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Protein kinases are important targets for designing therapeutic drugs. This paper illustrates
a computational approach to extend the usefulness of a single protein-inhibitor structure in
aiding the design of protein kinase inhibitors. Using the complex structure of the catalytic
subunit of PKA (cPKA) and balanol as a guide, we have analyzed and compared the distribution
of amino acid types near the protein-ligand interface for nearly 400 kinases. This analysis
has identified a number of sites that are more variable in amino acid types among the kinases
analyzed, and these are useful sites to consider in designing specific protein kinase inhibitors.
On the other hand, we have found kinases whose protein-ligand interfaces are similar to that
of the cPKA-balanol complex and balanol can be a useful lead compound for developing effective
inhibitors for these kinases. Generally, this approach can help us discover new drug targets
for an existing class of compounds that have already been well characterized pharmacologically.
The relative significance of the charge/polarity of residues at the protein-ligand interface has
been quantified by carrying out computational sensitivity analysis in which the charge/polarity
of an atom or functional group was turned off/on, and the resulting effects on binding affinity
have been examined. The binding affinity was estimated by using an implicit-solvent model in
which the electrostatic contributions were obtained by solving the Poisson equation and the
hydrophobic effects were accounted for by using surface-area dependent terms. The same
sensitivity analysis approach was applied to the ligand balanol to develop a pharmacophoric
model for searching new drug leads from small-molecule libraries. To help evaluate the binding
affinity of designed inhibitors before they are made, we have developed a semiempirical
approach to improve the predictive reliability of the implicit-solvent binding model.

Introduction
Protein kinases play an important role in cell signal-

ing, and they represent interesting targets for develop-
ing therapeutic agents. For example, a new approach
for treating cancer by stopping blood supply to cancer
cells may be realized by developing drugs inhibiting
proangiogenic protein kinases. These protein kinases
include the receptors for the vascular endothelial growth
factor,1 the basic fibroblast growth factor,2 the platelet-
derived growth factor,3 angiopoietin-1,4 and epidermal
growth factor.5 Several drug candidates designed
upon this principle are currently undergoing clinical
trials.

The protein kinase inhibitors that are most advanced
in drug development bind to the catalytic domain of
protein kinases and compete with ATP for binding.6,7

With the determination of the crystal structures of a

number of catalytic domains of protein kinases and of
their complexes with inhibitors,8-11 structure-based
drug design is currently underway in many laboratories.
However, given the similarity of the ligand or ATP-
binding sites observed in these structures, it is dubious
whether specific kinase inhibitors targeting the ATP-
binding site can be designed. On the other hand,
screening data have already demonstrated that some
inhibitors can achieve specific binding. These include
lavendustin A,12 3-substituted quinoline derivatives,13,14

dianilinophthalimides,15-17 phenylaminopyrimidines,18,19

and phenylaminoquinazolines.20,21 Also, several balanol
analogues present binding specificity even among iso-
forms of the same kinase.22-27 Since the ATP-binding
pocket is very similar among protein kinases, what then
are the key determinants for specific binding?

One possible explanation is that there may be sites,
in the ATP binding pocket, that are more variable in
amino acid types for different kinases. If this were the
case, the identification of these sites would provide a
valuable basis for the design of specific protein kinase
inhibitors. In the present study, we use the crystal
structure of the cPKA-balanol complex as a guide to
define a protein-ligand interface and analyze the
distribution of amino acid types near the interface using
almost 400 protein kinases. We also quantify the role
of these amino acids in balanol recognition by carrying
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out extensive computational “mutagenesis” experiments
employing an implicit-solvent model.

Cocrystal structures of inhibitor-receptor complexes
have generated many useful insights into drug-receptor
interactions. One can often identify key functional
groups of a ligand interacting with the protein by
graphically examining these structures. Yet, studying
drug-receptor interaction can be more complicated. For
example, when a hydrogen bond is formed between a
ligand and its receptor, this does not automatically
imply that the hydrogen bond aids ligand-receptor
recognition. To form such an intermolecular hydrogen
bond, the favorable hydrogen bonds that the donor and
acceptor form with water molecules are disrupted upon
complexation. Therefore, without a quantitative tool for
estimating binding affinity, it is difficult to conclude
whether a hydrogen bond is significant for binding.
Continuum electrostatic calculations, for example, have
already demonstrated that hydrogen bonds may or may
not stabilize proteins, depending on the specific con-
text.28

To address this type of problem, we proposed to
dissect the determinants of ligand-receptor recognition
by perturbing the charge, polarity, size, etc. of different
functional groups to examine their possible significance
in binding.29 In the present work, this idea is applied
to identify some of the key features of balanol respon-
sible for binding to cPKA. Once these features are
identified, they can help us search new leads of protein
kinase inhibitors by scanning small-molecule databases
for compounds possessing these features. Such an
approach can increase the amount of information a
single structure of a receptor-ligand complex can
provide in structure-based drug design.

