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Protein kinase C (PKC) comprises a family of ubiquitous enzymes transducing signals by the
lipophilic second messenger sn-1,2-diacylglycerol (DAG). Teleocidin and its structurally simpler
congener indolactam-V (ILV) bind to PKC with high affinity. In this paper, we report our
computational docking studies on ILV binding to PKC using an automatic docking computer
program, MCDOCK. In addition, we used site-directed mutagenesis to assess the quantitative
contribution of crucial residues around the binding site of PKC to the binding affinity of ILV
to PKC. On the basis of the docking studies, ILV binds to PKC in its cis-twist conformation
and forms a number of optimal hydrogen bond interactions. In addition, the hydrophobic groups
in ILV form “specific” hydrophobic interactions with side chains of a number of conserved
hydrophobic residues in PKC. The predicted binding mode for ILV is entirely consistent with
known structure-activity relationships and with our mutational analysis. Our mutational
analysis establishes the quantitative contributions of a number of conserved residues to the
binding of PKC to ILV. Taken together, our computational docking simulations and analysis
by site-directed mutagenesis provide a clear understanding of the interaction between ILV
and PKC and the structural basis for design of novel, high-affinity, and isozyme-selective PKC
ligands.

Introduction

Protein kinase C (PKC) comprises a family of ubiq-
uitous signal-transducing enzymes, which play a key
role in the regulation of cell growth, differentiation,
apoptosis, ion channels, neurotransmitter release, and
neuronal plasticity.1-4 All the PKC isozymes discovered
to date, with the exception of PKCú and PKCλ, are
activated under physiological conditions through the
binding to the cofactors phospholipid and the two second
messengers Ca2+ and diacylglycerol (DAG) (Ca2+ is
required only for the Ca2+-dependent PKC isozymes).1-5

PKC is the primary receptor for the powerful tumor-
promoting agents phorbol esters, ingenol esters, mezere-
in, and aplysiatoxin and for teleocidins and their
structurally simpler congener, indolactam (ILV).6,7 These
PKC ligands serve as structural mimetics of DAG6,7 and
bind to either of the two cysteine-rich domains (C1a,
C1b) in PKC with nanomolar binding affinity.8,9

The precise interaction mechanism between PKC and
its ligands has attracted much attention because of its
critical importance to the understanding of the activa-
tion of PKC and of tumor promotion.6-10 A detailed 3D
picture of the interactions between PKC and its ligands
would also be invaluable for the rational design of novel
PKC modulators. Since phorbol esters, teleocidins, ILV,
and other high-affinity PKC ligands compete with DAG

for binding to PKC, it has been hypothesized that these
structurally diverse ligands may share common, 3D
structural binding features, or a so-called “pharmaco-
phore”, that acts as the structural basis for the binding
of these ligands to PKC. In the past, in the absence of
knowledge regarding the 3D PKC receptor structure,
molecular modeling studies have been conducted by
several groups to elucidate the 3D pharmacophore
shared by these PKC ligands, based upon the 3D
structures of ligands and structure-activity relation-
ships (SARs).12 A number of pharmacophore models
have been proposed,12 and these models were used to
help in the design of potent PKC ligands19,22 and the
discovery of novel PKC ligands through a 3D database
pharmacophore search approach.23

