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The contribution of solvation energy to guiding molecular
recognition for six rigid protein-peptide systems had been eval-
uated by the variation in the number of the identified native-
like configurations and in the driving force of specific interac-
tion resulting from the addition of the explicit solvation term in
the force field function. The AMBER force field energy and
the total energy including the force field energy and the WZS
solvation energy were calculated for sampled configurations.
The results obtained by the calculations of both force field and
total energies were compared with each other. It suggests that
the contribution of solvation energy is important to guiding the
specific recognition of the systems in which the ligands possess
larger hydrophobic or aromatic residues while the protein re-
ceptors provide the active surfaces with hydrophobic property.
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Introduction

Many of the functions performed by biological
molecules depend on appropriate interactions with each
other. Molecular recognition is the process by which in-
termolecular forces act to bring about a productive colli-
sion between molecules; it is inherently a dynamic and
stochastic process. Of the forces to guiding specific
recognition of molecules, however, the contribution of

each component varies with different receptor-ligand sys-
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tems. Therefore, an evaluation to the contribution of
each interaction component in molecular recognition
would be particularly important to a better understandmg
of mechanism of molecular recognition.

The solvation interaction, including hydrophobic
interaction, on which we focus our attention in this
study, was usually ignored in the calculation of empirical
energies and some scoring functions that were used to
evaluate accessible conformations in docking calcula-
tin.'® However, many ligands of interest, including
some examined here, possess polar groups that point out
into solvent and apolar groups that locate on the hy-
drophobic protein surface as they associate with protein.
In this case, solvation interaction would play an impor-
tant role in guiding molecular recognition.

In this article, we evaluate the contribution of sol-
vation interaction for six rigid protein-peptide systems
from two aspects: the efficiency of solvation energy to
identifying native-like configurations and the change in
the driving force of specific recognition arising from sol-
vation energy. The six test systems are classified into two
types in which the properties of interfaces are rather dif-
ferent. One corresponds to the complexes in which the
protein receptors favor specifically to the hydrophobic
groups in the binding sites and the ligands provide larger
hydrophobic and aromatic residues. The other corre-
sponds to the complexes in which the protein receptors
specify the positively charged groups of Lys or Arg in the
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binding sites and the ligands provide Lys or Arg residue.
The difference in interface property leads to the differ-
ence in the contribution of solvation energy to molecular
recognition .

Method and test systems
1. Binding energy
WZS solvation binding energy

For the rigid-body docking, only the intermolecular
binding energy is necessary to determine the configura-
tion of protein-ligand complex. The intramolecular ener-
gy is unchanged in the docking. Therefore, if each
amino-acid residue is classified into atomic groups or
molecular fragments based on hydrophobic character, the
solvation binding energy AE,,, the solvation energy dif-
ference between receptor-ligand complex and two isolated
molecular components, can be expressed as

AE =30l S (41~ 42(0) + 3 (4~ 4,(0)]
(1)

where A, and A;, are the solvent-accessible surface areas
of ligand and receptor atoms of protein-ligand complex,
respectively, for the ith atomic group or molecular frag-
ment type. A;(0) and A4;.(0) are the solvent-accessible
surface areas of isolated ligand and isolated receptor, re-
spectively. The sums in parentheses are over all ligand
and receptor atoms of the ith atomic group or molecular
fragment type, respectively.

The assignment of the solvation parameter depends
on the classification method of amino-acid residue.*® In
the WZS solvation model,® 20 amino-acid residues are
classified into a number of molecular fragment types.
The solvation parameters are trained following the back-
propagation leamning approach!® by maximizing the energy
difference between compact non-native and native struc-
tures of a selected group of globular proteins.

In this study, 20 amino-acid residues were classi-
fied into 38 molecular fragment types. The solvation pa-
rameters were trained by 150 non-native protein struc-
tures generated by MC method from 27 native protein
structures. The solvent-accessible surface area was cal-
culated by a fast algorithm'""'> using united-atom radii

assigned to nine atom types: C, 0.170 nm; C(H),
0.180 nm; C(H,), 0.190 nm; C(H;), 0.200 nm;
N(H), 0.150 nm; N(H,, H3), 0.160 nm; O(C =
0), 0.140 nm; O(H), 0.150 nm; S, 0.185 nm. The
spherical surface around each united atom was represent-
ed by 240 evenly distributed test points and the radius of
a spherical water molecule was set to 0.14 nm.