Once new leads are found, a more challenging com-
putational problem is to rank their derivatives, which
may not have yet been synthesized, according to their
binding affinity to their target. For rapid computational
screening, fast but reliable computational models need
to be developed. Although explicit-solvent models have
a firmer theoretical basis, they are too expensive to use
in day-to-day drug discovery efforts. On the other hand,
simpler quantitative structure-activity relationship
(QSAR) models are cheaper to use but do not have as
sound a theoretical basis. Many QSAR models still
assume a linear relationship between free energy and
QSAR descriptors, although more rigorous explicit-
solvent models have suggested nonlinear behavior.29

Nevertheless, when good descriptors are chosen, the
parameters of a linear model may effectively include
some nonlinear effects when these parameters are fitted
to experimental data. A popular application of QSAR
models has been to relate the activity of ligands to their
molecular properties. When the structure of a ligand-
receptor complex is known or can be modeled, it is
beneficial to use quantities pertaining to receptor-
ligand interaction rather than ligand characteristics
alone because ligand-receptor interaction energy tells
more about ligand-receptor recognition than ligand
properties. Some encouraging semiempirical models
using interaction energies have already been developed.
For example, several semiempirical linear response
theories have been used to correlate averaged ligand-
receptor interaction energy obtained from explicit-

solvent molecular dynamics simulations with binding
affinity.30-33 Semiempirical implicit-solvent models have
also been used in docking programs such as Autodock.34

Among different kinds of implicit-solvent models, those
that describe the physics more faithfully should yield
more reliable results. For computational efficiency,
many implicit-solvent models draw on simple electro-
static descriptions, such as using distance-dependent
dielectric functions. With the increasing availability of
powerful computers and the development of new meth-
ods for solving the Poisson-Boltzmann equation for
molecules with complex shapes, it should soon become
feasible to use these more elaborate continuum electro-
statics models in day-to-day drug discovery efforts. Here,
using the interaction between the catalytic subunit of
PKA and a number of its inhibitors as an example, we
examine whether a semiempirical approach utilizing the
finite-difference Poisson-Boltzmann solver implemented
in the program UHBD35,36 can improve the predictive
reliability of the binding affinity of protein kinase
inhibitors to cPKA.

Methods
Database Analysis. There are probably about 2000 kinases

in the human genome.37 It will be some time before the crystal/
NMR structures of all the kinases are determined, not to
mention that some of them have not yet been identified or
disclosed. Here, we use an existing database of 390 proteins
to examine the conserved and variable features of the ligand-
binding site in order to gain insights into designing specific
protein kinase inhibitors. This database contains proteins
whose sequences have been aligned by Hanks and Quinn38 and
is available in the Protein Kinase Resource maintained at the
University of California, San Diego (http://www.sdsc.edu/
kinases/pkr/pk_catalytic/pk_hanks_seq_align_long.html). The
database also includes protein kinases found in species other
than human. However, since there are many protein kinases
in the human genome that have not yet been identified or
released to the public, we kept in our analysis protein kinases
from other species as an approximation to yet unknown or
undisclosed human protein kinases.

The definition of a ligand-binding site depends on the ligand
considered. The region of the catalytic domain for binding ATP
and peptide substrate is quite extensive. Different small-
molecule inhibitors also vary somewhat in the extent and
region of their interaction with their targets. In addition, some
small-molecule inhibitors interact with regions not targeted
by natural ligands. Here, we focus on the part of the catalytic
domain where balanol recognizes cPKA, as an illustration for
studying specific binding by balanol and its derivatives.

Starting from the cPKA-balanol crystal structure,11 polar
hydrogens were added using CHARMm22(39). For neutral
histidines, the hydrogen was added at either the δ or ε position
depending on which site was more likely to act as a hydrogen
bond donor. The CHARMm22 force field39 was used in the
calculations. For balanol, we used the same potential param-
eters as in Hünenberger et al.’s work.40 The protein-ligand
complex was allowed to relax by 100 steps of conjugate
gradient energy minimization using a distance dependence
dielectric of ε ) 5R where R is an interatomic distance. The
ligand was then subjected to extensive conjugate gradient
energy minimization using the same distance dependent
dielectric until a gradient norm less than 0.001 kcal/mol/Å was
reached.

Protein atoms at the protein-ligand interface were then
identified by finding those atoms lying within a given distance
Rcut from any ligand heavy atom. Residues associated with
these atoms were considered to be lying at the protein-ligand
interface. It is then possible to analyze, from the sequence
alignment by Hanks and Quinn,38 the variability of amino acid
residues at these sites. Sites characterized by a large vari-
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ability are of special interest because they represent sites to
consider for designing specific kinase inhibitors. The identi-
fication of protein residues at the protein-ligand interface
depends on the choice of Rcut. In the present study, we have
considered a range of Rcut varying between 3 and 4 Å.

Binding Free Energy Calculations. Three calculations
were carried out to obtain a single binding free energy: one
calculation on the kinase-inhibitor complex, one on the kinase
alone, and one on the inhibitor alone. We carried out the
calculations in the same way as in Hünenberger et al.’s work40

to facilitate comparison with earlier results. The energy-refined
structure of cPKA-balanol was placed in a 240 × 240 × 240
grid with a 0.3 Å grid spacing. The electrostatic energy of the
complex was calculated by solving the Poisson equation on this
grid. The electrostatic energy consisted of two terms: one
resulting from the assembling of atomic charges in a dielectric
medium characterized by the dielectric constant of the complex
(∆Gcoul); the other resulting from the creation of a dielectric
boundary when the complex was immersed in a high-dielectric
solvent (∆GPB). These two terms were calculated using the
UHBD program.35,36 Similar electrostatic calculations were
carried out separately for the protein and the ligand using the
same conformation as in the complex. The protein or the ligand
was positioned in the grid exactly the same way as it was in
the complex to minimize computational differences arising
from different placement of the molecule onto the grid. In the
electrostatic calculations, an internal dielectric constant of 2
and an external dielectric constant of 78 were used. The
difference between the electrostatic free energy of the complex
and the sum of the electrostatic free energies of the protein
and the ligand was used to estimate the electrostatic contribu-
tion to the binding energy in the single-conformation ap-
proximation.