Each of the PKC isozymes contains a regulatory
domain and a catalytic domain. Within their regulatory
domains, both classical (R, â, and γ) and novel (δ, ε, η,
and θ) PKC isozymes contain two cysteine-rich domains
(C1a, C1b), each of which can bind to phorbol esters with
high affinity.5 Recently, the crystal structures of PKCδ
C1b (residues 231-280 in PKCδ; renumbered as 1-50
in this paper) alone and in complex with phorbol-13-
acetate were solved by X-ray crystallography.11 The
X-ray complex structure revealed for the first time
precisely where and how phorbol ester binds to PKC. It
showed that phorbol-13-acetate binds between residues
8-12 and 20-27; the binding is governed by a number
of strong hydrogen bonds. The orientations of these
main chain groups in PKC are controlled by a set of
highly conserved residues. These two phorbol ester
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binding segments (8-12 and 20-27) are well-ordered
in the crystal in the presence and absence of phorbol
ester.11 The comparison of the X-ray structures in the
absence and the presence of phorbol ester showed that
the phorbol binding site does not undergo any signifi-
cant conformational change upon the binding of the
phorbol ester.11 The crystal structure of these two
phorbol ester binding segments is equally rigid regard-
less of phorbol binding. Hence, the X-ray structure of
PKCδ C1b provides us with a solid structural basis and
an excellent opportunity to elucidate the binding of
other high-affinity ligands to PKC.

A previously commonly accepted pharmacophore model
for phorbol ester binding to PKC, proposed by Rando
and Kishi,16,17 consists of the hydroxyl groups at C9 and
C20 and the carbonyl group at C3. The pharmacophore
model was proposed based upon the nice overlap be-
tween the 3D structures of phorbol esters, the endog-
enous ligand DAG, and other classes of PKC ligands.16,17

The X-ray structure of PKC in complex with phorbol-
13-acetate11 showed that the carbonyl group at C3 and
the hydroxyl group at C20 of phorbol-13-acetate form
three strong hydrogen bonds with PKC, in agreement
with the pharmacophore model.16,17 The hydroxyl group
at C9, surprisingly, does not have apparent hydropho-
philic/hydrogen bond interactions with PKC but forms
an intramolecular hydrogen bond with the ester group
at C13 of phorbol ester. In addition, the hydroxyl group
at C4, functioning as a hydrogen bond donor, forms a
strong hydrogen bond with the backbone carbonyl group
of Gly 23 in PKC, suggesting its important role in
phorbol ester binding to PKC, which was not implicated
in the previous pharmacophore model.16-18 The discrep-
ancies between the previously proposed pharmacophore
model16-18 and the pharmacophore revealed by the
X-ray structure11 has a number of implications. First,
it suggested that the commonly accepted pharmaco-
phore model for phorbol esters and other PKC ligands
is not entirely correct. Second, the concept that all PKC
ligands should share a common 3D pharmacophore is
not valid and should be reevaluated.

Teleocidin and its structurally simpler congener, ILV,
exemplify a class of high-affinity PKC ligands, and their
SARs have been investigated in a number of labora-
tories.24-28 This class of high-affinity PKC ligands is
synthetically more accessible than the phorbol esters,
and therefore they may represent excellent lead com-
pounds for the design of novel, non-tumor-promoting,
and isozyme-selective PKC modulators. Previous model-
ing attempts have had difficulties in identifying what
constitutes the pharmacophore in this class of com-
pounds, in part due to the conformational flexibility of
teleocidin and ILV.12,14,16 Both ILV and teleocidin exist
in an equilibrium of two conformational states in
solution, namely cis-twist and trans-sofa forms.24 Al-
though the trans-sofa conformation was thought to be
the biologically active conformation,14 recent experi-
mental evidence indicated that the cis-twist conforma-
tion is the biologically active one.25,28

Undoubtedly, a detailed 3D picture of the interactions
between teleocidin, ILV, and PKC would provide ad-
ditional insight into the mechanism of PKC activation
and the structural basis for the design of novel PKC
modulators based upon this class of compounds. It will

also provide us an opportunity to examine the validity
of previously proposed, ligand-based pharmacophore
models for PKC ligands. In the present study, we report
our molecular modeling and site-directed mutational
analysis of the binding of ILV to PKC.

