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Abstract⎯One of the main problems in attempts to predict the binding constants of molecules (or free ener-
gies of their binding) is the correct evaluation of configurational binding entropy. This evaluation is possible
by methods of molecular dynamics simulation, but these simulations require a lot of computational time.
Earlier, we have developed an alternative approach which allows the fast calculation of the binding entropy
from summarizing the available data on sublimation of crystals. Our method is based on evaluating the mean
amplitude of the movements that are restricted in the bound molecule, e.g., in a crystal, but are not restricted
in the free state, e.g., in vapor. In this work, it is shown that the standard entropy of binding of molecules by
crystals under standard conditions (1 atm, 25°C) can be assessed rather accurately from geometric and phys-
ical parameters of the molecule and the average amplitude of the molecule motions in crystals estimated in
our previous work.
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INTRODUCTION

The prediction of the key parameters of molecular
interactions is a very important area that has both fun-
damental and applied value, e.g., in the computer drug
design. The dissociation constant of molecules, by
definition related to binding free energy is the main
such parameter. While some researchers focus on the
enthalpy component of binding free energy [1–4],
others suggest that the main obstacle to a satisfactory
binding free-energy estimate is the difficulty in evalu-
ation of its entropy component [5, 6].

Both components that make up the binding free
energy (enthalpy and entropy) can in principle be esti-
mated by methods of molecular dynamics [7, 8].
Enthalpy (or energy) can be estimated using various
force fields (see, e.g., [9] and the literature quoted
there). The entropy of binding can be assessed by trac-
ing very long (until the establishment of thermody-
namic equilibrium) molecular dynamics trajectory of
motions of all atoms in the complex of bound mole-
cules (e.g., in a protein-ligand complex), and then in
these molecules taken separately [10].

In the models considering the solvent (water) by
the explicit (atomic) view, this molecular-dynamics
entropy takes into account both the configuration
entropy of the molecules that form the complex and

the entropy of the surrounding solvent [9]; in the
models, where the solvent is presented in implicit form
(as a medium), only the configuration entropy of the
molecules that form the complex is considered,
whereas the entropy of the solvent is included in the
potentials of interatomic interactions, in particular
hydrophobic and electrostatic ones (see [11–13] and
the literature quoted there).

The configuration entropy, which is present in both
model types, can also be estimated using other,
approximate methods, based: on the variations in the
side groups conformations (observed by X-ray and
NMR in proteins [14–16] or obtained by optimizing
these conformations using different force fields [17]),
on an estimate of the molecule surface hidden from
the water [18], or on the computation of either only
elastic [19] or all [20] oscillation modes of a protein
molecule and a ligand.

The main problem when using methods of molec-
ular dynamics, along with an inaccuracy of the force
fields used in the calculations, is the enormous com-
putation time of the calculation. The enthalpy of an
individual state (of a molecule or a complex) can be
calculated rather quickly (using a given force field); in
contrast, to calculate the entropy, it will be necessary
to conduct a simulation up to the complete thermody-
namic equilibrium of the entire ensemble of configu-
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rations, or at least a significant part of it (and of both
complex and each molecule separately), which natu-
rally requires a very large calculation time. The prob-
lem becomes even more complicated by the fact that
the ligand and its binding site can be significantly
deformed during the interaction process [5, 10, 21].

We have developed an alternative approach to the
calculation of the molecule binding entropy or, more
precisely, to the calculation of the configuration
entropy of fixing a molecule in a complex (the solvent
entropy, which plays an important role in force fields
(see [3, 6, 9, 11–13]), is not the subject of this article).
The approach is based on the consideration of those
molecular motions which are allowed in the free state
of the molecule, but are limited in its bound state (in a
complex). Here, as in our previous work [22], we con-
sider the reversible dissociation process of molecules
from a crystal into vapor, i.e., the process of the subli-
mation of molecular crystals, as one of the simplest
binding process variants.

In the previous works [22, 23], we calculated the
average span (and amplitude of the molecule oscilla-
tions that correspond to this span) in the solid phase
for a set of crystals of small organic molecules. In this
paper, we use these average values along with the geo-
metric characteristics of the molecules under consid-
eration, as well as the values of the potential barriers
for the rotation of atomic groups around the covalent
bonds to calculate the sublimation entropy of crystals
under the standard conditions (25°C, 1 atm). Earlier
[22], we calculated the change in entropy of molecules
for a set of 15 crystals under the conditions of the equi-
librium transition from the crystal to the saturated
vapor (thus, at saturated vapor pressure and not at
atmospheric pressure); however, the additional exper-
imental data on the vapor pressure at 25°C are needed
for this calculation. These data are not required for
calculation of the standard sublimation entropy, and it
is possible to calculate it theoretically, then to compare
the calculated values with the experimental data,
assessing the accuracy of predictions, which yields the
developed method.

