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Abstract—The entropy contribution AS to protein—ligand binding free energy is studied for nine protein—lipid complexes.
The entropy effect from the loss of the translational/rotational degrees of freedom (AS,,) is calculated using the ideal gas
approach. The change in the vibrational entropy (AS,;) is calculated using the effective quantum oscillator approach with
frequencies derived from the coordinate covariance matrix, so the inharmonic effects are taken into account. The change in
the entropy of solvation (AS,,,) is considered using the binomial cell model (developed by the authors) for the hydrophobic
effect. The entropy contribution from loss of conformations that are available for the free ligand (AS,,,) is also estimated.
It is revealed that the negative in view of binding term AS,, is only partly compensated by increasing of AS,;, so T(AS,, +
AS,ip, T AS.onp) < 0 for all complexes under investigation, but taking into account AS,, leads to significantly increased AS.
For all complexes except biotin—streptavidin, the results are found to be in reasonable agreement with experimental data.
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One of the most important factors limiting the for-
mation of intermolecular protein—ligand (PL) complexes
is the restriction of rotational, translational, and internal
degrees of freedom both for ligand and protein. The cor-
responding contribution to the PL binding free energy
AG;, is mainly due to the change in configurational
entropy AS,,q,. Computation of AS,,,g, is a complicated
task because the full investigation of available configura-
tional space is needed. Different simplified approaches
are used for computation of AS,,g, for real systems.

The configurational integral is described as a sum of
contributions from lowest states for computation of
change in AS, 5, [1]. For computation of the contribution
of every state, harmonic analysis was done at a correspon-
ding local minimum [2]. The configurational space avail-
able for the ligand is estimated based on analysis of the tra-

Abbreviations: BCM) Binomial Cell model; CM) covariance
matrix; GB) Generalized Born approach; MD) molecular
dynamic.

* To whom correspondence should be addressed.

jectory, which is obtained from molecular dynamic (MD)
simulation [3]. The ligand is described as an absolutely
rigid body, so the contribution to AS,,; from internal
degrees of freedom is neglected. Different schemes for
computation of AS,,,5, using MD simulation were consid-
ered in [4]. The contribution from rotational and transla-
tional degrees of freedom was estimated from available
bonded state configurational space, which is calculated
from the quasi-harmonic analysis of MD trajectory.

The AS,..q, has been evaluated for insulin dimer
complex using decomposition of AS,,,s, into rotational,
translational (AS,,), and vibrational (AS,;,) terms [5]. For
AS,, the ideal gas approach was used, and for AS,;, the
quantum oscillator approach with frequencies computed
from harmonic analysis of protein, ligand, and PL com-
plex was used. It was found that the increase in AS,;, from
the additional vibrational degrees of freedom was insuffi-
cient for compensation of AS,, and the total change is
TAS one = —20.1 kcal/mol.

The authors of [6] used a decomposition similar to
that given in [5] for computation of AG, for the
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trypsin—benzamidine complex. Reasonable agreement of
the calculated and experimental values of AG, was
achieved [6], though the values of the empirical parame-
ters used for the computation are questionable and
require additional arguments.

Now one of the most intensively developed methods
for computation of AS,.;, is based on analysis of the
covariance matrix (CM) obtained from MD simulation.
The CM approach was first used in [7], where the entropy
change for the two states of the system was calculated as
AS = 0.5kgIn[det(c,)/det(cg)], where det(c,) and
det(op) are determinants of the CM for states A and B,
respectively, and kg is the Boltzmann constant. The quan-
tum correction to AS,,,q, Was suggested in [8] for the sys-
tem of decaalanine which contains 53 atoms. In [9], the
CM approach with the quantum correction was applied
to a system of 256 argon atoms. Also, it was demonstrat-
ed that the value of AS,,g, calculated in this way con-
verges with increasing time of MD modeling. In [10] a
similar approach was used for several systems: a set of 100
independent oscillators, liquid argon, and peptide in sol-
vent. In the first two cases, the entropy from CM was
compared with the result of exact theoretical computa-
tion. It was demonstrated that the CM approach overesti-
mates the entropy by up to 20%.