Methods and Materials
1. Computational Studies. (a) Docking simulations:

Computational docking simulations were carried out using the
MCDOCK program recently developed in our laboratory.29

Briefly, MCDOCK employs a nonconventional Monte Carlo
(MC) simulation technique and carries out the docking opera-
tion fully automatically. The current version of the MCDOCK
program (version 1.0) takes account of the full flexibility of
ligands. The scoring function used in MCDOCK is the sum of
the interaction energy between the drug molecule and its
receptor and the conformational energy of the drug molecule.
The structural input data for the MCDOCK program are the
3D coordinates of the receptor (enzyme) and the drug molecule.
MCDOCK includes three stages of calculations: geometry-
based MC docking, energy-based MC docking, and final energy
minimization.

The X-ray coordinates of PKCδ C1b in complex with phorbol-
13-acetate11 were used as the receptor structure in our docking
studies. The 3D structure of ILV was built starting from the
X-ray structure of teleocidin30 using the QUANTA program.31

The structure of ILV was first minimized using the CHARMM
program and then reminimized using the Gaussian 92 pro-
gram32 with the 3-21G* basis set. Mulliken atomic charges for
ILV were calculated using the Gaussian 92 program32 with
the 6-31G* basis set and were used in the MCDOCK docking
simulations and to build the residue topology file (RTF) for
ILV in subsequent minimization and molecular dynamics
simulations.

(b) Further refinement of binding mode: With the
MCDOCK-predicted binding modes, further refinement was
carried out using the CHARMM program33 (version 24), with
the version 22 MSI parameter set, running on an SGI indigo2/
R10000 workstation. An adopted-basis Newton Raphson al-
gorithm, implemented in the CHARMM program, was used
in the energy minimizations. Energy was minimized for 10 000
steps for the complex structure, or until convergence, defined
as an energy gradient e 0.001 kcal/mol-1 Å-1. A constant
dielectric was used and set to 1. The nonbonded cutoff distance
was set to 14.0 Å. A shifted smoothing function was used for
the van der Waals interaction and a switch function for the
electrostatic energy calculation. The cutoff distance parameters
used in the smoothing functions were as follows: CTOFNB )
12.0 Å; CTONNB ) 8.0 Å.
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Molecular dynamics simulations were employed to further
refine the structure of ILV in complex with PKC. The complex
structure was solvated with 538 TIP3P water molecules.34 The
system was heated to 300 K in a period of 5 ps and equilibrated
for 20 ps at 300 K. Finally, 100-ps or longer constant temper-
ature simulations were performed at 300 K with a step size of
0.001 ps. Trajectories were recorded every 0.1 ps during the
simulations and analyzed. A shake algorithm was used to
constrain bonds to hydrogen.35

(c) Analysis of the binding mode: Hydrogen bonds are
crucial for the interactions between PKC ligands and PKC,
as evident from the X-ray structure of phorbol-13-acetate and
PKC. Hydrogen bonds involve atoms AA, A, H, and D (acceptor
antecedent, acceptor, hydrogen, and donor heavy atom). The
strength of a hydrogen bond not only depends on the nature
of the hydrogen bond donor and acceptor but also depends on
at least three geometrical parameters: the distance between
the acceptor and donor (rAD) and two angles (θA-H-D and
θAA-A-H). To provide a quantitative analysis of the strength of
hydrogen bonds, the following equation was used in the
calculations of hydrogen bond energy:

where the EHB is the hydrogen bond energy for a particular
hydrogen bond and A and B are constants and depend on the
nature of the hydrogen bond donor and acceptor groups. In
our hydrogen bond evaluations, since we are more concerned
if a hydrogen bond was optimal, we have assumed that each
of these hydrogen bonds formed between the ligand and the
receptor assumed an optimal value of -4 kcal/mol. The optimal
hydrogen bond distance between the donor and acceptor atoms
is around 2.8-3.0 Å. We chose 3.0 Å as the optimal distance
for all the hydrogen bonds in our calculations. It has been
shown that the optimal value for θD-H-A is around 160-180°,
and for simplicity, we assumed the optimal value of 180°. It
has been shown that the optimal value for θH-A-AA is around
120°; therefore, the optimal value of (θH-A-AA)optimal was set to
be 120° in our evaluations. Under these conditions, A and B
assumed the values of 5832 and 972, respectively.