RESULTS AND DISCUSSION

Theoretical Assessment of the Standard Binding Entropy

Since, by definition, the sublimation entropy
(which is equal to the taken with the opposite sign
entropy of binding of molecules by the crystal) is cal-
culated as the difference in the entropy of the mole-
cules in vapor and the same molecules in a crystal, we
have assessed the molecular motions that are allowed
for the free molecule but are restricted in the crystal by
adjacent molecules and, therefore, are reduced to oscil-
lations. These movements include [22, 23] the transla-
tional motions of the molecule as a whole (Fig. 1a), the
rotation of the molecule as a whole (Fig. 1b), and two
types of rotation around the covalent bonds (Figs. 1c, 1d),
i.e., free or almost free rotations in the free molecule
(Fig. 1c) and nonfree rotations, or rather oscillations
in the free molecule (Fig. 1d).

The free or almost free rotation around a bond in
the free molecule takes place in the case when the
potential barrier of rotation around it in a free mole-

Fig. 1. Four types of molecular movements in vapor (left) and
corresponding motions in a crystal, which are always oscilla-
tions restricted by neighboring molecules (right), considered
in the sublimation entropy assessment. (a) Translational
motions of the entire molecule in vapor and its corresponding
movements (oscillations) in a crystal. (b) Rotational motions
of the entire molecule in vapor and the corresponding
oscillations in a crystal. (c) Free rotations around a cova-
lent bond with a low potential barrier in vapor and the cor-
responding oscillations in a crystal. (d) Oscillations around
a covalent bond with a high potential barrier in vapor and
the corresponding oscillations in a crystal. Vvapor is the vol-
ume per molecule in vapor;  is the molecule oscillation
span in a crystal; the other expressions are explained in the
description of formula (1).
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cule is less than kBT (being 0.6 kcal/mol at T = 298 K)

[22]. The oscillations around a bond in a free molecule
take place in the case of a high (greater than kBT)

potential barrier of rotation around it in a free mole-
cule [22].

It should be noted that oscillations around the
covalent bonds with very high barriers (>70 kBT [23])

may be not considered at all, since their magnitude,
even in the free molecule, is so small that neighboring
molecules in the crystal do not affect them, so they
can be considered identical in the crystal and in the
vapor and can be not taken into account in the calcu-
lation of the difference of entropies between the crystal
and the vapor [22].

The same applies to the oscillations of the covalent
bond lengths and valence angles: the magnitude of
these oscillations is so small (less than the average
amplitude of oscillations in crystals [22]) that the crys-
tal does not affect them, and these movements can
also be neglected in the calculation of the sublimation
entropy [14, 22].

The binding entropy of a molecule by the crystal,
equal to the sublimation entropy with the opposite
sign, can be estimated as in [22] as shown below:

(1)

Here, R is the universal gas constant; the four sum-
mands correspond to the four types of considered
movements in vapor, i.e., the translational motions of
the whole molecule; the rotational motions of the
whole molecule; the rotations around covalent bonds
with barriers is less than kBT; and the oscillations
around covalent bonds with barriers greater than kBT.
The expressions that stand in the numerators refer to
the crystal, and those that stand in the denominators
refer to vapor.

The first term of Eq. (1) expresses a change in
entropy of the translational motions of the molecule as
a whole: δx1, δx2, and δx3 are the spans of the motions

for three translational degrees of freedom of the mole-
cules in the crystal, that is, in the bound state (for sim-
plicity, in the first approximation, we assume

); the molecule in the crystal is

limited by the volume of movement Vcrystal = 

and 1 mol of the molecules has entropy ;

Vvapor =  is the volume per molecule in

vapor; under standard conditions (25°C , 1 atm), T =

T0 = 298.15 K, Pvapor = P0 = 101325 Pa, and  is the

Boltzmann constant (in the expression for vapor

= =

Δ ≡ −Δ ≡ −
⎡ ⎤⎡ ⎤δ δ δ δβ δβ δβ= + ⎢ ⎥⎢ ⎥ π⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤δϕδϕ+ +⎢ ⎥ ⎢ ⎥
π Δ α⎣ ⎦ ⎣ ⎦

∑ ∑
rotat oscill

bind subl crystal vapor

1 2 3 1 2 3

2
vapor 0

rotat oscill

1 1

ln ln
(8 )

ln ln .
(2 ) ( )

n n
ji

i j j ji j

S S S S

x x xR R
V e K

R R
K n K

δ = δ = δ = δ1 2 3x x x x
δ δ δ1 2 3x x x

δ δ δ1 2 3ln( )R x x x
vaporBk T P

Bk

entropy, Vvapore is used instead of Vvapor according to

standard statistical physics; see also [22]).