The MC approach has been used for biological sys-
tems (including PL complexes) [4, 11-15]. In work [11],
four complexes were investigated: one of them was
biotin—streptavidin, with TAS,,5, = —6.7 kcal/mol, and
the others were formed by relatively small molecules. The
change in entropy calculated for biotin—streptavidin is
close to —4.5 kcal/mol, which was reported in [16] for
this complex with frequencies derived from harmonic
analysis. In [12] AS,,,g, Was calculated for a heptapeptide
in water without any restrictions on the coordinates of the
atoms. To fully search the configurational space of this
system, a MD trajectory with 200 nsec length was
obtained and analyzed. The translational and rotational
degrees of freedom of the heptapeptide as a whole were
eliminated from the MC. The TAS,,,, of the heptapep-
tide increased on time of modeling, undergoing jumps of
up to 2 kcal/mol, the last of them appearing at 180 nsec.
These jumps are connected with change in conformation
of the heptapeptide, which is confirmed by its time corre-
lation. In [13] similar computations were made for o-
lactalbumin. Because of the large size of this system the
length of the MD trajectory was 2 nsec, and the TAS, g,
did not converge: during the last 100 psec it increased by
6 kcal/mol. In [14] the change in TAS,,,, was calculated
for integrase with CD4 receptor. Only for relative small
fragments of the complex (no more than 200 atoms) the
convergence of TAS,,,, was achieved with CM obtained
from the 16 nsec trajectory.

So the computation of AS,,,g, using the CM for PL
complexes without any restrictions to the internal degrees
of freedom demands very large (tens of nanoseconds) tra-
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jectories, and even at this case the convergence of AS,,g,
is questionable [12-14]. One of the possible ways to solve
this problem is the separation in MD modeling of relative
fast (bond and valence vibrations) and slow (torsions)
degrees of freedom. In this case the computation of
AS,ons; €an be done similarly [1, 2]: first the search for
conformations with lowest value of energy is made, and
then for each of them the change in vibrational entropy
AS,;, is calculated using the MC derived from MD mod-
eling at fixed conformation. The full change in ASg,
can be calculated as a sum of contributions AS,;, from dif-
ferent conformations with proper weights.

To use this scheme, it is necessary to develop the
technique of computation of AS,;, using the CM approach
with fixed conformation. In the present work, these com-
putations are performed for the first time for nine
PL complexes: eight of them with trypsin (five formed by
benzamidine and its p-substituted analogs, three others by
relatively large ligands) and biotin—streptavidin complex.
The parameters for MD modeling, which provide conver-
gence of AS,;, with increasing time of MD modeling, are
defined. Contributions to AS,,,, from loss of translation-
al and rotational degrees of freedom, conformational
entropy, and also the entropic term caused by the effect of
partial desolvation of protein and ligand in the bound state
are estimated. For all of these complexes the calculated
TAS,,. and experimental TAS,,, values are compared.

To consider the solvation effect, the Generalized
Born (GB) approach is used [17]. Geometry optimization
and MD modeling was performed using CHARMM [18],
and for computation of interaction between atoms the
MMFF94 [19] force field was used.

METHODS OF INVESTIGATION

Vibrational entropy AS,;, is calculated as the differ-
ence of the corresponding values for PL, protein, and lig-
and:

ASyiy = Sip (PL) — (Syi (P) + Sy (L)), )]

where designations P, L, and PL correspond to protein,
ligand, and the complex, respectively. Every term in Eq.
(1) is calculated using the standard expression for the
entropy of an ensemble of quantum oscillators [20] with
frequencies evaluated from CM, which is defined as:

S M < (q;: — <g; >)( q; — <q/' >) > M'? s 2)

where M /2 is a matrix of masses with rank 3N (N is num-
ber of atoms) in which diagonal elements are equal to
masses of atoms and non-diagonal elements are equal to
zero, and <¢;> (¢ =x, y, z) are averaged over the MD tra-
jectory coordinates of the i-th atom. Frequencies are cal-
culated from the eigenvalues A, of MC as:
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3)

Harmonic restraints to torsion angles of the ligand
were applied to eliminate the transition from the initial
conformation to another during MD modeling. Two sets
of the initial values of torsion angles for every ligand were
defined by means of the geometric optimization of lig-
ands in the bound and free states. Also, during MD mod-
eling it is necessary to exclude translation and rotation of
the ligand as a whole because the corresponding effect is
incorporated into AS,.. To do this, the velocity of the cen-
ter of masses of ligand and the total angular moment were
kept at zero during MD modeling. Harmonic restraints
for the protein atoms relative to their initial positions were
also applied.