In addition to hydrogen bonds, we and others have shown
that hydrophobic interactions play a crucial role in the binding
of PKC ligands to PKC.28,36 In the current study, we have
carried out a quantitative analysis of the hydrophobic interac-
tions between ILV and PKC using the HINT program37-39

running under the Chem-X program,40 running on a Silicon
Graphics Indigo2/R10000 with IRIS 6.2. The log P value for
the ligand was calculated using the “calculate” option, and the
log P value for the protein was calculated using the “diction-
ary” option in the HINT program. The intermolecular hydro-
phobic interaction map and table were generated for the
trajectories recorded at the end of each 10-ps simulation period
during the 100-ps CHARMM molecular dynamics simulations.
The HINT values were calculated using the following equation:

where bij is a microinteraction constant representing the
attraction/interaction between atoms i and j, si and sj are the
solvent-accessible surface areas for i and j, respectively, ai and
aj are the hydrophobic atom constants for i and j, respectively,
and Rij is the functional distance behavior for the interaction
of i and j and was set as exp(-r). The region definition was
set as molecular extents, and the ligand was selected as the
molecule. All other parameters were set as the default values,
as recommended in the HINT program.

2. Analysis by Site-Directed Mutagenesis. (a) Plasmid
constructs and site-directed mutagenesis: The cDNA
encoding the second cysteine-rich domain of PKCδ (C1b
domain) was subcloned into the GST prokaryotic gene fusion
vector pGEX-2TK as described previously.41 Point mutations
in the C1b domain were generated by using the Unique Site
Elimination (U.S.E.) Mutagenesis Kit (Pharmacia Biotech.,

Piscataway, NJ). The sequences of the primers employed were
as described,41 and all mutations were confirmed by sequencing
(Paragon, Baltimore, MD). The different plasmids for the
mutated C1b domains were used to express the corresponding
GST fusion proteins in E. coli.

(b) Ligand binding assay: The binding affinities of the
isolated C1b domains of PKCδ were measured with [3H]PDBu
using the poly(ethylene glycol) precipitation method.6 Briefly,
purified GST fusion proteins or total lysates from E. coli
expressing the GST fusion proteins (mutants and wild type)
were incubated at 18 °C for 5 min in an assay mixture
containing 100 µg/µL phosphatidylserine, 1 mM EGTA, [3H]-
PDBu, and, when appropriate, different concentrations of
nonradioactive PDBu or (-)-ILV. Proteins were precipitated
by addition of 35% poly(ethylene glycol), and after centrifuga-
tion, the radioactivity in the supernatant and the pellet was
assessed. Because [3H]PDBu and ligands were found for the
various constructs to reequilibrate rapidly, final ligand con-
centrations were used in all calculations.

Results and Discussion

Computational Docking Studies. To test whether
the MCDOCK program can correctly predict the experi-
mentally determined binding mode, we first employed
the MCDOCK program29 to predict the binding mode
for phorbol-13-acetate, whose experimental binding
mode was previously determined by X-ray crystal-
lography.11 The X-ray structure of phorbol-13-acetate
in complex with PKCδ C1b showed that the phorbol-
13-acetate binds to PKC in a highly conserved hydro-
phobic region, formed by residues 8-12 and 20-27.11

