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Assessing protein-ligand interaction is of great importance for virtual screening initiatives in order to dis-
cover new drugs. The present work describes a set of empirical scoring functions to assess the binding
affinity, involving terms for intermolecular hydrogen bonds and contact surface. The results show that
our methodology works better to predict protein-ligand affinity when compared with XSCORE, a popular
empirical scoring function.
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1. Introduction

Interactions involving protein and ligand are of pivotal impor-
tance in many fundamental biochemical processes, such as molec-
ular recognition and enzymatic reactions.! One of the open
problems in field of computational chemistry is the direct calcula-
tion of binding affinities, using solely information contained in the
atomic coordinates of the protein-ligand complexes. Such
approach is of extreme relevance for the process of scanning vir-
tual libraries of small molecules, in order to identify new medica-
tions and biological probes. Indeed, the discovery of a new lead
compound that binds tightly to a protein is the main goal of
early-stage drug discovery and also of chemical genomics projects
seeking inhibitors to elucidate gene function.?

The potential energy of a ligand or a binary complex involving
protein and ligand in a given conformation can be calculated
applying quantum mechanical methods. These ab initio quan-
tum-chemistry techniques explicitly account for the electronic
structure of the molecules present in the system. However, appli-
cation of ab initio methods for calculation of binding affinities is
time-consuming, even considering clusters of computers, grid
computation, and supercomputers. Recent studies made some pro-
gress in this area, reducing the CPU time for evaluation of binding
affinities. These studies demonstrated a qualitative relation be-
tween the electric characteristics and binding affinity of a pro-
tein-ligand complex; a high binding affinity correlates with a
high charge transfer. This allows analysis of binding interactions
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of any binary complex, reducing computational time while main-
taining reliability of the results. Nevertheless, these studies are
not yet applied to virtual screening methods, and they are still re-
stricted to simulations involving peptides.>

Computation of binding affinities can be addressed using
empirical scoring methods, based on functions that use few terms
such as intermolecular hydrogen bonds, van der Waals interaction,
deformation effect, hydrophobic interaction, entropy, and others.
This approach to the study of ligand-binding affinity started with
the pioneering work of B6hm.* Many reviews summarize the re-
cent progress.”™8

The majority of the empirical scoring functions in current use
are based on the model, where binding affinity can be decomposed
into terms that reflect the various contributions to the binding.
This hypothesis can be used to build empirical scoring functions
to estimate Gibbs free energy of binding (AGpindging). This function
is expressed as a sum of interactions multiplied by weighting coef-
ficients (c;), as follows:

N
AGbinding =Co + ch ‘f}(xvyv Z) (1)
=

where each term depends on the atomic coordinates of the ligand
and protein, ¢o is a regression constant, fs are functions that
account for van der Waals interactions, intermolecular hydrogen
bonds, deformation, hydrophobic effect, and others that may be in-
cluded. The summation is taken over all terms used to build the
scoring function.

In the proposition of new empirical scoring functions it is nec-
essary to use a training set of crystallographic structures of binary
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complexes of proteins and ligands, where experimental informa-
tion about the binding affinities is available. The empirical scoring
function is built using a training set to obtain weights for each term
present in the scoring function. Multivariate regression analysis is
then applied to find the best fit between the predicted and exper-
imental protein-binding affinities.

In spite of many problems in the understanding of the struc-
tural features important for binding affinity, most of the experi-
mentally available data indicate that additive functions for
protein-ligand interactions might be a good approach for the
development of empirical scoring functions. These functions may
be expressed in Gibbs free energy of binding, as in the Eq. 1, or
in pKy4 as used for X-SCORE® or in pK; used in the LigScore.!® With
atomic coordinates (x,y,z) available for protein-ligand complexes,
the analysis of the binding can be estimated as a sum of interac-
tions multiplied by weighting coefficients (c;), as indicated by the
following equation:

N
PKa = Co + Y _ ¢fj(X,,2) (2)

=1

where pKj is the —log K4, where Ky could also be either Ky, or K, cg is
a regression constant, and fj’s are functions that account for inter-
molecular interactions.

Recently, we proposed the use of a set of polynomial functions
to estimate the binding affinity for protein-ligand complexes.!!
Here, we describe in detail this algorithm and its application to
estimate protein-ligand binding affinity. The results strongly indi-
cate that the present algorithm shows better performance to esti-
mate binding affinity when compared to other empirical scoring
functions. Furthermore, the use of a set of 25 empirical scoring
functions opens the possibility to test different schemes to predict
binding affinities using an adaptive approach to assess binding
affinity.