AMBER jforce field energy

AMBER force field energy was calculated based on
the AMBER-type potential function.! In practice, we
have assumed the bond lengths, bond angles and ring
conformations found in the crystal structures. Moreover,
the torsion angles were also fixed as the same to the
crystal structures for the rigid systems. Therefore, the
force field binding energy AEg can be approximated by

ligand receptor{ A .. B.. q:q; )
- -y 7y A1
Afg= 2 = 2o T ey 2)

where A; and Bj; are the nonbonded parameters; g; and
g; are the AMBER npartial charges on the receptor and
ligand atoms, respectively; e(r) is the distant-depen-
dent dielectric function. In this work, €(r) = r was
used to mimic the protein interior. We do not use an ex-
plicit H-bond term of AMBER. We assume that contri-
bution due to H-bond is included in the electrostatic
term.

Total binding energy

The total binding energy AEg, ., consists of the
AMBER force field and WZS solvation binding energies

AEg, = AEg+ AE (3)
2. Test systems

Six protein-peptide complexes were used as the test
systems. The continuum-binding fragments in close con-
tact with protein surfaces were selected from the ligands
of the corresponding crystallographic complexes in the
Protein Data Bank as the peptide components in the test
systems. The structural characteristics of these test sys-
tems are listed in Table 1. Asp(E189) and Gly(E226)
in trypsin are exchanged with each other in trypsin vari-
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ant. The component molecules were treated as separate
entities by using their respective atomic coordinates with-
in the complexes. The crystallographic waters were re-

moved before calculation and the hydrogen atoms were
added.

Table 1 Test systems and their structural characteristics

PDB Resolution Name Protein R (E)° Peptide RBI’

code (nm) in paper (nm) fragment (nm)

lacb 0.20 lacb-pep chymotrypsin 1.6359 ValThrLeuAspleuArg 1.6300
(143-148)°

1cho 0.18 1cho-pep chymotrypsin 1.6308 CysThrLeuGluTyrArg 1.6251
(n6-121)°

1bre 0.25 1bre-pep trypsin variant 1.6220 ProCysArgAlaMetlle 1.6148
(113-118)°

1tab 0.23 1tab-pep trypsin 1.6063 CysThrLysSerMetPro 1.5989
(124-129)°

4erd 0.21 4erd-pep pepsin 1.9561 ProHisProPheHisLeu 1.9372

VallleHis(I1-19)°
Ssga 0.18 Ssga-pep protease * A 1.4312 ProAlaPioTyr(11-14)°¢ 1.4304

“ The crystallographic radius of gyration of isolated protein;
¢ The number of the peptide in the crystallographic ligand.

3. Sampling

Random sampling for each ligand was performed in
a box that encloses the binding pocket of protein. The
conformations of proteins and ligands were remained rigid
in sampling. The sizes of the boxes are 1.2x1.1x1.7
nm’, 1.7%0.8x1.9 nm®, 1.3x1.2x1.7 nw®, 1.0
x1.2x1.7 nm’, 1.4x1.7%2.3 nn® and 1.1x 1.1
x 0.9 nm® for lach-pep, lcho-pep, 1lbrc-pep, ltab-
pep, 4erd-pep and Ssga-pep, respectively. A three di-
mensional grid was constructed with steps of 0.05 nm in
each dimension. There are 6 degrees of freedom for the
rigid docking. Three translating degrees of freedom are
the x, ¥, z coordinates of the grid points on which the
nitrogen atom at N end of peptide is moved randomly.
Three rotational degrees of freedom represent the orienta-
tion of peptide relative to protein. All the rotational an-
gle spaces were divided with the steps of 1 degree.

In the procedure of sampling, we used the radius of
gyration of complex, R,, calculated with the three-di-
mensional coordinates of all non-hydrogen atoms in com-
plex, as a criterion of packing compactness to screen the
sampled configurations. The sampled configurations with
R, larger than Rg( E), the radius of gyration of isolated
protein, were removed in this stage, otherwise, accept-
ed. The steric match restrain was further imposed after

® The crystallographic radius of gyration of protein-peptide complex;

the compactness filter. Leonard-Jones 6-12 potential was
used to evaluate the steric match between atoms. The
tolerance of atomic overlapping was assigned as 1255 kJ/
mol for all the systems. The configurations with the po-
tential larger than the given tolerance were removed.

All the configurations passing the compactness and
steric match filters were collected for the calculation of
energies. The RMSD (Root-Mean Square Deviation) be-
tween docked conﬁguration and the crystal structure was
calculated by Kabsch method'®™* using all non-hydrogen

atoms.