Therefore, the binding pocket formed by residues 8-12
and 20-27 was used as the binding site in the MC-
DOCK docking simulations, and the conformation of the
binding site was taken from the X-ray structure of PKCδ
C1b (CRD2) in complex with phorbol-13-acetate. The
initial structure of phorbol-13-acetate for the MCDOCK
docking simulations was obtained from the X-ray struc-
ture of phorbol-13-acetate in complex with PKCδ C1b,
and hydrogen atoms were added using the QUANTA
program.31 The structure was then minimized using the
CHARMM program. Phorbol-13-acetate contains a total
of four rotatable bonds. To avoid bias, the four torsion
angles associated with these four rotatable bonds were
randomly sampled before MCDOCK docking simula-
tions. During docking simulations, these four torsion
angles were included in the sampling. Since the MC-
DOCK employs a Monte Carlo simulation technique,
multiple docking simulations are necessary in order to
obtain reliable results. A total of 100 MCDOCK simula-
tions were performed with 1 000 000 MC steps for each
simulation. Each simulation took about 15 min on an
SGI Indigo2/R10000 computer.

The root-mean-square (rms) values between the 100
MCDOCK-predicted binding modes for phorbol-13-
acetate and the X-ray determined structure were com-
puted. In Figure 1, the interaction energies are plotted
against the rms values for these 100 MCDOCK simula-
tions. As can be seen, the binding modes predicted by
these 100 MCDOCK runs roughly belong to three
different clusters. The first cluster consists of more than
60 MCDOCK runs, and the rms values for the binding
modes in this cluster are all less than or close to 2.0 Å.
Within this cluster, the 40 MCDOCK runs with lowest
interaction energy have rms values less than 1.7 Å. The
five binding modes with the lowest interaction energies
have rms values less than 0.5 Å, and the predicted

EHB ) (ArDA
-6 - BrDA

-4) cos2(θD-H-A) cos(θH-A-AA -

(θH-A-AA)optimal) (1)

bij ) siaisjajRij 〈summed for all i, j〉
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binding mode with the lowest interaction energy is
almost identical to the X-ray structure and has an rms
value of 0.2 Å. The best binding mode predicted by the
MCDOCK program and the experimentally determined
binding mode from X-ray diffraction are shown in Figure
2. As can be seen, these two binding modes are almost
indistinguishable. In addition to the binding modes very
close to the X-ray structure, two very different binding
modes were predicted with rms values of ca. 4 and 6 Å,
respectively, as compared to the X-ray structure. How-
ever, the best binding modes within these two clusters
have interaction energies 30 and 15 kcal/mol, respec-
tively, higher than the best binding mode. These results

show that the MCDOCK can accurately predict the
X-ray-determined binding mode for phorbol-13-acetate,
taking into account the conformational flexibility of the
ligand.

Experimentally, ILV and PDBu compete with each
other for binding to PKC. Furthermore, our site-directed
mutagenesis showed that the mutations of residues Pro
11 and Leu 20 to Gly and Gln 27 to Ala greatly reduce
the binding affinities of both PDBu and ILV to these
mutants.28 These data strongly indicated that ILV and
PDBu have a common binding site. Therefore, the
binding pocket formed by residues 8-12 and 20-27 was
selected as the potential binding site for ILV and used
in the docking simulations.

ILV exists in two major conformations in solution,
namely cis-twist and trans-sofa forms (Figure 3).24

Recent experimental evidence27,28 strongly suggested
that the cis-twist conformation is most likely the active
conformation of ILV, but the structural basis for such
conformational preference was not entirely clear. To
achieve a better understanding of the conformation
preference of ILV, we have investigated the binding
mode of both the cis-twist and trans-sofa conformations
of ILV to PKC.

100 MCDOCK runs with 1 000 000 MC steps in each
MCDOCK simulation were carried out on both the cis-
twist and trans-sofa conformations of ILV. ILV has three
rotatable bonds in its structure: one associated with the
isopropyl group at C12 and two associated with the CH2-
OH group at C9. These two groups can adopt multiple
low-energy conformations, and it is difficult to determine
a priori its active binding conformation to PKC. For this
reason, these three rotatable bonds were included in the
sampling during MCDOCK docking simulations in order
to obtain an accurate prediction.