Loss of conformational entropy AS,,,¢ was calculated
asin [21]:

TAScont = —Nkor, “)

where k,,, = 0.4 kcal/mol is an empirical parameter cho-
sen using results of computations of AS,,, for the set of
PL complexes, and N is number of rotatable bonds. It is
assumed in Eq. (4) that only one conformation is avail-
able for the ligand in the bound state. The corresponding
inconsistence is incorporated into the empirical parame-
ter k.

So the procedure of computation of AS,,,; consists of
the following main steps:

— computation of AS,;;

— preparation of PL complexes, proteins, and lig-
ands for MD modeling;

— geometric optimization of ligands in the free state;
MD modeling of the ligands with values of torsions that
correspond to the optimized geometries; computation of
Suw (L);

— geometric optimization of PL complexes and pro-
teins; MD modeling of PL complexes and proteins with
harmonic restraints described above;

— computation of S, (PL), S,;, (P), and AS,;, using
Eq. (1);

— computation of TAS,, using Eq. (4) and
TASconﬁg = TASIr + TASvib + TASconf'

To compare calculated and experimental values of
the change in entropy AS, it is necessary to estimate the
contribution to AS from the effect of the partial desolva-
tion of protein and ligand in the bound state. The compu-
tation of the corresponding term for protein—ligand bind-
ing free energy is usually carried out using its decomposi-
tion into polar and nonpolar contributions [22]. A similar
approach can be used for entropy taking into account the
standard expression S = —AG/IT.

The entropic component of the nonpolar term of
desolvation free energy of ligands TAS,,,,, (L) was calcu-
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lated based on the Binomial Cell model (BCM) [23, 24]
that was developed for evaluation of the nonpolar term of
the solvation free energy of organic compounds. In agree-
ment with the BCM the entropy of formation in an aque-
ous cavity for solute is proportional to its volume V:
Shonpot = IERPV, where 8 = 1.3 and £ = 0.73 are dimen-
sionless parameters of the model, p = 1/(volume per
water molecule) = 1/30 A~3. For similar computation for
the PL complexes and proteins, we took into account that
the nonpolar term of solvation free energy of a macro-
molecule is equal to the product of its surface area and
surface tension coefficient [25]. So for the change in the
nonpolar entropic term the following equation was used:

TASnonpol = T(ac/a,r)(APL - Ap) - SéRTpVL =
=0.069 (Ap — Ap) + 0.019 V], 5)

where TAS,,,0 is in kcal/mol, Ap and Ay are surface
areas of the PL complex and protein, respectively, in A2,
V, is the volume of the ligand in A%, d5/8T is the deriva-
tive of surface tension coefficient on temperature (calcu-
lated according to [26]).

The nonpolar term of solvation free energy AG,,, was
considered in using the GB approach [17] during MD
modeling. Using the initial Born model for a point
charge, which is placed at the center of the dielectric cav-
ity with fixed radius [22], the following expression can be
derived for the entropic component of the free energy:

TAS, = —T(0AG,,/0T) =
= — (TAG,y /€2)(06/0T) = 0.02 AG,,, (6)

where ¢ is dielectric constant for water (0e/0T is calculat-
ed according to [27]). With the assumption that the main
contribution to 0AG,,/0T is caused by the temperature
dependence of dielectric constant, the ratio (6) is true for
the GB approach. We note that a similar approach was
used in [28] for the estimation of the entropic component
of the binding free energy for intermolecular complexes
in water.

The total change in entropy caused by PL complex
formation was calculated as:

TAS e = TAS onsie T TASo1y (7)
where

TAS oy = TAS jonpot T TAS,; - (%)
. A decomposition similar to that in Eq. (7) was used
" [liietails of MDD modeling. The initial structures of the

PL complexes were taken from the Protein Data Bank
(PDB) [29] (determined by X-ray crystallography).
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Hydrogen atoms were added using the Reduce program
[30], which optimizes the positions of OH, SH, NHj
fragments, hydrogen atoms of methyl groups, and Asn
and Gln side-chain amides. After the addition of the
hydrogen atoms, we used a procedure of truncation of the
protein to extract only the active site that is important for
formation of the PL complexes. Truncated structures with
size ~400-500 atoms (with hydrogen) were made using an
original program elaborated in our laboratory, which
keeps all protein residues that have at least one heavy
atom at a distance no more than a given cutoff radius R,
from any heavy atom of the ligand in the active site. The
value of R., was 4-5 A and was determined so all frag-
ments of the protein forming strong contact with ligand —
salt bridges and hydrogen bonds — were kept as specific
hydrophobic pockets.