The contribution of hydrophobic effects to the binding energy
was estimated by multiplying the change in solvent accessible
surface area upon binding by 25 cal mol-1 Å-2,41,42 leading to
an additional term (∆GSA). The solvent accessible surface was
determined by using a probe sphere of 1.4 Å radius, and the
van der Waals radii of protein atoms were taken from
CHARMm22.39

Sensitivity Analysis. To study the significance of the
polarity or charge of a functional group in affecting binding,
we turned off the polarity or charge of specific groups and
repeated the binding energy calculation as discussed above.
We then calculated ∆Gbind(after) - ∆Gbind(before) where ∆Gbind-
(after) and ∆Gbind(before) were respectively the binding ener-
gies after and before the charge or polarity was turned off.
Table 1 describes how the switching off of charge or polarity
of different functional groups was done. Some atoms/extended
atoms possessing zero charges are also included. Since one can
no longer turn off their charges, we turned on the charge of
each of these atoms/extended atoms by adding 0.3 e to it and
repeated the binding energy calculation. These calculations
probe the electrostatic environment around these atoms and
suggest whether substituting these nonpolar atoms by polar
groups may improve binding.

Semiempirical Model. In a semiempirical model, we
scaled different contributing terms to a binding energy before
summing them together. In a two-parameter model, we
estimated the binding energy as ∆Gbind ) a + b(∆Gcoul + ∆GPB

+ ∆GSA). Although ∆Gcoul + ∆GPB + ∆GSA can in principle be
directly compared to corresponding experimental binding free
energy,40 in practice this suffers from a number of deficien-
cies: (i) the single-conformation approximation does not ac-
count for conformational fluctuation; (ii) the choice of model
parameters such as atomic partial charges, van der Waals
radii, microscopic “surface tension”, and dielectric constant is
not optimal; (iii) the loss of translational-rotational entropy
is not accounted for. Scaling ∆Gcoul + ∆GPB + ∆GSA by a
constant and adding a constant to the result could partially
correct these deficiencies in an empirical sense. The constants
a and b were adjusted to obtain the least root-mean-square
difference between ∆Gbind and the corresponding experimental
value for a series of inhibitors.

If adequate experimental data are available for determining
additional empirical parameters, one may use a model with
three or more parameters. In this paper, we also examine the
models ∆Gbind ) a + b∆GSA + c(∆Gcoul + ∆GPB) and ∆Gbind )
a + b∆GSA + c∆GPB + d∆GCoul. In this work, 17 compounds
from Hünenberger et al.’s study40 were used to determine the
model parameters in a least-squares manner.

Results and Discussions

Database Analysis. To gain insight into what other
protein kinases may also be inhibited by balanol, a good
starting point is to identify protein kinases having the
same amino acid residues at the protein-balanol in-
terface as the energy-refined cPKA-balanol complex.
In this complex, seven residues possess at least one
atom lying within 3 Å of a balanol heavy atom. Two of
them (GLY50 and GLU91) contact balanol only through
backbone atoms. Since these residues are not likely to
account for binding specificity, they are ignored in the
following analysis. The remaining five residues use their
side chains to recognize balanol, and examining the
variability of amino acid types in these five positions
among many kinases can provide insights into specific
binding by balanol. These five residues are SER53 that
interacts with the O4′′ of balanol (see Figure 1) through
its OH group, LYS72 that recognizes 2O10 with its
positive terminal ammonium group, GLU91 that inter-
acts with the hydrogen attached to 2O10 with its
carboxylate group, THR183 that forms a hydrogen bond
with O1′ through its OH group, and ASP184 that
interacts with the hydrogen attached to O6′′ with one
of its carboxylate oxygens. Among the kinases analyzed
by Hanks and Quinn,38 22 possess exactly these five

Table 1: Protein and Ligand Functional Groups Whose Charges Are Modified in Sensitivity Analysis Calculations

functional group charge modificationsa

C-O-H of balanol H, 0.40 f 0; O, -0.65 f 0; C, 0.25 f 0
C2NH2 of balanol N, -0.3 f 0; H, 0.35 f 0; C, 0.3 f 0
COO- of balanol C, 0.14 f 0; O, -0.57 f 0
CO of benzophenone moiety of balanol C, 0.4 f 0; O, -0.4f 0
CO group of amide in balanol C, 0.55 f 0; O, -0.55 f 0
NH group of amide in balanol N, -0.35 f -0.1; H, 0.25 f 0
CO of ester linkage in balanol C, 0.7 f 0.3; O, 0.4 f 0
COC (C4-2O1A-C1′′) near ester linkage in balanol C4, 0.7 f 0.3; 2O1A, -0.55 f 0; C1′′, 0.25 f 0
extended carbon atoms on aromatic rings of balanol 0 f 0.3
CO group of peptide linkage C, 0.6 f 0.05; O,-0.55 f 0
NH3 group of LYS NH3, 1 f 0
OH of SER or THR O, -0.65 f -0.25; H, 0.4 f 0
COO- of GLU or ASP COO-, -1 f 0
NH2 of GLN N,-0.6 f 0; H, 0.3 f 0
charge of nonpolar carbons 0 f 0.3

a Charges are expressed in electrostatic unit.
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residues at the protein-ligand interface (Table 2, 3 Å
column). If these five residues provide the dominant
contribution to binding affinity, these 22 kinases may
bind balanol. This illustrates how this type of analysis,
based on a single kinase-inhibitor complex, can suggest
what other kinases may bind the inhibitor. This infor-
mation is very valuable in drug design because it may
lead to the discovery of new drug targets for compounds
that are already well characterized in terms of their
chemical, physical, biological, pharmacological, and
toxicological properties.

For the 22 kinases identified, not all of them are in
the same group as PKA. Three of them (PKCg, PKCz,
PKCi) are in the protein kinase C (PKC) family. Two of
them (RSK1N, RSK2N) are protein kinases that phos-
phorylate ribosomal protein S6. In addition, a serum/
glucocorticoid-regulated kinase (Sgk), a protein kinase
regulated by calcium/calmodulin (PSK-H1), and a
protein kinase in the epidermal growth factor receptor
family (SER) have also been identified. It is interesting
to see that this kind of analysis can identify targets
outside the family toward which a class of compounds
is originally aiming for.