Unlike the case of phorbol-13-acetate, the experimen-
tal binding mode for ILV is not known. To evaluate the
simulation results, the binding mode with the lowest
interaction energy (the best binding mode) obtained
from the 100 MCDOCK simulations was identified. The
rms values for ILV between the best binding mode and
all other binding modes obtained from these MCDOCK
runs were computed. In Figure 4, the interaction
energies obtained for these 100 MCDOCK runs are
plotted against the rms values. As can be seen, these
100 MCDOCK runs yield three different clusters based
upon the rms values. Within each cluster, the predicted
binding modes are either similar or identical. Thus,
three possible binding modes were predicted.

Figure 1. Interaction energy between the PKC C1b and
phorbol-13-acetate obtained from each of the 100 MCDOCK
simulations versus the rms of the calculated binding mode of
phorbol-13-acetate from each MCDOCK simulation superim-
posed onto the X-ray-determined binding mode.

Figure 2. Superposition of the X-ray-determined binding
mode of phorbol-13-acetate (dark color) and the MCDOCK-
predicted binding mode with the lowest interaction energy
among 100 MCDOCK simulations (light color).

Figure 3. Two major conformations of ILV in solution: (a)
cis-twist conformation and (b) trans-sofa conformation.
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As evident from Figure 4, a number of complex
structures in cluster I have interaction energies of more
than 15 kcal/mol better than the best (lowest energy)
complex structures in clusters II and III. Thus, the
binding mode in cluster I most likely represents the
“correct” binding mode for ILV if ILV adopts the cis-
twist conformation. The binding mode with the lowest
interaction energy was further minimized using the
CHARMM program33 and is depicted in Figure 5.

ILV equilibrates between the cis-twist and trans-sofa
conformations in solution. Thus, the trans-sofa confor-
mation is also a possible active conformation binding
to PKC. To investigate this possibility, a total of 100
MCDOCK simulations were performed starting from the
trans-sofa conformation of ILV. Identical simulation

conditions were used as for the cis-twist conformation.
Again, the binding mode with the lowest energy was
identified and the rms values for all the atoms in ILV
between all other binding modes, and the binding mode
with lowest energy were computed. In Figure 6, the
interaction energies obtained for these 100 MCDOCK
simulations are plotted against the rms values.

As can be seen from Figure 6, the predicted binding
modes for ILV in its trans-sofa conformation from these
100 MCDOCK runs are more scattered than those for
ILV in its cis-twist conformation (Figure 4). The major-
ity of these 100 MCDOCK runs can be roughly classified
into two clusters. The lowest interaction energies within
these two clusters are within 1 kcal/mol. It is of
importance to note that the best binding mode for ILV
in its trans-sofa conformation obtained from 100 MC-
DOCK runs has an interaction energy 15 kcal/mol less
favorable than the best binding mode for ILV in its cis-
twist conformation. Therefore, ILV most likely interacts
with PKC in its cis-twist conformation with the binding
mode shown in Figure 5.

Analysis of the Binding Mode of ILV in Its Twist
Conformation. In the best binding model (lowest
energy) derived for the cis-twist conformation of ILV
(Figure 5), the ligand forms five hydrogen bonds with
PKC. The primary hydroxyl group of ILV forms two
hydrogen bonds: one with the amido group of Thr 12
and one with the carbonyl group of Leu 21 in PKC. This
primary hydroxyl group of ILV is thus equivalent to the
primary hydroxyl group of the phorbol esters. The
carbonyl group at position 11 of ILV forms a hydrogen
bond with the amido group of Gly 23, and the amido
group at position 10 of ILV forms a hydrogen bond with
the carbonyl group of Leu 21. Finally, the NH group at
position 1 of ILV forms a weak hydrogen bond with the
backbone carbonyl group of Met 9 (not shown in Figure
5).