The harmonic restraints to atoms were made using
the CONS HARM FORCE 1.0 MASS command of
CHARMM. This means that the term U,,,,, (in kcal/mol)
is added to the potential energy of the system:

N 1
T _ z 2
Dharm - _kiharm (xf - in) s
o 2

where N is number of atoms; x;, x,; are current and initial
values of coordinates, respectively; kj.m = 24, A;is atom-
ic mass of an element (for instance, A; = 12 for carbon).

Optimization of the structure of the ligands was per-
formed without any restraints, but during MD modeling
restraints to torsion were used as described above. The
selected torsions were restrained around their optimum
values using CHARMM command CONS DIHE
FORCE K,,. This adds the term Uy, (in kcal/mol) to the
potential energy of the system:

N 1
Uharml :ZEKQU(gDI _qo()i)zo
i=l

where N, is number of restraints on torsions, @,, ¢, are
current and initial values of torsions (in radians), and K|,
is force constant.

The structures and MD trajectories were visually
analyzed using the VMD (Visual Molecular Dynamics)
program (http://www.ks.uiuc.edu/Research/vmd/).

RESULTS AND DISCUSSION

Nine PL complexes were investigated. The first set
contained five p-substituted benzamidines (Fig. 1) that
form complexes with trypsin (the PDB code for
trypsin—benzamidine complex is 3PTB). The others lig-
ands with relative large molecular weights are shown in
Fig. 2. For benzamidine the main binding motif is the
strong electrostatic interaction between the positively
charged amidine group of benzamidine and the negatively
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charged Asp189 and polar atoms of Gly219 and Ser190. As
a result of this interaction, a salt bridge and two charged
hydrogen bonds are formed. For p-substituted benz-
amidines the map of the hydrogen bonds is similar except
for the case with R = —CONH,, in which an additional
hydrogen bond is formed. Detailed maps of the hydrogen
bonds for the three large ligands to trypsin are shown and
analyzed in [31, 32]. All these ligands retain strong con-
tacts that are formed in the trypsin—benzamidine com-
plex, and three additional hydrogen bonds are formed.

All hydrogen bonds are retained during molecular
mechanic optimization, which was carried out following
the scheme described above.

After optimization, the MD modeling was done
under the following conditions: trajectory step size,
1 fsec; heating room temperature (298K) and equilibra-
tion were carried out for 29,000 and 40,000 steps, respec-
tively, and coordinates of atoms were saved every 10 steps.

As discussed above, one of the key problems in the
computation of AS,;, using MC is the length of the MD
trajectory. The value of AS,;, will increase until the system
visits all areas of the configurational space. Such behavior
is shown for the trypsin—benzamidine complex (Fig. 3).
The vibrational entropy for the complex (curve /) and for
the protein (curve 2) changed significantly during the first
200-300 psec, and after that they converged. The value
TAS,;, = T(S,;, (PL) — S, (P) — S, (L)) changes with time
so that 7(S,;, (PL) — S,i, (P)) (curve 3 on Fig. 3) because
TS, (L) for benzamidine converges during 5 psec. Similar
behavior of TAS,;, with increasing length of trajectory was
observed for all of the PL complexes. For relatively large
ligands TS,;, (L) converges more slowly than for benzami-
dine and theirs p-substitute analogs, but in these cases the
necessary length of trajectory is defined by the saturation
of T(S,;, (PL) — S, (P)) and does not exceed 500 psec.

So using the harmonic restraints to the atoms of the
protein and ligands by the above described scheme leads
to a significant reduction in the length of the MD trajec-
tory that is necessary to obtain the correct value of AS,;,
with fixed conformation of protein and ligand. Using
lengths of the MD trajectories similar to those used in

+
NH,

NH2

Fig. 1. Structural formulas of p-substituted benzamidines. R-
groups in p-position: -H, -NH,, -CH;, -OCHj;, -CONH,.
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Fig. 2. Structural formulas of ligands for trypsin and streptavidin. Arrows designate the torsion angles where harmonic restraints were

applied. Ligand formulas and PDB codes of complexes are provided.

[12-14] for the computation of AS,,,g,, it is possible to
compute by our technique AS,;, for several tens of confor-
mations. The full value of AS,,,g, can be calculated as the
sum of contributions of AS,;, with corresponding weights.