The second term of Eq. (1) corresponds to the
change in entropy of the rotations of the molecule as a
whole, i.e., δβ1, δβ2, and δβ3 are the spans of oscilla-

tions of angles (in radians) during the rotation of the
whole molecule in three rotational degrees of freedom

in the crystal. It is reasonable to assume ,

where A1, A2, and A3 are three maximal radii of the

studied molecule computed from its spatial structure;

the result of multiplication  is estimated as

 =  [22], where the

radius-vectors r of all atoms of the molecule are mea-
sured from its center of gravity and all i atoms of the

molecule have unit weight.  is the degeneracy
(because of symmetry of the molecule) of rotation of
the free molecule as a whole.

The third term in Eq. (1) corresponds to the losses
of entropy of the rotation around the covalent bonds
with low (less than kBT) torsion barriers [22]: in this

case, there is free or almost free rotation around this
covalent bond in vapor. Here, nrotat is the number of

covalent bonds with the free or almost free rotation in

the molecule, and  is the spans of oscillations of
angles (also in radians) in rotation around a covalent
bond i, which is limited and becomes the oscillation in

the crystal; it is reasonable to assume  = ,

where  is the maximal radius of the smallest (i.e.,
having the smallest maximal radius) of the groups
rotating around the bond i; the maximal radius of each
of the two groups connected by the valence bond is

calculated as  = , where  is the

vector of the valence bond i, and  are the radius vec-
tors (calculated from this bond) of those atoms of this
group, which are rigidly connected with the atom that

forms the valence bond i);  is the degeneracy of
the corresponding rotation around the bond i in a free
molecule due to symmetry of the rotating groups.

The fourth term in Eq. (1) corresponds to the loss
of entropy of the oscillation around the covalent bonds
that have a high (more than kBT) torsion barrier [22],

and thus, free rotation around them is not allowed
even in the free state of the molecule. Here,

 noscill is the number of such covalent bonds in the

molecule;

 is the spans of oscillations of angles

(in radians) around a covalent bond j in the crystal,

where  (similar to , see above) is the maximal

radius of the smallest of the groups which rotate
around the bond j; 

nj is the number of energy minima for rotation

around the bond j in a free molecule. Usually,  = 

(where  is the multiplicity of the torsion potential
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 = , which creates torsion

barriers with the height of ); however,  <  if the

energy of some of the torsion potential minima (which

correspond to    α0 +

) is increased by nonvalent interactions, like,

e.g., in the case of the energy of peptide bond cis-rota-
mer. However, these cases are not noted among the
molecules considered in this work;

 is the degeneracy (due to the symmetry) of

the corresponding rotation around the bond j in a free
molecule;

 is the movement span in each of the potential

wells of the rotation around the bond j in a free mole-
cule. Given the parabolic approximation for the shape

of the energy well of the torsion potential,  ≈

 in the region of energy minima, and

standard formula for thermal oscillations in the well
(see [24]),

(2)

where the  value is expressed in the same units as RT,

i.e., in kcal/mol or kJ/mol.

Thus, the standard entropy (T0 = 298.15 K, P0 =

101325 Pa) of binding of a vapor molecule to a crystal
can be calculated as

(3)

The δx value (the average span of 0.75 ± 0.14 Å,
where  = 0.14 Å is the standard deviation) of each
movement of a molecule in the crystal, which exceeds
the average amplitude of the oscillation of 0.18 ± 0.03 Å

by  times, was calculated in our previous

work [22];  is calculated according to formula (2),

and all values needed for this and other calculations
are taken from the geometric characteristics of a stud-
ied molecule as in [22, 23].