2. Results and discussion

We described here 25 polynomial empirical scoring functions
which use only two terms to evaluate the binding affinity, a term

for intermolecular hydrogen bonds (HB) and a second for contact
surface (A). Table 1 shows these polynomial functions. These func-
tions were implemented in a program called POLSCORE. Since iden-
tification of intermolecular hydrogen bond is of pivotal importance
in our model to evaluate binding affinity, we compared the capabil-
ity of POLSCORE to identify intermolecular hydrogen bonds with
LIGPLOT'?, a well-established program used to identify hydrogen
bonds. The correlation coefficient between the present algorithm
and LIGPLOT obtained from the training set was 0.81, which indi-
cates correlation between both methods. Since our results are simi-
lar to the results of an already accepted program, it assures the
validation of the new algorithm for identification of hydrogen bonds.

Analysis of polynomial functions against the training set com-
posed of 123 structures yielded squared correlation coefficient
(r?) ranging from 0.13 to 0.64, and standard deviation (s) ranging
from 1.6 to 1.9 in pKy units. The correlation between observed
binding affinities and the fitted values given by the best polyno-
mial function is shown in Figure 1. Nearly half of the set of polyno-
mial functions present r? higher than 0.4, and three functions
present values higher than 0.6 (function numbers 17, 18, and
21). All functions were kept in the program POLSCORE, even the
ones with low values for r%. Keeping all polynomial functions in
the program allows for a wide range of empirical functions to be
tested and then applied to a specific set of proteins or structural re-
lated compounds.

POLSCORE uses the three polynomial empirical scoring func-
tions 17, 18, and 21. It calculates the average value for these three
functions. The true value of a novel empirical scoring function lies
in its predictive capability. We used the program POLSCORE to pre-
dict the binding affinity for 20 protein-ligand complexes in the test
set and compared with XSCORE. Polynomial functions 6, 7, 19, and
21 showed the highest correlation coefficient against the experi-
mental binding affinities (0.65), higher than the one obtained using
the XSCORE, correlation coefficient of 0.23. The results are shown
in Table 2.

The program POLSCORE has also the capability to test the 25
polynomial functions against a set of protein-ligand complexes.
This feature is relevant when one desires to propose an empirical
scoring function specific for a protein family or specific for a family

Table 1
Polynomial functions together with weights obtained using regression analysis
Polynomials Co C (o) C3 Cq Cs
1 Co+ Cr.X+Cay 4245 0.05105 5.387 x 1073 0 0 0
2 Co+ CrLX+Cay? 5.114 0.07455 3.597 x 107 0 0 0
3 Co+ C1.X + CoX2 + C3y 3.537 0.2794 —0.01520 5.846 x 10> 0 0
4 Co+ Cr.X+ CoX2 + C3.y° 4569 0.2668 ~0.01309 4148 x 106 0 0
5 Co+ CrX+ CaXP + oy + Ca)P 2270 0.2244 ~6.920 x 1073 0.01571 ~12.03 x 1076 0
6 Co+ Cr.X+ Coy + C3y? 2518 0.1235 0.01596 ~12.57 x 1076 0 0
7 Co+ C1.X%+ Coy + €3y 2.959 5.687 x 103 0.01593 ~12.48 x 1076 0 0
8 Cot CrL.2+ Coy 4.462 260.6 x 1076 5.648 x 1073 0 0 0
9 Co+ C1.X2+ oy 5.427 1.841 x 1073 3.872 x 1076 0 0 0
10 Co+ CLX+ CaXy 5.386 0.03340 219.8 x 108 0 0 0
11 Co+ Cr.XY +Coy 4219 8.225 x 1073 -233.5 x 1076 0 0 0
12 Co+ CrLX + CoX2 + C3Xy 4.676 0.2906 —0.02157 366.5 x 1076 0 0
13 CotCr.X+ CoXy +C3y 2.282 0.3243 0.01177 —728.5x10°° 0 0
14 Cot+ C1X+ CoxP+ C3Xy +Cpy 2410 0.1399 0.01951 0.01373 ~1.018 x 1073 0
15 Co+ C1.X° + CoXy + C3y 2.781 0.02880 -1.077 x 103 0.01409 0 0
16 Co+ C1.X° + CoXy 5.598 —4.005 x 1073 318.8 x 106 0 0 0
17 Co+ C1X + Cox + C3X.Y + Cay + C5 ) 2.005 0.1560 0.01198 —639.5 x 106 0.01721 —7.825 x 1078
18 Co+ Cr.X+ CaXy +Cay +Ca)? 1.885 0.2627 —429.9 x 1076 0.01652 ~8.751 x 10°° 0
19 Co+ C1.XY +Coy + )P 3.225 32.18 x 10°° 0.01526 ~11.36 x 10°° 0 0
20 Co+ C1.X° + CoXY + C3.)° 5.333 7316 x 103 —238.0 x 10°° 6.035 x 1076 0 0
21 Co+ C1.X% + CoXY +C3Y +Cpy? 2.428 0.02251 ~7143 x 10°° 0.01753 —7.630 x 10°° 0
22 Co+ CLXY + C2 P 5.483 5.935 x 1076 4.076 x 1076 0 0 0
23 Cot C1.Xy 5.528 249.4 x 10°° 0 0 0 0
24 Co+ C1X + Cax.y + C3.)° 4.748 0.1671 -289.4 x 1076 6.547 x 1076 0 0
25 Co+ Cr.X+ CaXP + C3.XY + Cp.)° 4.560 0.25365 -9.358 x 1073 ~1303 x 1076 5319 x 1076 0