Results

Fig. 1—Fig. 6 plot AEg vs. RMSD and AEg, .,
vs. RMSD of the six test systems for the sampled config-
urations that have passed the compactness and steric
match filters. In some of these figures, we can find an
energetic value under which all the configurations are
native-like while above which the configurations dis-
tributed over the entire RMSD range. This energetic val-
ue can be considered as a critical value of binding ener-
gy. The recognition is directive and specific if the bind-
ing energy of recognition system is lower than the critical
value, on the opposite, the recognition process occurs
randomly. We define this critical energy as AEx(C)
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Fig. 3 Plots of AEsvs. RMSD (a) and AEg, . vs. RMSD (b) for the rigid 1brc-pep system.
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and AEg, (C) for the binding energy without the ex-
plicit solvation term and the total binding energy includ-
ing the explicit solvation term, respectively. The amount
of the configurations under this energy value is defined
as the number of the native-like configurations identified
by the binding energy. By contrast, the binding energies
corresponding to the native structure are referred to
AEg(N) and AEg, ) (N). The specific recognition
-process can happen only when AEy, .;(N) is lower the
AEg, i(C) (negative value) .

Two factors are important to the occurrence of spe-
cific recognition. One is the effective collision between
two molecular components under influence of intermolec-
ular forces, which can be characterized by the number
of the native-like configurations below AEg, . (C),
represented by ng, .. The other is the energy differ-
ence between the specifically orientated state and the
critical state (or the driving force that guides the recog-
nition process specifically to the native structure ),
which can be characterized by the difference between

AEg, q(N) and AEg, . (C), represented by

AAEg, 1. The related data can be found in Fig. 1—
Fig. 6. Therefore, we can evaluate the contribution of
solvation energy from the proportion of solvation contri-
butions to ng,. and AAEg, o,

p(ng) and p(AAE,,), respectively.

represented by
p(nyy) is defined as follows

N+ 50l — Nff (4)

(ng) =
PR Tl T4 sol

where ng represents the number of the native-like con-
figurations below AEg (C). The another parameter
p(LAE,) is expressed as

(AAEg, ) - (AAE)
p(AAE,,) = (“AA}EMI) -

AAEg, ) <0 and AAEg) <0 (5)

where AAEy; is the separation between AEg(N) and
AE#(C). These characteristic values and some related
data are listed in Table 2.

Table 2 Data of ng, e, ng, 7, p(nw), AAEg, g, AAEg and p(AAE,,) for the rigid test systems

Samples lach-pep 1cho-pep 1bre-pep 1tab-pep 4erd-pep Ssga-pep

n 87 114 189 211 280 956
ng 2 5 70 0 18
N ool 4 10 72 2 29
p(ng) 0.5 0.5 -0.083 0.028 1 0.38
AAE(kJ/mol) - 167 =201 - 289 - 356 -117 -71
AAEg, 4 (kJ/mol) -310 - 301 -372 - 368 -314 -113
p(AAE,) 0.46 0.33 0.22 0.033 0.63 0.37

As shown by p(n,,) in Table 2, the proportion of
the solvation contribution to the number of the native-
like configurations identified by the total binding energy
AEg, o is evidently larger for 4erd-pep, lach-pep,
Icho-pep and Ssga-pep systems than that for 1brc-pep
and ltab-pep systems. For 4erd-pep system, all the
number of the native-like configurations identified by
AEg, o origins from the addition of the solvation energy

in the force field energy. The 50% of the number of the
native-like configurations identified by AEg, ., come
from the contribution of the solvation energy for 1acb-pep
and 1cho-pep systems and 38% for Ssga-pep system.
This implies that the participation of the solvation inter-
action in the force field interaction leads to more effec-

tive collision of molecules for the four systems. There-
fore, it would be inferred that the probability of forming
native structure would increase for the four systems if two
molecular components approach by the way of hydropho-
bic match. On the contrary, little difference between
Ngy gl and ng is observed for lbrc-pep and 1tab-pep
systems. The values of p(n,,) are nearly zero, meaning
that the contribution of solvation interaction to the proba-
bility of effective collision is insignificant.

In the other hand, AE(N) values of all the test
systems are lower than AE4(C), AEg, o (N) values
are lower than AEg, ., (C) either. This indicates that
all the binding energies are favorable to the formation of
the native structure. However, the separations between
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AEg. (N) and AEg, ((C) are larger than those be-
tween AEg(N) and AEg(C) for all the test systems
(see AAEj, o and AAEg in Table 2 and Figs. 1—6),
i. e., the binding energy including the explicit solvation
energy term is more favorable to the formation of the na-
tive structures. Nevertheless, the contribution of the sol-
vation energy to the driving force AAEy, ), represented
by p (AAE.,), is different for different test systems.
The proportion of the partial driving force generated by
the solvation binding energy to the total driving force is
63% , 46% , 37% , 33% , 22% and 0.03% for 4erd-
pep, lacb-pep, Ssga-pep, lcho-pep, lbrc-pep and
ltab-pep systems, respectively. Obviously, the contri-
bution of solvation energy to AAEy, ., is rather impor-
tant for the former four systems, while less important for
lbre-pep system and even negligible for 1tab-pep sys-

