,  dqn  (A9)

Assuming pairwise additivity of the potential:

1 N N
Ulqr-..qn) = 3 ZZUU(%QJ) (A10)

i=1 j=1

To reduce the N-dimensional integral to one dimension, we
consider that each molecule is moving in the mean field cre-
ated by the others. Therefore we are reduced to the evaluation
of the integral for one given water molecule (labeled ") lo-
cated in the cell ’¢,’

7 = (Nvf)N — NN(/ eng(q*,{q#q*})dq*)N (A1)

Cx

which gives the free volume of a water molecule:

V. :/ e~ 5U@ {aza. D gq, (AL2)

5
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