However, this type of qualitative analysis also has
limitations. For example, balanol is known to inhibit
the PKC isozymes R, â, γ, δ, ε, and η,22-25,27 but they

were not picked up by this analysis. This is because
these isozymes only have three or four residues match-
ing the corresponding ones in cPKA. The residues that
do not match may enhance, diminish, or not change the
binding affinity. But it is difficult to assess the role of
these residues without doing quantitative measure-
ments or calculations. Nevertheless, for identifying new
drug targets, missing some is acceptable because it is
already profitable to come up with just a few new
potential targets for which new drugs can be developed
based on a company’s existing compound library. In the
example just given, a protein kinase regulated by
calcium/calmodulin has been identified. There are al-
ready data showing that balanol binds proteins in this
family, although with an inhibition constant (∼70 nM)
an order of magnitude less favorable than that for PKA.
But a 70 nM compound can already be a useful lead for
developing effective inhibitors for a target.

The above analysis is based on residues closest to the
ligand. Since long-range interactions, arising from
electrostatic interactions for example, may also influ-
ence binding, it is useful to examine the effect of
residues more remote from the inhibitor. To this end,
the analysis was repeated for several other cutoff values
(Table 2). By use of a 3.4 Å cutoff, eight residues of cPKA
are found to interact with balanol through their side
chains. Only 10 protein kinases in the database possess
exactly these same residues at the protein-ligand
interface. When the cutoff is increased to 3.6 Å, 13
residues are found at the interface and 5 proteins have
these same 13 residues at the interface. For a 3.8 Å
cutoff, there are 18 residues at the interface and only 4
protein kinases hold these residues at the interface.
Therefore, longer-ranged interactions, if significant,
could help different protein kinases with very similar
folds exhibit distinct binding affinities toward the same
ligand such as balanol.

Table 3 gives the distribution of amino acid types at
each of the 18 positions identified using the 3.8 Å cutoff.
Conserved residues occupy several of these positions.
K72 and E91 are a conserved salt-bridge present in
many kinases. D184 is the conserved catalytic aspartate.
G55 is also quite conserved, although 37 kinases in the
database possess a serine at this position and 19 kinases
an alanine. However, the â-carbon of this residue points
away from the ligand-binding pocket so that its side
chain does not interact directly with the ligand. There-
fore, the substitution of this glycine by an alanine or a
serine may only affect binding indirectly, such as by
altering the local conformation, if at all. V57, A70, and
G186 are also largely conserved and therefore may not
be useful residues to consider in designing specific
kinase inhibitors.

Other positions display more variability in amino acid
types. Many other polar, nonpolar, or charged amino
acid types in other protein kinases replace S53 in cPKA.
This residue is close to the carboxylate of balanol, and
replacing the carboxylate group by other functional
groups may yield balanol derivatives selective toward
certain desired kinases. T183 is replaced by nonpolar
or polar, but not charged, residues in other kinases. As
indicated by binding energy calculations (see below), the
polarity of the hydroxyl group of the threonine side
chain does play a role in recognizing balanol. Thus, this

Figure 1. Labeling of atoms, as in the PDB entry 1BX6
(http://www.rcsb.org/pdb/), in balanol.

Table 2: Kinases Having the Same Residues as PKA at the
Protein-Balanol Interfacea

class
Rc ) 3.0,

n ) 5
Rc ) 3.4,

n ) 8
Rc ) 3.6,
n ) 13

Rc ) 3.8,
n ) 8

cAPKa AGC group I x x x x
cAPKb x x x x
cAPKg x x x x
EcAPKa x
DC0 x x x
DC1 x
AplC x
SAK x
DdPK1 x
TPK1 x x
TPK2 x x
TPK3 x x
B.emC x x x x
PKCg AGC group II x x
PKCz x
PKCi x
RSK1N AGC group VI x
RSK2N x
Sgk AGC group other x x
DdK2 x
PSK-H1 CaMK group I x
SER PTK group X x

a Marked by crosses. Residues having an atom within Rc of an
atom of balanol are considered residues at the protein-ligand
interface. Rc is in units of angstrom. Kinases studied by Hanks
and Quinn38 are included in this analysis. n ) number of matching
residues.
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position may be worth considering for designing specific
kinase inhibitors. F54 is quite conserved but is replaced
by Y in some kinases. Since F is nonpolar but Y contains
a polar hydroxyl group, suitable modification of the
benzophenone moiety of balanol might distinguish F-
containing kinases from Y-containing kinases. There is
some variability in position 74, although nonpolar
residues, either small ones such as L and I or large ones
such as F, are more common. Thus, it may be possible
to use these size differences to achieve binding specific-
ity. V123 in cPKA points into the binding pocket to
interact with the p-hydroxylbenzamide moiety of bal-
anol. This position is somewhat variable in amino acid
type, although more often occupied by a nonpolar
residue, and is thus also worth considering for designing
balanol derivatives targeted toward certain kinases.
Y122 is also near the p-hydroxylbenzamide moiety of
balanol, and this position is somewhat variable in amino