Experimental Assessment
of the Standard Binding Entropy

We compared the calculated standard entropies of
the vapor molecules binding by the crystals with the
experimental data to assess the quality of the entropy
calculations carried out by our method.
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Our previously collected A2 database on small

molecules [12, 13, 25, 26] contains the experimental
data we need, including the enthalpy of sublimation
and the saturated vapor pressure. The spatial structure
of molecular crystals were taken from the Cambridge
Structural Database, CSD [27], and the torsion
potentials required for calculations were taken from
the ENCAD force field [28].

We selected from the database A2 (see Table S1 in
the supplementary material of [23]) containing 61 sub-
stances, those substances which crystals melt at tem-
perature above +25°C, i.e. the substances which are
crystals at the considered in this work standard condi-
tions, and thus, extrapolations to +25°C are not
needed (these extrapolations could lead to significant
errors). 34 substances match this requirement (see
Table 1), but six of them were excluded from our fur-
ther calculations because very large differences were
found in the experimental data for these substances
obtained from different but equally reputable sources
(see Table 1 and [23]).

Eventually, 28 crystals of small organic molecules
were selected for the work. It should be noted that
almost all of these molecules contain cycles (see Table 2)
and, therefore, represent rather rigid structures;
whereas crystals of f lexible molecules, such as alkanes,
were culled since they melt at temperatures well below
0°C (see Table S1 in the supplementary material of
[23]), and thus, the extrapolation of their experimen-
tally derived thermodynamic parameters to a standard
temperature of +25°C entails significant uncertain-
ties, and therefore, for these substances, we cannot
properly evaluate the quality of our predictions.

Table 1 summarizes the experimental data on the
sublimation enthalpies of these crystals (ΔHsubl) at

25°C in order to obtain the entropy of sublimation of
the crystal ΔSsubl = ΔHsubl/T at 25°C and pressure Pvapor

(also given in Table 1) of the saturated vapor, which is
in thermodynamic equilibrium with the crystal.

Assuming that gas is close to ideal at low vapor
pressure (see Table 1), we can obtain the standard
(that is, at the temperature T0 = 298.15 K (+25°C) and

pressure P0 = 101325 Pa (1 atm)) entropy of binding

molecules by the crystal  from the

experimental values according to

(4)

Comparison of Calculations with the Experimental Data
Thus, we have calculated the theoretical standard

entropy of binding  based on formula (3) and
compared the results of these calculations with the exper-

imental standard entropy of binding 

defined by formula (4) for 28 crystals. The data used to

Δ 0

bind experim( )S

( )
Δ

= − Δ +

0

bind experim

sublim 0 vapor

( )

ln .

S
H T R P P

Δ 0

bind calc( )S

Δ 0

bind experim( )S



112

MOLECULAR BIOLOGY  Vol. 52  No. 1  2018

GARBUZYNSKIY, FINKELSTEIN

Table 1. Thermodynamic data for the sublimation of crystals melting at temperature above 25°C

See [25, 26] for list of references.  Here, # denotes the substance number in our complete database [25, 26]; Tmelt is the melting tem-

perature, °C; ΔH is sublimation enthalpy (in kJ/mol, at 25°C): 〈ΔH〉 is the arithmetic mean, ΔHmin and ΔHmax are the minimal and

maximal ΔH values, respectively, according to the literature data; the dimensionless quantity ±δΔH/RT is the average ΔH error
expressed in units of RT at T = 298.15 K (25°C); P is the saturated vapor pressure (in Pa at 25°C); 〈P〉geom is the geometric mean; Pmin

and Pmax are the minimal and maximal P values, respectively, according to the literature data; the dimensionless quantity ±δ ln(P) is the

average ln(P) error; and   is the standard sublimation entropy obtained from the experimental data by formula (4). * The

substances for which very large differences between the observed experimental values (|δΔH/RT| + |δln(P)| > 2.5)) are presented for the

same substance in different authoritative sources are shaded in gray.

# Tmelt

〈ΔH〉 = 
ΔHmin ΔHmax ±δΔH/RT

〈P〉geom = 

Pvapor

Pmin Pmax ±δ ln(P)