To take into account the statistical fluctuations in
TAS,;,, we used the following procedure. The full trajecto-
ry was divided in two parts so as the length of each part was
sufficient for search in configurational space (300 psec).
Value of the TAS,;, was computed for each part, and then
the arithmetic mean value and root-mean-square error
were calculated. This allowed us to estimate possible error
of the method at chosen conditions of modeling and pro-
cessing of the trajectory. Values of the error, which were
obtained on this way, were no more than 1 kcal/mol.

The possible dependence of TAS,;, on the size of the
truncated protein also was investigated. For the
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trypsin—benzamidine complex, models with 12, 19, and
21 amino acid residues and with the full protein were
examined, and even for the smallest model all residues
that form hydrogen bonds and specific hydrophobic con-
tacts were retained. Under these conditions, the influence
of the size of the protein did not exceed 0.5 kcal/mol. So
it is possible to complete the computation of 7AS,;, using
truncated models.

A significant dependence of TAS,;, on force constant
kparms Which defines the force of harmonic restraints on
protein atoms, was revealed. If the value &, is closed to
the value of force constant of bond stretching, the
dependence of TAS,, on k;,., is weak. However, the
reduction of k., by an order of magnitude or more leads
to significant change in TAS,;,. Also, the value of statisti-
cal error of TAS,;,, which is defined by the scheme
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16 1

TS, kcal/mol

121

0 200 400 600

t, psec

Fig. 3. Dependence of the product of vibrational entropy and tem-
perature on modeling time ¢ for the trypsin—benzamidine com-
plex: 1) TS, (PL); 2) TSy, (P); 3) T(Syi, (PL) — Sii (P)).

described above, increases with decrease in ky,.,, and
becomes comparable with the value of the vibrational
entropy. It seems that this effect is caused by activation of
the internal degrees of freedom as a result of the reduction
in force of harmonic restraints. To avoid of large fluctua-
tions, we chose values of k,,,,, which are close to values of
force constants of bond stretching. A similar investigation
was carried out for definition of the dependence of TAS,;,
on force constant K, which defines the force of harmon-
ic restraints to rotation around bonds for the ligands. It
was revealed that starting with K, values close to the force
constant for valence angle bending, the dependence of
TAS,;, on K, becomes weak.

The results of computations of 7AS,;, for all nine PL
complexes are shown in the table. For PL complexes with
benzamidine and its p-substituted analogs, we used the
truncated structure with 19 amino acid residues, while for
large ligands the structure contains more amino acid
residues to take into account the formation of hydrogen
bonds with Ser195 and GIn192. For the biotin—strepta-
vidin complex, the truncated active site contains 17
amino acid residues. The total number of atoms in all
cases was 400-500. For all ligands, TAS,;, > 0. For benz-
amidine and its p-substituted analogs, the values of TAS,;,
are significantly more than for ligands with high molecu-
lar weight. The possible reason for this is discussed below.

The change in TAS,,,;, calculated using Eq. (4), and
also contributions from loss of translational and rotation-
al degrees of freedom TAS, are shown in the table. Values
of TAS,, are close in each group of ligands (benzamidine
and its p-substituted analogs and large ligands). This is
caused by weak logarithmic dependence of TAS;, on mass
and inertial moment of the ligand. For small ligands with
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one or two rotatable bonds, TAS,,,is small and does not
significantly influence change in entropy. For the large
ligands the number of these bonds (arrows on Fig. 2) is
great, so TAS,,sincreases and becomes comparable with
other contributions.

The change in configurational entropy TAS .., =
T(AS, + AS,, + AS...p) is large and negative because
TAS,;, is too small to compensate for the negative contri-
bution from TAS,, (table). The relatively small values of
TAS,;, for the four large ligands can be explained as fol-
lows. Long length of the ligand leads to large amplitudes
of the relative motion of its opposite ends and to increase
in the vibrational entropy. For the ligand in the free state
there are no restrictions on its motions, while in the
bound state amplitudes are restricted by the amino acid
residues of the active site. This leads to increase in effec-
tive frequencies calculated from CM in the bound state
and to reduction of vibrational entropy. For large and
flexible ligands, this effect and corresponding decrease in
TAS,;, will be more significant than for small ones.