acid type. However, the side chain of this residue is
pointing away from the balanol-binding pocket, making
it more difficult to utilize this position to design specific
kinase inhibitors. Nevertheless, some indirect effects
may be achieved with the C-terminal tail of some
protein kinases when this tail can interact with the
residue at position 122. The amino acid sequences of
the C-terminal tail are somewhat variable, and this
variability can be transmitted into the binding site
through residue 122. Leucine occurs frequently in
position 49 but is replaced by I and occasionally V in
some protein kinases. Because of the similarity of these
residues, it may be hard to utilize this position to design
specific inhibitors. E127 of cPKA interacts with the
quaternary ammonium group of balanol. Many kinases
have either a D or an E in this position. Balanol may
not be able to distinguish these kinases because both D
and E are negatively charged under physiological condi-
tions. However, since this is the helix-capping position
of helix D, helix-capping residues besides D and E are
found in other protein kinases. Therefore, one may still
be able to design balanol anologues that can distinguish
kinases possessing D/E in this position from those that
do not. M120 in cPKA is replaced by a number of
different residues of various sizes in other kinases and
can be a useful site to consider in designing balanol
derivatives targeted toward specific protein kinases.
Q84 of PKA is near the carboxylate group of balanol.
This position is quite variable, including both charged
and uncharged amino acids and small and large resi-
dues and may be another useful site to consider in
specific inhibitor design.

Role of Residue Charge or Polarity on Balanol
Recognition. Since there may not be a simple correla-
tion between the distance of a residue from the ligand
and the significance of the residue in recognizing
balanol, we performed a quantitative sensitivity analy-
sis by successively turning off/on the charge or polarity
of different functional groups (see Table 1) near the
ligand to examine how significant this change can affect
binding affinity. Table 4 lists the results obtained for
residues lying within 3 Å of the ligand and in the ranges
3-3.4, 3.4-3.6, and 3.6-3.8 Å. First consider the five
residues closest to balanol. Turning off the charge of the
ammonium group of K72 or of the carboxylate group of
D184 has the largest unfavorable influence on binding.
Although these two residues are important for binding
balanol, they are conserved among protein kinases.
Thus, inhibitors targeted toward these residues may
distinguish protein kinases from nonprotein kinases but
may not differentiate specific members of the protein
kinase family. The polarity of T183 also appears sig-
nificant in influencing binding. Turning off the polarity
of the hydroxyl group decreases the binding affinity by
1.1 kcal/mol. As discussed above, either polar or non-
polar residues may occupy this position in other kinases.
The functional group of balanol closest to the hydroxyl
group of T183 is the carbonyl group of the amide linkage
of balanol. By suitably modifying the linkage, one may
be able to design balanol derivatives targeted toward
specific protein kinases. Although E91 also possesses a
carboxylate as does D184, turning off its charge has less
effect on binding. This glutamate is a conserved residue
that often forms a salt bridge with K72. Turning off the

Table 3: Distribution of Amino Acid Types at the
PKA-Balanol Interfacea

S53 K72 E91 T183 D184 F54 G55 V57 L74

G 38 0 1 47 0 7 326 0 0
A 75 0 1 123 1 0 19 6 4
V 5 0 1 11 0 0 0 358 46
L 1 0 0 3 0 0 1 2 174
I 1 0 0 33 0 8 0 6 97
S 86 0 0 59 0 12 37 1 2
T 45 0 0 53 0 4 1 4 0
D 8 1 2 0 379 0 0 0 0
N 25 0 0 0 0 3 0 0 0
K 14 384 0 0 0 0 0 0 0
E 27 0 375 0 0 0 0 0 7
Q 27 0 2 0 0 2 0 0 2
R 14 1 1 0 0 0 0 0 1
H 8 0 1 1 0 1 1 0 1
F 3 0 0 0 0 260 0 0 20
C 7 0 0 54 0 1 0 8 4
W 0 0 0 0 0 0 0 0 0
Y 0 0 0 0 1 82 0 0 0
M 1 0 0 0 0 5 0 0 28
P 0 0 0 0 0 0 0 0 0

Y122 A70 V123 E127 L49 G186 L173 M120 Q84

G 0 0 3 0 0 372 0 1 18
A 4 358 29 7 1 3 0 0 17
V 1 2 73 1 31 0 7 13 18
L 85 2 51 0 214 0 314 65 18
I 9 0 20 0 131 0 5 9 12
S 1 0 2 98 1 2 1 5 25
T 0 1 1 14 0 0 0 80 11
D 0 0 0 148 0 7 0 0 64
N 0 0 0 30 1 0 0 1 7
K 2 0 1 1 3 0 0 0 28
E 2 0 0 66 0 0 0 1 52
Q 0 0 2 3 0 0 0 22 58
R 2 0 0 0 0 0 0 2 9
H 12 0 11 0 0 0 0 0 7
F 81 1 0 1 2 0 20 66 12
C 7 3 59 8 0 0 0 0 2
W 7 0 0 0 0 0 0 0 1
Y 167 0 7 0 0 0 0 18 14
M 4 1 124 1 1 0 37 113 9
P 0 0 1 5 0 0 0 0 3

a 390 protein kinases in the sequence alignment by Hanks and
Quinn38 were analyzed. The first row lists the amino acids lying
at the protein-ligand interface. The first five residues, S53, K72,
E91, T183, and D184, were identified by using Rc ) 3.0 Å (see
Table 2 and text). More residues were identified when Rc was
increased to 3.4 Å, and these residues were added to the previous
list after the double line. This is repeated for Rc ) 3.6 and 3.8 Å.
The first column lists the 20 amino acid types that can replace a
particular amino acid of cPKA at the protein-ligand interface.
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polarity of the hydroxyl group of S53 also has some
effect on binding, although not as significant as turning
off the polarity of the hydroxyl group of T183. This
hydroxyl group interacts with the carboxylate group of
balanol. Since this serine is replaced by a number of
other amino acids in other kinases, replacing the
carboxylate group of balanol by other functional groups
may produce balanol derivatives that bind specifically
to certain protein kinases.