7 60.3 56.0 55.6 56.6 1.1 1731.5 1730 1733 0.001 18.56

9 119.0 80.7 80.7 80.7 0.64 1.39 0.20 4.02 1.37 21.41

11 54.4 75.2 74.6 75.8 0.36 147 79.59 210.0 0.44 23.85

18 115.7 65.2 62.8 68.6 1.0 16.1 13.3 19.58 0.44 17.60

20 44.8 72.8 72.3 73.3 0.25 14.17 13.33 15.06 0.06 20.54

22 40.9 68.9 68.6 69.7 0.25 45.77 44.7 46.83 0.02 20.14

23 172.3 97.1 94.1 103.8 1.6 0.00818 0.0024 0.089 1.69 *

24 71.2 89.0 88.3 89.7 0.28 0.21 0.12 0.36 0.55 22.87

25 114.0 96.8 96.0 98.0 0.31 0.017 0.0031 0.123 1.52 23.49

26 146.0 101.0 100.0 102.0 0.4 0.015 0.00043 0.43 2.83 *

28 69.2 88.5 87.3 89.8 0.50 0.25 – – – 22.86

31 171.0 99.1 94.3 102.2 1.84 0.0101 – – – 23.92

32 148.0 91.6 87.7 97.1 1.22 0.55 0.197 1.54 0.6 24.89

33 51.6 78.0 74.8 79.1 1.09 5.2 2.09 21.86 1.09 21.64

35 29.8 75.4 73.7 76.0 0.39 39.95 39.9 40.0 0.001 22.63

36 35.5 73.7 73.1 73.9 0.36 14.6 – – – 20.93

40 72.8 84.0 84.0 84.0 0.28 6.42 3.49 11.86 0.61 24.27

41 74.8 84.8 84.6 85.0 0.11 9.02 3.93 20.8 0.83 24.94

42 45.7 75.4 75.1 75.6 0.10 29.4 23.62 36.5 0.22 22.34

43 60.8 85.4 85.0 85.8 0.14 2.96 1.84 4.78 0.48 24.06

45 26.5 77.1 73.8 80.4 1.3 7.49 6.06 9.25 0.21 21.65

47 80.2 72.0 70.4 73.0 0.8 11.1 10.9 11.3 0.02 19.97

49 83.0 81.0 76.5 84.4 1.2 0.88 0.33 2.33 0.98 21.07

50 98.5 91.5 85.1 97.5 1.8 0.0086 0.00273 0.0273 0.97 *

51 246.2 101.0 97.7 103.2 1.07 0.00255 0.000183 0.0355 2.63 *

52 185.0 104.0 86.0 114.5 3.6 0.00041 0.00012 0.00140 1.07 *

53 93.4 85.0 83.4 86.0 0.49 0.316 0.3 0.3333 0.05 21.67

54 69.0 81.3 77.9 82.9 0.81 1.26 1.19 1.333 0.06 21.55

55 114.8 84.6 80.2 87.6 1.3 0.136 0.043 0.432 1.1 20.66

56 215.0 97.9 84.0 104.5 2.9 0.0083 0.00087 0.08 2.26 *

57 99.2 90.3 86.6 92.5 0.98 0.038 0.0161 0.091 0.87 21.69

58 123.0 100.5 98.0 102.0 1.9 0.1173 – – – 26.94

59 107.8 100.1 99.2 102.0 0.73 0.00115 0.001084 0.001229 0.06 22.15

60 151.2 101.0 98.5 104.5 1.30 0.0006 – – – 21.86

Δ sublH
− Δ 0

bind experim( )S
R

Δ 0
bind experim( )S
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Table 2. Geometric and energetic parameters associated with the free rotation of entire molecules and their individual 

groups

No.
Name

of the compound
Molecular structure CSD code [27] K0

A1A2A3, 

Å3
nrotat

,

kcal/mol 

[28]

, Å

7 Trioxane TROXAN11 12 11.57 0 – – –

9 Succinic anhydride SUCANH13 2 14.58 0 – – –

11 Dimethyloxalate DMEOXA01 2 24.42 0 – – –

18 p-Benzoquinone BNZQUI03 4 14.69 0 – – –

20 2-Nitrophenol ONITPH 1 24.16 0 – – –

22 Phenol PHENOL03 2 18.07 0 – – –

24 o-Nitroaniline ONITAN 1 29.97 0 – – –

25 m-Pitroaniline MNIANL03 1 33.46 0 – – –

28 Caprolactam CAPLAC 2 23.30 0 – – –

31 1h-Benzimidazole BZDMAZ02 2 30.06 0 – – –

32 1h-Indazol INDAZL 1 26.46 0 – – –

33 p-Nitrotoluene NITOLU 2 34.38 1 0.1 1.03 3

35 o-Cresol OCRSOL 1 30.16 1 0.1 1.03 3

36 p-Cresol CRESOL01 1 35.56 1 0.1 1.03 3

40 2,3-Xylenol DIMPHE12 1 34.73 2 0.1 1.03 3

γ i

iB rotat
iK
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41 2,5-Xylenol DMPHOL11 1 37.33 2 0.1 1.03 3