x =number of intermolecular hydrogen bonds (HB). y = (A;)?/(A; — A;), where A, is contact area between protein and ligand, A, is the total area of the ligand, determined

using the program AREAIMOL.2°



9380 W. F. de Azevedo Jr., R. Dias/Bioorg. Med. Chem. 16 (2008) 9378-9382

pK(experimental)

2 4 6 8 10
pKy(theoretical)

Figure 1. Dispersion plot for experimental and theoretical pKy functions (function
21).

Table 2
Binding affinities

PDB access code Experimental pKy pK4 (POLSCORE) PKyq (X-SCORE)

10GS 6.40 7.29 6.47
1AI5 3.72 4.72 531
1B9] 5.96 7.13 7.05
1BMA 4.59 6.48 7.07
1HI4 4.49 5.71 536
1E5A 7.64 5.55 521
1JQE 6.44 10.1 7.12
1KV1 5.94 8.05 7.01
10LS 5.82 8.19 6.86
1PPM 5.80 8.28 7.60
1Q8T 4.76 6.45 5.81
1SV3 4.74 6.26 4.81
1TSY 4.96 6.73 5.48
1U33 4.60 7.26 6.22
1PWY 4.04 5.10 6.21
1V2H 4.54 4.73 523
1RFG 4.85 4.97 6.82
1RCT 4.39 5.04 5.77
1YRY 3.45 4.72 5.95
1v45 4.42 3.98 6.61

of compounds for which structural information and experimen-
tally determined binding affinities are available. It has been dem-
onstrated that dividing up a set of known inhibitors into clusters
of chemically similar molecules, and then deriving a specific scor-
ing function for each molecule sets increase the accuracy of the
scoring function.!"!!3 We illustrated this application on the study
of a new empirical function for complexes involving human PNP.!!
In this study, we have used 15 binary complexes involving human
PNP and different ligands as a test set. We also used the program
XSCORE to evaluate the binding affinity of the ligands for human
PNP. A correlation coefficient of 0.65 and a standard deviation of
0.79 in pKy units were obtained using POLSCORE, these results
are better than the ones obtained using XSCORE empirical scoring
function, 0.32 and 0.92, respectively. Furthermore, our novel
empirical scoring functions were able to identify the ligand with
highest affinity for human PNP, the inhibitor 5-deoxy-5-iodo-9-
deazainosine, described in a previous study of our laboratory.!'
This capability is of pivotal importance when scanning larger li-
braries with thousands or even millions of compounds. Such initia-
tives intend to identify the ligands with high affinity present in the
library.

Empirical scoring functions that decompose the binding free en-
ergy into a sum of terms, present an intrinsic problem in physical

sense, since this decomposition is not allowed. Free energy of bind-
ing is a state function but its terms are not.'* Furthermore, additive
methods are unable to describe subtle cooperative effects.!®> De-
spite these problems, simulation of biomolecular systems in silico
has great potential to make predictions and give insights that can
guide molecular design. The present set of empirical scoring func-
tions partially overcomes the problems cited above, introducing
cross-terms involving intermolecular hydrogen bonds (HB) and
contact surface (A).