Between 3 and 3.4 Å, several additional residues
appear as proximal residues to balanol: F54, G55, V57,
V74, and Y122. The atoms of these residues near balanol
are all nonpolar. However, changing the polarity of some
could affect binding, as indicated by the sensitivity of
the binding affinity to placing charges of 0.3 e on some
of these atoms. The calculations suggest that making
the phenylalanine ring of F54 more positive could
improve binding. However, this position is largely
occupied by aromatic residues in other kinases, although
a few kinases have polar residues such as serine in this
position. Therefore, this may not be a very good site to
consider for designing specific kinase inhibitors. On the
other hand, placing positive charges on atoms of residue
57 diminishes binding. However, this position is con-
served and thus less useful to consider for inhibitor
design. Making the L74 side chain more positive could
improve binding. Although most kinases have a leucine
in this position, a small number of kinases have charged
residues and these protein kinases may bind balanol
differently than PKA. Placing charges on atoms of G55
and Y122 has smaller effects on binding.

Extending the cutoff distance to 3.6 Å, residue E127
appears to play a key role in binding. Turning off the
charge of its carboxylate group decreases the binding
affinity by ∼1.5 kcal/mol. This is probably a consequence

of the favorable electrostatic interaction between the
ammonium group of balanol and the carboxylate oxy-
gens situated at a distance between 4 and 4.6 Å away.
Although many protein kinases have a glutamate or an
aspartate residue in this position, some contain un-
charged residues. These uncharged residues are mostly
polar ones and are residues commonly found in a helix-
capping motif because this is a helix-cap position of the
D helix. Therefore, the ammonium group of balanol
probably helps to distinguish between kinases contain-
ing negatively charged residues and those containing
uncharged residues at position 127. Replacing the
ammonium group by a negatively charged group can
provide a mechanism to switch the selective binding
between these two groups of protein kinases.

Sensitivity Analysis of Ligand Functional
Groups. One can apply the same idea to analyze
significant functional groups of balanol for recognizing
PKA. Figure 2 illustrates the change in binding affinity
when the charge or polarity of different atoms or atom
groups of balanol is changed (see Table 1). The positively
charged ammonium group of balanol plays a very
important role in recognition. Removing its charge
reduces the binding affinity by 6.8 kcal/mol. As dis-
cussed earlier, the ammonium group is close to a
negatively charged residue E127 and the favorable
electrostatic interactions between this residue and the
ammonium group of balanol may account for the sig-
nificance of the ammonium group in binding. This
calculation result is consistent with the experimental
activity measurements43 that replacing the positively
charged ammonium group with neutral and electron-
rich groups (NH2

+ f CH2, O, S, or SO2) diminishes
binding to PKC (0.074 f 0.27, 6.7, 3.3, or 9.6, respec-
tively, in IC50 for PKCR). The experimental data for PKC
should be relevant for checking the calculation result
on PKA here because both PKC and PKA have a
negatively charged residue at position 127 (PKA has an
E and PKC has a D).

The polarity of the p-hydroxylbenzamide also appears
to be important. The binding affinity is reduced by 2.2
kcal/mol when the polarity of the hydroxyl group is
turned off. This is consistent with the decrease in PKC
inhibition observed when a methyl group replaces this
hydroxyl group. The significance of the polarity of this
hydroxyl group in recognizing kinases parallels the
previous hypothesis that many kinase inhibitors, as
ATP, utilize two hydrogen bonds to recognize the linker
region between the N-terminal and C-terminal lobes of
the catalytic domain.7 Figure 3 illustrates the formation
of these two hydrogen bonds in the cPKA-balanol
complex. In the energy-refined structure, the distance

Table 4: Sensitivitya of Binding Energy to Perturbing Polarity
or Charge

sensitivity (kcal/mol) 3.0 A 3.4 A 3.6 A 3.8 A

53SER OG 0.72 x x x x
72LYS NZ 3.5 x x x x
91GLU OE1 0.81 x x x x
183THR OG1 1.1 x x x x
184ASP OD1 2.2 x x x x
54F CD1 -1.2 x x x
54F CE2 -0.86 x x x
55G CA 0.21 x x x
57V CG2 0.68 x x x
74L CD2 -0.83 x x x
122Y CD1 -0.067 x x x
54F CE1 -0.92 x x
54F CD2 -0.067 x x
70A CB 0.59 x x
54F CD2 -1.0 x x
123V CG1 0.27 x x
127E OE 1.5 x x
183T CG2 1.0 x x
327F CZ 0.38 x x
54F CG -1.0 x
54F CZ -0.68 x
49L CD1 0.39 x
186G CA 0.045 x
173L CD1 0.39 x
120M CE -0.064 x
84Q NE2 0.025 x

a Sensitivity measures the change in calculated binding affinity,
∆Gbind(after) - ∆Gbind(before), when the polarity/charges of a
charge group is modified according to Table 1.

Figure 2. Binding energy change as a result of perturbing
the charge or polarity of different functional groups of balanol,
as described in Table 1.
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from the hydroxyl oxygen to the carbonyl oxygen
(hydrogen bond acceptor) of residue 121 is 2.9 Å and
the distance to the amide nitrogen (hydrogen bond
donor) of residue 123 is 3.1 Å. However, the manner in
which balanol forms two hydrogen bonds with the linker
region is somewhat different from that of ATP44-46 and
protein kinase inhibitors such as SU5402 (9). In ATP
and SU5402, the hydrogen bond donor and acceptor
come from two different functional groups rather than
from a single one. There are three other hydroxyl groups
in balanol. These three groups behave differently. The
polarity of one (associated with 2O10) is quite significant
for binding, one (associated with O4′′) is not very
important for binding, and the other (associated with
O6′′) appears to reduce the binding affinity. This
analysis provides some hints on modifying balanol to
improve its binding to PKA. For example, replacing the
OH group associated with O6′′ by a nonpolar group with
a similar size may improve binding.