42 2,6-Xylenol DMEPOL10 2 33.83 2 0.1 1.03 3

43 3,4-Xylenol DPHNOL10 1 41.20 2 0.1 1.03 3

45 Isoquinoline BERXOL 1 37.04 0 – – –

47 Naphthalene NAPHTA10 4 30.88 0 – – –

49 Dibenzofuran DBZFUR11 2 55.25 0 – – –

53 Acenaphthene ACENAP03 2 50.32 0 – – –

54 Biphenyl BIPHEN04 4 55.75 0 – – –

55 Fluorene FLUREN01 2 63.32 0 – – –

57 Phenanthrene PHENAN08 2 65.14 0 – – –

58 Trans-stilbene TSTILB10 2 93.89 0 – – –

59 Fluoranthene FLUANT02 2 83.17 0 – – –

60 Pyrene PYRENE02 2 71.16 0 — — —

No.
Name

of the compound
Molecular structure CSD code [27] K0

A1A2A3, 

Å3
nrotat

,

kcal/mol 

[28]

, Å

γ i

iB rotat
iK

Table 2.   (Contd.)
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calculate  are in Tables 2 and 3, and the

experimental data for  are in Table 1.

A comparison of the predicted values with the
experimental values is shown in Fig. 2.

The correlation coefficient of the predicted and
experimental values is 65%. It is not very high, but we
must bear in mind that this correlation coefficient
refers to relatively small differences in the standard
entropy of sublimation of different molecules, while
the average standard entropy of sublimation for all of
these molecules is estimated with a very high accuracy.
Indeed, the average theoretically estimated value of

 = 21.7 (and the standard deviation

Δ 0

bind calc( )S
Δ 0

bind experim( )S

− Δ 0

bind calc( )S R

of the  value from the average is  = ±1.9

so that the average  is determined with

an accuracy of ±0.4, which is calculated as usual as

, where n = 28 is the size of our sample. The aver-

age experimental value is  = 22.1;

the standard deviation is ±2.0, so the value

 is determined with an accuracy

of ±0.4). Therefore, there is no systematic error in

our calculation. The average discrepancy between

the calculated and experimental values is

 = 1.3, and the

− Δ 0

bind calc( )S R σ

− Δ 0

bind calc( )S R

σ n

− Δ 0

bind experim( )S R

− Δ 0

bind experim( )S R

Δ − Δ0 0

bind calc bind experim( ) ( )S R S R

Table 3. Geometric and energetic parameters associated with the oscillations of individual groups in the molecules

No.

Type-1 bond in the molecule Type-2 bond in the molecule Type-3 bond in the molecule

noscill

, 

kcal/mol 

[28]

, Å nj noscill

, 

kcal/mol 

[28]

, Å nj noscill

, 

kcal/mol 

[28]

, Å nj

7 0 – – – – 0 – – – – 0 – – – –

9 0 – – – – 0 – – – – 0 – – – –

11 2 0.6 1.03 3 3 2 1.8 1.35 2 1 1 10 1.35 2 2

18 0 – – – – 0 – – – – 0 – – – –

20 1 10 1.06 2 2 1 1.65 0.94 2 1 0 – – – –

22 1 1.65 0.94 2 1 0 – – – – 0 – – – –

24 1 10 1.06 2 2 1 10 0.87 2 2 0 – – – –

25 1 10 1.06 2 2 1 10 0.87 2 2 0 – – – –

28 0 – – – – 0 – – – – 0 – – – –

31 0 – – – – 0 – – – – 0 – – – –

32 0 – – – – 0 – – – – 0 – – – –

33 1 10 1.07 2 2 0 – – – – 0 – – – –

35 1 1.65 0.94 2 1 0 – – – – 0 – – – –

36 1 1.65 0.94 2 1 0 – – – – 0 – – – –

40 1 1.65 0.94 2 1 0 – – – – 0 – – – –

41 1 1.65 0.94 2 1 0 – – – – 0 – – – –

42 1 1.65 0.94 2 1 0 – – – – 0 – – – –

43 1 1.65 0.94 2 1 0 – – – – 0 – – – –

45 0 – – – – 0 – – – – 0 – – – –

47 0 – – – – 0 – – – – 0 – – – –

49 0 – – – – 0 – – – – 0 – – – –

53 0 – – – – 0 – – – – 0 – – – –

54 1 20 2.15 2 2 0 – – – – 0 – – – –

55 0 – – – – 0 – – – – 0 – – – –

57 0 – – – – 0 – – – – 0 – – – –

58 2 10 2.15 2 2 1 10 5.26 2 1 0 – – – –

59 0 – – – – 0 – – – – 0 – – – –

60 0 – – – – 0 – – – – 0 – – – –

γ i

jB oscill
jK

γ i

jB oscill
jK

γ i

jB oscill
jK
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discrepancy normalized to the experimental value is