tem.
Discussion

Summing the results of p(n,,) and p(AAE,,) for
the test systems, we find that the proportion of solvation
contribution to the effective collision and proportion to
the driving force of the specific recognition are larger for
4erd-pep, lacb-pep, lcho-pep and Ssga-pep systems,
while are smaller or nearly zero for 1bre-pep and 1tab-
pep systems. The difference in the solvation contribution
for various systems depends largely on the difference in
the surface properties of ligands and their receptors. For
4erd-pep, lacb-pep, lcho-pep and Ssga-pep systems,
the larger contribution of the solvation energy to deter-
mining the structures of the complexes is attributed to
larger hydrophobic or aromatic groups of ligands pene-
trating the active cavities that are just specific to the hy-
drophobic or aromatic groups. While, the active site of
trypsin in ltab-pep or trypsin variant in lbrc-pep is a
negatively charged group (Asp(E189) for trypsin and
Asp(E226) for trypsin variant) locating on the bottom of
the cavity that interacts specifically with positively
charged Arg (1) or Lys(I) of ligand and forms a salt
bridge. This kind of binding mode results in a severe
decrease of solvation contribution both to the driving
force and the number of the effective collision in the spe-
cific recognition process of lbre-pep and ltab-pep sys-
tems. ’

The correlation of the solvation contribution with
the properties of protein and its ligand can be seen in

detail by comparing two chymotrypsin and two trypsin
systems. It has been shown that the proportion of the
number of the effective collision generated by solvation
energy to the total number of the effective collision is the
same for lacb-pep and 1cho-pep systems (p(n.,) are
all 0.5). While, the contribution of solvation energy to
AEg, o is different for the two systems. As we have
seen from Table 1 that the main difference in the two
chymotrypsin systems rests on some residues of ligands
other than the specific residues (Leu(145) for lach-pep
and Leu(118) for Icho-pep). Therefore, it is inferred
that the difference in the properties of these residues re-
sults in the difference in p (AAE,,). Comparing the
six-peptides of two chymotrypsin systems we find that two
larger and apolar residue Val(143) and Leu(145) in the
six-peptide of lach-pep are replaced by a smaller and
apolar Cys(116) and an aromatic Tyr(120) in the six-
peptide of 1cho-pep. The former is more favorable to the
solvation binding energy than the latter. As a result,
p(AAE,,) is larger for lacb-pep system than that for
1cho-pep system.

The similar results are also obtained for two trypsin
systems. p (ng,) values are nearly the same, while,
p(AAE,,;) values are different for 1brc-pep and 1tab-
pep systems. p(AAE,,) of 1brc-pep is larger than that
of 1tab-pep. The difference in p(AAE,,;) is also gener-
ated mainly from the ligand residues. For 1brc-pep, all
the residues of six-peptide except the specific group Arg
(115) are apolar. However, there are two polar residues
beside the specific residue Lys(126) in the six-peptide
of 1tab-pep. More apolar residues in the ligand of 1bre-
pep result in larger p (AAE,,).

An effective collision between a protein and its lig-
and depends on an appropriate orientation of two
molecules under intermolecular forces. While, the ap-
propriate orientation of two molecules is determined pre-
dominantly by the properties of the specific groups of lig-
ands and the structures and properties of their receptors.
For two chymotrypsin systems, the protein receptors are
the same and the specific residues of ligands are also the
same. Similarly, for two trypsin systems, their protein
receptors are nearly the same in structure and property
and their specific residues of ligands are also similar in
property. It is just the similarity in protein structures
and specific groups of ligands that leads to the nearly e-
qual contribution of solvation energy to the number of the
effective collision between lacb-pep and 1lcho-pep and
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between 1bre-pep and 1tab-pep.

Now we can drown following conclusions: (1) The
solvation binding energy is important in guiding molecu-
lar recognition of 4er4-pep, lacb-pep, 1cho-pep and
Ssga-pep systems, while it is less important for 1brc-pep
system and even negligible for the 1tab-pep system; (2)
The proportion of the contribution of the solvation bind-
ing energy to molecular recognition depends primarily on
the properties of specific interaction groups of ligands
and the surface properties of their receptors. (3) For the
same type of recognition systems, more hydrophobic
residues in the vicinity of specific groups are favorable to
solvation binding energy.
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