Although the carboxylate group of balanol is charged,
its charge does not enhance binding as much as that of
the ammonium group. Turning off its charge only
reduces the binding affinity by 0.4 kcal/mol. As dis-
cussed earlier, this carboxylate group is close to S53,
which is replaced by a number of amino acidssnonpolar,
positively charged, or negatively chargedsin other
protein kinases. Suitable replacement of this group may
yield balanol derivatives having better selectivity to-
ward desired kinases. The calculation results here is
consistent with the experimental finding22 that replac-
ing the carboxylate group by its methyl ester reduces
activity in PKC, which also has a serine in position 53.

The polarity of the amide linkage of balanol does not
seem to affect binding significantly. If necessary, this
linkage could be replaced by a nonpolar one to improve
membrane permeability without sacrificing binding
affinity. The nitrogen atom of this amide linkage is
relatively far away from the protein. The closest protein
heavy atom is 4.3 Å away. The closest four residues are
V57, E127, L173, and T183. The atoms of V57 that are
closest to the nitrogen are CB (4.8 Å), CG1 (5.0 Å), and
CG2 (4.5 Å). For E127, the closest atom is OE2 that is
4.5 Å away. The CD1 and CD2 of L173 are also 4.8 or
4.9 Å from the nitrogen. For T183, OG1 and CG2 are
respectively 4.7 and 4.3 Å from the nitrogen. One way
to make this part of the inhibitor interact directly with
the protein may be to replace the hydrogen of the amide

NH group by a larger one such as a methyl group.
However, since nonpolar, polar, and negatively charged
residues would interact with this group, the effects of
the replacement on binding are hard to determine
without doing a quantitative calculation or carrying out
an experiment.

Changing the polarity of the aromatic rings on the
two ends of the inhibitor has different effects on binding.
Introducing positive charges of 0.3 e to atoms in the
aromatic ring of the p-hydroxylbenzamide moiety slightly
diminishes binding, whereas doing the same on the
aromatic ring on the other end of the molecule enhances
binding. This suggests that the protein produces a
negative potential in the aromatic ring of the benzophe-
none moiety. Therefore, replacing the carboxylate of
balanol by an electron-withdrawing group may enhance
the interaction between this aromatic ring and cPKA.

Generally, this type of sensitivity analysis for deter-
mining the key functional groups of an inhibitor can
help develop a pharmacophoric model for identifying
new drug leads for the target. For example, one may
use the spatial arrangement of the key functional groups
to construct a three-dimensional pharmacophoric model
for searching small molecule libraries for compounds
containing these features. Commercial packages, such
as the Catalyst,47 are already available for carrying out
such a database search.

Semiempirical Model. Although solving the Poisson
equation using atomic partial charges and a detailed
description of molecular shape provides a sophisticated
description of electrostatic contributions to binding
affinity, this approach still relies on a few approxima-
tions that may impair its predictive reliability. For
example, one typically divides space into an inner solute
region of low dielectric surrounded by an outer solvent
region of high dielectric. The choice of this boundary can
have a significant influence on the calculation result.
Atomic partial charges commonly used in molecular
mechanics calculations are also imperfect, and electronic
polarization effects are largely ignored in these calcula-
tions. In addition, entropy changes associated with
overall rotation and translation and with internal
rotation about single bonds are often ignored or esti-
mated by simplified models. Therefore, empirically
scaling different components obtained from an implicit-
solvent model may effectively correct some of these
deficiencies and improve the predictive power of the
model.

Table 5 shows the results obtained by using semiem-
pirical two-parameter, three-parameter, and four-
parameter implicit-solvent models. Regression analysis
between experimental and predicted results has also
been carried out for each model, and a t-test of the
regression coefficient (Table 5) demonstrates that the
correlation between the predicted and experimental
results is significant for each model. In the two-
parameter model, the total free energy of binding (∆Gcoul
+ ∆GPB + ∆GSA) is scaled by a constant b and a second
constant a is added to the result. These two constants
are estimated by requiring the calculated results from
Hünenberger et al.’s work40 to agree with corresponding
experimental data in a least-squares-fit manner, using
17 ligands in Table 1 of their paper (compounds 2 and
3 were excluded from this analysis because only experi-

Figure 3. Formation of two hydrogen bonds between the OH
group of the p-hydroxylbenzamide moiety of balanol and the
linker region between the N-terminal and C-terminal lobes of
PKA.
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mental bounds were provided for their binding con-
stants). The scaling factor is found to be 0.72, and the
additive constant is 7.8 kcal/mol. The root-mean-square
difference between calculated and experimental results
is 1.6 kcal/mol. When the surface-area-dependent hy-
drophobic term is separated from the electrostatic
contributions in the three-parameter model, the root-
mean-square difference is only slightly improved to 1.5
kcal/mol. When the electrostatic contributions are fur-
ther split into terms arising from Coulombic interactions
and from solvation effects, one obtains a more substan-
tial improvement with a root-mean-square difference of
1.1 kcal/mol. To check that this improvement is not
simply due to the addition of more parameters to the
model to fit the same data, we also carried out leave-
one-out cross-validation studies. In a leave-one-out
cross-validation study, all except one point are used to
determine the parameters of the model and the result-
ing model is tested in its ability to predict the binding
constant of the complex excluded from the fitting. This
calculation is repeated excluding each point in turn and
the root-mean-square difference between predicted and
experimental results computed. As one can see from
Table 5, the root-mean-square difference also decreases
in going from the three-parameter to the four-parameter
model. The correlation coefficient between experimental
and predicted results for each model was also calculated.
One can see from Table 5 that the results from the four-
parameter model correlates substantially better with
experimental data than the other two models. Therefore,
all these additional tests also illustrate that the four-
parameter model performs better than the two- or three-
parameter models. A major change in going from the
three- to four-parameter model is in splitting the
electrostatic contributions into two parts. One part
involves bringing the charges together from infinity in
a dielectric medium having a dielectric constant of 2,
i.e., that of the solute. This part can be calculated easily
with Coulomb’s law. The other one involves creating a
dielectric boundary between the solute and the solvent
as a result of solvating the solute. There are extra
uncertainties in choosing this boundary and in assum-
ing space to be divided into only two parts having
different dielectric constants. Separating this term from
the Coulombic one allows it to be scaled differently to
best-fit the experimental data. One needs to scale down
the two electrostatic terms by ∼25% to get more reliable
predictions from the models.