Because the harmonic approach is widely used for
computation of TAS,;, for PL complexes [1, 2, 5, 6], we
compared results of the computations of TAS,;, by the
harmonic approach and by the CM method. All compu-
tations were performed in vacuum because the possibility
of harmonic analysis with GB is absent in CHARMM.
The results are shown in the table.

For PL complexes with benzamidine and its p-sub-
stituted analogs, in all cases TAS,;, .., €xceeded TAS. i, harm
by 1-3 kcal/mol, while for the other complexes the
reverse tendency was observed: TAS,pp.m €Xceeds
TAS,;, . BY 2-4 kcal/mol. A possible reason for this dif-
ference was discussed above and may be caused by the
restraints of the amplitudes of vibrations with low fre-
quencies connected with internal degrees of freedom of
the ligand. So the harmonic approach can overestimate
TAS,;, for relatively large ligands and underestimate it for
small ligands. Let us note that the vacuum values of
TAS,;, ., in all cases are below those obtained using the
GB approach. In our opinion, this is caused by reduction
in the energy of interaction of charged groups in water in
comparison with vacuum, which leads to increase in the
amplitudes of ligand vibrations in the active site.

Results of the computations of the entropy change
caused by partial desolvation of protein and ligand, which
were calculated using Egs. (5) and (6), are shown in the
table. For all the complexes, both TAS,,; and TAS,,,,, are
positive, and the contribution of the nonpolar component
exceeds that of the polar component. The main contribu-
tion to TAS,, is the volume term of the ligand (Eq. (5))
because the surface area of the PL complexes and the pro-
teins differ slightly.

The change in configurational entropy TAS,,,g,, the
entropic contribution from the effect of partial desolva-
tion of protein and ligand TAS,,,, their sum TAS_,., and
also corresponding experimental values are shown in the

BIOCHEMISTRY (Moscow) Vol. 72 No. 7 2007
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Calculated values of the components of the change in the product of temperature and entropy during formation of pro-

tein—ligand complexes

Complex TS,(P) TS,»(PL) TS,(L) TAS,; TAS, TAS ot T, ASconﬁg TASipem | TAS b narm
-H 145.6* 156.9 4.9 6.4 —18.6 —0.3 —12.5 3.2 1.4
-OCH; 160.2 6.7 7.9 -19.0 —0.6 —11.5 1.7 1.0
-CH; 158.9 5.1 8.2 —19.3 —0.3 —11.7 24 0.6
-NH, 158.4 4.7 8.1 —18.9 —0.3 —11.0 2.2 1.0
-CONH, 160.7 6.4 8.7 —19.5 —0.6 —11.4 4.2 1.2
1k1i 180.8** 222.0 37.8 33 —22.5 -3.3 -22.5 —-0.9 3.1
1k1j 224.7 43.0 0.9 -22.6 —3.6 -25.3 -1.5 3.5
1klm 226.1 44.7 1.0 =225 -3.3 —24.8 —0.5 3.0
Biotin 176.3%** 196.9 20.1 2.5 =21.7 -1.5 —20.7 —1.6 0.5
Complex AG,, TAS,, A(PL) A(P) (L) TAS ool TAS 1 TAS .1 TAS,,,
-H 173 3.5 1814 1821 382 7.8 11.3 —-1.2 1.8
-OCH; 172 34 1808 451 9.3 12.7 1.2 0.5
-CH; 175 3.5 1810 423 8.7 12.2 0.5 2.3
-NH, 185 3.7 1811 422 8.6 12.3 1.3 2.2
-CONH, 181 3.6 1810 481 9.8 13.4 2.0 2.8
1k1i 211 4.2 2189 2132 1179 18.2 22.4 —0.1 -1.3
1k1j 261 5.2 2182 1218 19.3 24.5 —0.8 1.0
Iklm 234 4.7 2174 1208 19.7 24.4 —0.4 2.0
Biotin 210 4.2 2086 2125 624 14.4 18.6 -2.1 -7.8