3. Conclusions

One of the weaknesses of empirical scoring methods is the
low reliability for unknown systems. The present set of functions
was tested on systems not used in the training set. The use of
simple scoring functions to estimate the pKy for binary com-
plexes showed good agreement with experimentally determined
affinities for two different test sets. The scoring capability of our
novel scoring functions identified 5-deoxy-5-iodo-9-deazainosine
as the ligand with the highest affinity, as previously reported in
the study of human PNP.'" The same scoring functions were
used to estimate the binding affinity of the ligands for 20 com-
plexed structures and showed predictive capability higher than
XSCORE. Strictly speaking, neither traditional scoring function
nor the cross-term function (described here) present direct phys-
ical basis. Nevertheless, using the cross-term empirical scoring
function was able to predict the binding affinity for complexed
structures, with results better than previously described empirical
scoring function.

4. Methods
4.1. Evaluation of binding affinity

Most of the empirical functions use the size of the contact sur-
face at the protein-ligand interface to estimate the hydrophobic
interaction. Several programs adopt this methodology to estimate
the hydrophobic interaction.'® It has been noted that a reasonable
correlation between experimental affinities can be obtained with
contact surfaces alone. Furthermore, it is well established that
intermolecular hydrogen bonds are of pivotal importance for the
protein-ligand interaction. We described here 25 scoring functions
which are based on the observation that the major determinants to
ligand specificity are intermolecular hydrogen bonds and hydro-
phobic contacts.'”!°® Table 1 shows all 25 polynomial empirical
scoring functions.

Determination of the intermolecular hydrogen bonds and con-
tact areas of 123 binary complexes available (training set) were
used to propose these functions (Supplementary material). These
novel functions are based exclusively on the hydrogen bonds
(HB), contact area (A;), and accessible surface area for the ligand
(Az).

The additive nature of the empirical scoring functions generally
leads to large ligands, obtaining high scores. This effect is undesir-
able when trying to estimate the binding affinity. Trying to avoid
the overestimation of the contact surface term contribution to
the empirical scoring function, we devise a simple scheme to re-
duce this contribution. We introduced a penalty term that dimin-
ishes the dependence of the score on molecular size. We divided
the squared contact area (A; « A;) by the term A, — A;, which pre-
sents the highest values for complexes with A; much smaller than
A,. This scheme reduces the contribution of the contact surface
term in the empirical function for those ligands with relatively
small contact area (A;) when compared with the total area (A;).
The empirical functions are composed of a polynomial function
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involving the number of intermolecular hydrogen bonds (HB) and
the modified contact surface (A) as follows.

N
PKo = o+ > cfi(x,y.2) - g(x.y.2) 3)

Jj=1

where fj and g; are terms for intermolecular hydrogen bonds (HB)
and/or modified contact surface (A), this summation may involve
quadratic terms of HB and/or A and/or cross-terms (HB.A). Our set
of functions comprises polynomials up to degree 2, cq is the regres-
sion constant, and ¢; is the weighting coefficient for the terms f;-g; .
The modified contact surface is determined by the following
equation,
AP
A (A2 — Ar) @
The terms A; and A, are calculated using the program AREAIMOL in
the CCP4.2°

4.2. Hydrogen bonds

Specificity of ligand for a protein depends on several features
such as intermolecular hydrogen bonds, van der Waals contacts,
and shape and charge complementarity between ligand and pro-
tein.2'-23 Therefore, assessing intermolecular hydrogen bonds from
crystallographic data is of pivotal importance for determining
specificity of ligand against a protein. A hydrogen bond is an inter-
action involving two electronegative atoms, a donor and an accep-
tor.2426 A hydrogen atom lies aligned between them and is
covalently bound to the donor atom. In this electrostatic interac-
tion, the donor attracts the electron on the hydrogen from its orbi-
tal towards the donor itself. This results in a partial positive charge
on the hydrogen, which is electrostatically attracted towards the
electronegative acceptor.

Our algorithm does not use a fuzzy function as described by
Wang et al.’ Instead we use two functions that evaluate the dis-
tance (f(d)) and the angles (f{0)) for each pair of atoms.