To obtain better agreement with experimental results,
the contribution from the surface-area-dependent hy-
drophobic term needs to be reduced by ∼30% in the two-

and three-parameter models and by ∼40% in the four-
parameter model. In these calculations, we used the van
der Waals radii from CHARMm2239 to calculate the
accessible surface area and a microscopic “surface
tension” of 25 cal mol-1 Å-2. The present results indicate
that a microscopic “surface tension” of 15-18 cal mol-1

Å-2 would be more appropriate for this application using
the CHARMm2239 van der Waals radii. This value is
somewhat smaller than but within the error bars of the
“optimal” value of 19 ( 6 cal mol-1 Å-2 obtained from
calculating the cyclohexane-to-water transfer energy of
amino acid analogues using a similar implicit-solvent
model.42 By applying this semiempirical approach to
more protein-substrate systems, one may be able to
conclude whether a smaller microscopic “surface ten-
sion” of 15-18 cal mol-1 Å-2 is generally appropriate
for studying the binding between proteins and small-
molecule ligands.

Conclusions
As protein kinases become important targets for drug

design, the determination of the structure of more
kinase-inhibitor complexes will be useful for aiding the
design process. However, it takes time to determine
many structures. It is therefore useful to draw as much
information from a kinase-inhibitor structure as pos-
sible. In this paper, we have combined information
available from a single kinase-inhibitor structure with
that from sequence alignment of a large number of
protein kinases to generate new hypotheses to aid the
design of specific protein kinase inhibitors. These
hypotheses can be further evaluated by experimental
means or by more elaborate computations. For example,
we found that the ligand-binding pocket is variable
among almost 400 kinases if the definition of the
protein-ligand interface includes amino acid residues
not directly in contact with the ligand. Therefore, if
medium or/and long-range interactions are significant
for ligand recognition, binding specificity can be achieved
to a certain degree by designing inhibitors targeted
toward sites, near the protein-ligand interface, that are
more variable in amino acid types. This sequence/
structure analysis approach was reinforced by compu-
tational studies quantifying intermolecular interactions.
By perturbing the charge or polarity of different func-
tional groups in the inhibitor, one could examine the
significance of these features in affecting protein-
inhibitor recognition. This information provides ad-
ditional hints for drug designers to decide what com-
pounds to make or/and screen for efficacy. The identifica-
tion of the important features of the inhibitor contribut-

Table 5: Performance of Several Semiempirical Models in PKA-Balanol Calculationsa

model ∆Gpredicted (kcal/mol)
rms difference

(kcal/mol)
correlation

coeff
regression

coeffc

two-parameter model 7.8 + 0.72(∆Gcoul + ∆GPB + ∆GSA) 1.6 (1.8b) 0.78 0.62 (0.25d)
three-parameter model 6.6 + 0.68∆GSA + 0.85(∆Gcoul + ∆GPB) 1.5 (1.8b) 0.81 0.66 (0.25d)
four-parameter model 2.0 + 0.58∆GSA + 0.84∆GPB + 0.86∆GCoul 1.1 (1.4b) 0.90 0.81 (0.21d)
a ∆GSA, ∆GCoul, and ∆GPB are respectively the contribution to the binding energy from the hydrophobic effects (assuming to be proportional

to the change in accessible surface area of the molecules upon binding), from assembling charges in a medium having the solute’s dielectric
constant (estimated from Coulomb’s law), and from formation of a dielectric boundary due to hydration (estimated by numerically solving
the Poisson equation). The prefactors and the additive constant were determined by minimizing the difference between ∆Gpredicted (kcal/
mol) and the corresponding experimental data in a least-squares manner. The 17 inhibitors studied in Hünenberger et al.’s work40 were
used in the fit (see text). b From leave-one-out cross-validation studies. c Regression coefficient (R) in Y ) RX + C, where Y is an experimental
measurement, X is a prediction from the two-parameter, three-parameter, or four-parameter model, and C is a regression constant. d 95%
confidence limit.
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ing to binding can also generate pharmacophoric models
for fishing out new drug leads from small-molecule
libraries. Complementary to other approaches employ-
ing a large number of inhibitors, the present approach
can be based on a single inhibitor, provided a crystal/
NMR structure of the receptor-inhibitor complex is
available. The sensitivity analysis carried out in this
work focuses on electrostatic effects and assumes fixed
protein and ligand conformation, but this approach can
be easily generalized. For example, sensitivity analysis
based on molecular dynamics simulations can treat the
effects of changing molecular size on binding affinity
and can take into account structural relaxation.29

However, since the latter approach requires lengthy
molecular dynamics simulations to be finished before
hypotheses can be generated, the approach presented
in this paper can serve as a preliminary screening tool
before expensive molecular dynamics simulations are
completed. To further evaluate computationally de-
signed compounds, we have introduced a semiempirical
approach to improve the predictive reliability of implicit-
solvent models for calculating binding affinity, using
suitable experimental data to scale different terms of
these models.
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