 =

0.056. Thus, the average relative error of our standard
binding entropy calculations is only 5.6%.

In contrast to the equilibrium sublimation entropy
considered in our previous works [22, 23], the stan-
dard entropy of binding (the same as taken with the
opposite sign sublimation entropy at standard condi-
tions: 25°С and 1 atm), depends only on the mobility
restriction of molecules in crystals, but does not
depend on the density of saturated vapor of these mol-
ecules.

Therefore, the standard entropy of binding consid-
ered here reflects the physics of binding molecules in
a crystal more accurately; however, it correlates with
the experimental data notably worse than the equilib-
rium sublimation entropy does (the correlation of the
calculations with experiment for the same set of mol-
ecules is 65% in the case of the standard sublimation
entropy and 94% in the case of equilibrium sublima-
tion entropy [23]). This difference can be because a
large experimental value of the vapor pressure loga-
rithm is already included in the calculation of the
equilibrium sublimation entropy [22, 23], which cor-
relates with the equilibrium sublimation entropy at a
level of 90% per se.

We can conclude that the developed method allows
doing successful calculations of both the standard
configuration entropy of small organic molecule bind-
ing in crystals and, in particular, the equilibrium

( )Δ − Δ Δ0 0 0

bind calc bind experim bind experim( ) ( ) ( )S S S

entropy of their binding which is directly included in
the binding constant of a molecule with a crystal [23].

This is the basis for hopes that the proposed fast
method can be applied to interesting biological phe-
nomena, e.g., to calculating the configuration entropy
of ligand binding with proteins. For a quick evaluation
of the contribution of the enthalpy of all interactions
and the contribution of the solvent’s entropy to the free
energy of binding of molecules (and, therefore, their
contribution to the binding constant), one can use, e.g.,
the previously developed force field PFFsol1.1, which
enables a fast calculation of the molecular interactions
in an implicitly specified water environment [13].

ACKNOWLEDGMENTS

The work was supported by Russian Science Foun-
dation, project no. 14-24-00157.

REFERENCES

1. Steinbrecher T., Labahn A. 2010. Towards accurate free
energy calculations in ligand protein-binding studies.
Curr. Med. Chem. 17, 767–785.

2. Muzzioli E., Del Rio A., Rastelli G. 2011. Assessing
protein kinase selectivity with molecular dynamics and
MM-PBSA binding free energy calculations. Chem.
Biol. Drug. Des. 78, 252–259.

3. Shivakumar D., Harder E., Damm W., et al. 2012.
Improving the prediction of absolute solvation free
energies using the next generation OPLS force field.
J. Chem. Theory Comput. 8, 2553–2558.

4. Wang L., Wu Y., Deng Y., et al. 2015. Accurate and reli-
able prediction of relative ligand binding potency in
prospective drug discovery by way of a modern free-
energy calculation protocol and force field. J. Am.
Chem. Soc., 137, 2695–2703.

5. Clark R.D., Waldman M. 2012. Lions and tigers and
bears, oh my! Three barriers to progress in computer-
aided molecular design. J. Comput. Aided Mol. Des. 26,
29–34.

6. Gumbart J.C., Roux B., Chipot C. 2013. Standard
binding free energies from computer simulations: What
is the best strategy? J. Chem. Theory Comput. 9, 794–
802.

7. Huang N., Jacobson M.P. 2007. Physics-based meth-
ods for studying protein-ligand interactions. Curr. Opin.
Drug. Discov. Dev. 10, 325–331.

8. Borhani D.W., Shaw D.E. 2012. The future of molecu-
lar dynamics simulations in drug discovery. J. Comput.
Aided Mol. Des. 26, 15–26.

9. Krieger E., Darden T., Nabuurs S.B., et al. 2004. Mak-
ing optimal use of empirical energy functions: Force
field parameterization in crystal space. Proteins. 57,
678–683.