The present algorithm assumes a set of ideal parameters for
each pair of atoms present in the binary complexes. Intermolecular
hydrogen bonds (D-H---A) are usually described by the distance be-
tween the hydrogen (H) and acceptor atom (A), but most of the
time hydrogen atoms are not revealed in X-ray crystallography
analysis. Crystallographic structures refined to resolution 1.2 A or
higher are suitable for identification of hydrogen atom positions,
however, most of the structures solved by X-ray crystallography
usually are good enough to locate non-hydrogen atoms only. Nev-
ertheless, hydrogen atoms can be added and set with energy min-
imization method, but there are many possible low-energy
positions.

The present algorithm does not use information about the posi-
tions of hydrogen atoms, it uses the following criteria to verify
whether a pair of atoms, one from the ligand and other from the
protein, participates in intermolecular hydrogen bond:

(i) Criteria for hydrogen atoms. No hydrogen atoms are consid-
ered in the identification of intermolecular hydrogen bonds.
Intermolecular hydrogen bonds were predicted using infor-
mation about donor/acceptor pairs. Furthermore, since the
angle is also an important feature in the hydrogen bond for-
mation it has been included in the algorithm.

(ii) Donor and acceptor. The donor (D) atoms are the closest
hydrogen neighbor atoms and the acceptor atoms (A) are
those that receive the hydrogen bond coming from a donor
atom. Donor root (DR) and acceptor root (AR) are defined
as the closest donor*s non-hydrogen neighbor atoms. Figure
2 illustrates a diagram showing the connection among all

atoms involved in the determination of intermolecular
hydrogen bonds. In the case where there is more than one
donor/acceptor root, the program will take the geometric
center position obtained from all the donor root atoms
positions.

The algorithm calculates two functions f{d) and f(0), these func-
tions return 1 if a pair of atoms satisfies the distance and angle
conditions, respectively. Therefore, the number of intermolecular
hydrogen bonds (HB) is given by the following equation:

N
HB =" fi(d) - fi(0) (5)
j=1

where the summation is taken over all pairs of atoms, one atom
being from the ligand and the second atom from the protein.

To validate the capability of the present algorithm to identify
intermolecular hydrogen bonds, we tested it against the previously
described training set ( Supplementary material). All atomic co-
ordinate files in this dataset involve crystallographic structures of
binary complexes. The files were analyzed with present algorithm
and also with LIGPLOT,'? a program used to determine intermolec-
ular hydrogen bonds. The LIGPLOT program automatically gener-
ates schematic 2D representations of protein-ligand complexes
from standard Protein Data Bank file input.

4.3. Regression analysis

The relative weight of the individual contributions for the
hydrogen bond (HB) and modified contact surface (A) terms
depends on the training set. We used a training set composed
of the 123 crystallographic structures. All structures present
non-covalent bound ligand in the binary complexes and have
the experimental affinity available. Standard multivariate regres-
sion was carried out on the whole training set. The weighting
coefficients obtained for each polynomial function are listed in
Table 1.

4.4. Test set

Tovalidate our set of empirical scoring functions, we used 20 bin-
ary complexes that were deliberately separated from the training
set. Our 25 polynomial functions were used to estimate the pKy
and were compared with the program XSCORE. Previously published
comparison studies involving 14 empirical scoring functions indi-
cated that XSCORE!®?7 was able to obtain the best results on evalu-
ation of binding affinities, therefore this program was chosen as
comparison for this new set of empirical score functions. A complete
list of the test set as well as the pKy's estimated using all the polyno-
mial functions can be found in the Supplementary material of this
paper. Table 2 shows the pKj's estimated using XSCORE and polyno-
mial function number 21.

D

DR

Q,

AR

Figure 2. Diagram of intermolecular hydrogen bonds.
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4.5. Program description

The algorithm used to evaluate the intermolecular hydrogen
bonds and the pKy’'s based on the 25 empirical scoring functions
described in Table 1 is implemented in the program POLSCORE.
The inputs to the program are the PDB file for the protein, a
MOL2 file for the ligand, and the areas A; and A, calculated using
AREAIMOL.?° The user may also select to test all polynomial func-
tions available in POLSCORE_LIST, in order to select the best empir-
ical scoring function for a given dataset. For this option,
information about experimental affinities must be provided (as
PKq). The results are output into a text file in which the detailed
information about the pKy evaluated using the 25 polynomial func-
tions is tabulated. The program is written in ANSI C++ and runs on
Linux- and Windows-based computers. It is available for download
at http://bioinfo.zip.net/downloads.html.
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