Note: Here and below, only R-groups are shown for benzamidine and its p-substituted analogs. Truncated structures of the complexes contain,
respectively, *19, **¥22, and ***17 amino acid residues. Values of the product of change in entropy and the temperature and also values of the
change in polar term of solvation free energy (AG,) are given in kcal/mol, surface areas A(PL) and A(P) in A?, and ligand volume (V) in A%,

table. In all cases investigated, negative contribution from
TAS o1 is essentially compensated by the positive value
of TAS,,. The value of root mean square deviation of cal-
culated and experimental values (with the exception of
the biotin—streptavidin complex) is 1.6 kcal/mol.
Possible reasons for differences in TAS,. and TAS,,, are
due to our approach for computation of the vibrational
entropy (it was calculated for only the conformation of
protein, ligand, and PL complex) and also by the simpli-
fied scheme of consideration of entropic contribution
from change in polar part of the free energy of solvation.
The most significant difference in TAS,,,. and TAS,,,
was found for the biotin—streptavidin complex. The
excess of TAS,,. over TAS,,, is due to the underestimation
of the configurational entropy of the streptavidin in the
free state. The active site of streptavidin is more flexible
than that of trypsin. For instance, the mobility of Tyr43
and Ser88, which is limited in the bound state by hydro-
gen bonds with biotin, can be more significant in the free
state, and this leads to increase in configurational entropy
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of the protein and decrease in TAS,,,5. So in this case
using only the conformation in our method can leads to
relatively large inconsistency.

Our technique can be implemented to solve the
problem of virtual screening of organic compounds with
the goal of selection of those which form a PL complex
with the target protein (see, for instance, [33]). To carry
out virtual screening, it is first necessary to “dock” the
ligand to the active site of the target protein. The docking
procedure requires sampling of a large number (10°-107)
of geometric configurations of the PL complex and com-
putation of the energy for each of them. Configurations
selected by this procedure can be used as a starting point
for MD modeling. Change in the enthalpy AH_, due to
PL complex formation can be calculated by means of the
technique described in [34], which is based on quantum
chemistry modeling of the active site of the protein and
the ligand in free and bound states while taking the sol-
vent into account. So in this way the protein—ligand bind-
ing free energy can be calculated as AG = AH — TAS.
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Docking using programming complexes especially
elaborated for this goal (http://dock.compbio.ucsf.edu/
Overview_of DOCK/index.htm,http://www.ccdc.cam.
ac.uk/products/life_sciences/gold/,http://autodock.
scripps.edu/) requires several hours for a ligand of moder-
ate size. Using our technique, most time (also several
hours) is needed to obtain the MD trajectory with length
~500 psec for the computation of TAS,;, at fixed conforma-
tion. The time required for the computation of AH_,;, [34]
for one conformation is similar. When several conforma-
tions of similar energy are revealed as a result of docking,
time of computation both 7AS,,.and AH_, increase pro-
portionally to the number of conformations. In this case,
the computation can be done only for conformations that
should be specially selected using additional assumptions.

The entropy contribution TAS,, to protein—ligand
(PL) binding free energy has been studied for nine PL
complexes. Loss of the translational/rotational degrees of
freedom (AS,,) is calculated in the ideal gas approxima-
tion. Change in the vibration entropy (AS,;,) is calculated
using the effective quantum oscillator approach with fre-
quencies derived from the coordinate covariance matrix,
so the inharmonic effects are taken into account. The
harmonic restraints were applied to atoms of the protein
and to torsions of the ligand to fix the initial conforma-
tion under MD modeling. Using such restraints leads to
significant decrease (from 10-50 nsec [12-14] to 500 psec)
of the MD trajectory length necessary to obtained the
correct value of TAS,;,. It was found that TAS,;, is greater
for the small ligands than for the large ones. One possible
reason for this is the restriction of amplitude of the inter-
nal vibrations of the ligand in the bound state. The values
of TAS,;, calculated in the harmonic approach and using
the CM method were compared. For the small ligands —
benzamidine and its p-substituted analogs — the harmon-
ic approach underestimates TAS,;,, while for the large
ones — in contrast, overestimates.

Change in the solvation entropy 7TAS,,, was comput-
ed using its decomposition into polar TAS,,,, and nonpo-
lar TAS, 4np0 terms. It was found that for all the investigat-
ed complexes TAS, ;50 > TAS,, > 0, and TAS,,, provides
the main contribution to the compensation of the entropy
decrease from the loss of the translational/rotational
degrees of freedom.

The value of root mean square deviation of calculat-
ed TAS,,.and experimental TAS,,, values (with exception
of biotin—streptavidin complex) is 1.6 kcal/mol. For the
biotin—streptavidin complex the excess of TAS,, over
TAS,, (by 5.7 kcal/mol) may be caused by underestima-
tion of the configurational entropy of the streptavidin in
the free state.

This work was performed with financial support from
the Russian Foundation for Basic Research (grant 06-03-
33171).
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