10. Gao C., Park M.-S., Stern H.A. 2010. Accounting for
ligand conformational restriction in calculations of
protein–ligand binding affinities. Biophys. J. 98, 901–
910.

Fig. 2. Comparison of calculated  and experi-

mental  standard entropy of binding of a

vapor molecule by a crystal. Diagonal corresponds to

 = , i.e., to the ideal prediction.

28

16 18

18

20

20

22

22

24

24

26

26

28

–
(Δ

S b
in

d
) c

a
lc

 /
R

0

–(ΔSbind)experim /R0

Δ 0
bind calc( )S

Δ 0
bind experim( )S

Δ 0
bind calc( )S Δ 0

bind experim( )S



MOLECULAR BIOLOGY  Vol. 52  No. 1  2018

MOLECULAR CRYSTALS: BINDING ENTROPY 117

11. Finkelstein A.V., Ptitsyn O.B. 2016. Protein Physics. A
Course of Lectures, 2nd ed., Amsterdam: Elsevier,
Chapters 5–8.

12. Pereyaslavets L.B., Finkelstein A.V. 2010. Atomic force
field FFsol for calculating molecular interactions in
water environment. Mol. Biol. (Moscow). 44, 303–316.

13. Pereyaslavets L.B., Finkelstein A.V. 2012. Development
and testing of PFFsol1.1, a new polarizable atomic force
field for calculation of molecular interactions in
implicit water environment. J. Phys. Chem. B. 116,
4646–4654, Suppl. A1. http://phys.protres.ru/
resources/FFS/A1en.doc.

14. Finkelstein A.V., Janin J. 1989. The price of lost free-
dom. Protein Eng. 3, 1–3.

15. Pickett S.D., Sternberg M.J. 1993. Empirical scale of
side-chain conformational entropy in protein folding.
J. Mol. Biol. 231, 825–839.

16. Kortemme T., Baker D. 2002. A simple physical model
for binding energy hot spots in protein–protein com-
plexes. Proc. Natl. Acad. Sci. U. S. A. 99, 14116–14121.

17. Lee J., Seok C. 2008. A statistical rescoring scheme for
protein–ligand docking: Consideration of entropic
effect. Proteins. 15, 1074–1083.

18. Wang J., Hou T. 2012. Develop and test a solvent acces-
sible surface area-based model in conformational
entropy calculations. J. Chem. Inf. Model. 25, 1199–
1212.

19. Chiba S., Harano Y., Roth R., et al. 2012. Evaluation of
protein–ligand binding free energy focused on its
entropic components. J. Comput. Chem. 15, 550–560.

20. Kamisetty H., Ramanathan A., Bailey-Kellogg C.,
et al. 2011. Accounting for conformational entropy in

predicting binding free energies of protein–protein
interactions. Proteins. 79, 444–462.

21. Perola E., Charifson P.S. 2004. Conformational analy-
sis of drug-like molecules bound to proteins: An exten-
sive study of ligand reorganization upon binding.
J. Med. Chem. 47, 2499–2510.

22. Garbuzynskiy S.O., Finkelstein A.V. 2016. Calculation
of mobility and entropy of the binding of molecules by
crystals. Mol. Biol. (Moscow). 50, 452–461.

23. Garbuzynskiy S.O., Finkelstein A.V. 2017. Sublimation
entropy and dissociation constants prediction by quan-
titative evaluation of molecular mobility in crystals.
J. Phys. Chem. Lett. 8, 2758−2763.

24. Landau L.D., Lifshitz E.M. 1980. A Course of Theoreti-
cal Physics, vol. 5: Statistical Physics, 3rd ed., Amster-
dam: Elsevier, Chapter 3.

25. Pereyaslavets L.B., Finkelstein A.V. 2011. Database A2
on thermodynamic characteristics of molecular crys-
tals. Appendix to [12]. http://phys.protres.ru/
resources/FFS/A2.pdf.

26. Finkelstein A.V. 2014. Extended database A2 [13] on
characteristics of molecular crystals. http://phys.pro-
tres.ru/resources/FFS/Addition%20to%20A2.pdf.

27. Allen F.H. 2002. The Cambridge Structural Database:
A quarter of a million crystal structures and rising. Acta
Cryst. B58, 380–388.

28. Levitt M., Hirshberg M., Sharon R., et al. 1995. Poten-
tial energy function and parameters for simulations of
the molecular dynamics of proteins and nucleic acids in
solution. Comput. Phys. Commun. 91, 215–231.

Translated by E. Puchkov