To quantitatively assess these hydrogen bonds, we
analyzed the crucial geometric parameters (Table 1). In

Figure 4. Interaction energy between the PKC C1b and ILV
with its cis-twist conformation obtained from each of the 100
MCDOCK simulations versus the rms of the calculated binding
mode of ILV from each MCDOCK simulation superimposed
onto the predicted binding mode with the lowest interaction
energy among the 100 MCDOCK simulations.

Figure 5. Predicted binding mode for ILV in its cis-twist conformation with the lowest interaction energy based upon the 100
MCDOCK simulations: (a) hydrogen bond network formed between ILV and the receptor; (b) hydrophobic contacts between ILV
and the receptor.
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addition, using eq 1 and assuming the optimal value of
4.0 kcal/mol for each hydrogen bond, we also estimated
the hydrogen bond energy for each hydrogen bond and
the ratio between hydrogen bond energy and its optimal
value. These data are summarized in Table 1. It is clear
that two of these five hydrogen bonds, formed between
the amido group of Thr 12 and the primary hydroxyl
group of ILV and between the amido group of Gly 23
and the carbonyl group of ILV, are nearly optimal. Two
other hydrogen bonds, formed between the carbonyl
group of Leu 21 and the primary hydroxyl group of ILV
and between the carbonyl group of Leu 21 and the

amido group of ILV, although less than optimal, are still
fairly strong. One hydrogen bond, formed between the
indole NH of ILV and the carbonyl group of Met 9, is
weak, with an estimated hydrogen bond energy of only
0.34 kcal/mol. The total hydrogen bond energy in this
binding model was estimated to be -12.78 kcal/mol.

In this binding model, a number of hydrophobic
groups of ILV are in close proximity to several hydro-
phobic residues in PKC C1b. The isopropyl group at
position 12 of ILV interacts well with the side chain of
Leu 24. The N-methyl group at position 13 interacts
with both the side chains of Leu 20 and Pro 11. The
indole ring of ILV resides on the top of the wall formed
by Met 9, Ser 10, and Pro 11 in PKC. Along with
hydrogen bond formation, these hydrophobic interac-
tions should contribute to the overall energetics of
complex formation.

To gain a more quantitative understanding on these
hydrophobic interactions, we have performed the HINT
analysis37-39 on the binding model for ILV. The results
are summarized in Table 2. As can be seen, on the
ligand side the HINT analysis clearly shows that the
N-methyl group of ILV contributes the most to the
hydrophobic interactions: 39% out of the total hydro-
phobic interaction scores. The isopropyl group at C12
of ILV contributes significantly. The indole ring of ILV
contributes 14% to the total, suggesting its importance
to the binding of ILV to PKC. It is of interest to note
that three additional carbon atoms, C8, C11, and C14,
make significant contributions to the overall hydropho-
bic interactions. On the receptor side, the two most
important residues for the hydrophobic interactions are
Pro 11 and Leu 20; together they account for 67% of
the total scores. Leu 24 contributes 13% to the total.
Gln 27 has a 7% contribution to the total hydrophobic
interactions, primarily from its two carbon atoms on its

Table 1. Hydrogen Bonds Formed between PKC and ILV in its Twist Conformation

donor acceptor rAD (Å) θA-H-D (deg) θAA-A-H (deg) EHB (kcal/mol) ratio (EHB/EHBoptimal)

N-H (Thr 12, PKC) O-H (14, ILV) 2.90 168.5 115.2 -3.77 0.94
O-H (14, ILV) CdO (Leu 21, PKC) 2.72 152.1 134.4 -2.54 0.64
N-H (10, ILV) CdO (Leu 21, PKC) 2.82 155.0 157.3 -2.47 0.62
N-H (Gly 23, PKC) CdO (11, ILV) 2.91 164.4 123.5 -3.66 0.92
N-H (1, ILV) CdO (Met 9, PKC) 2.81 127.2 110.9 -0.34 0.09
sum -12.78

Table 2. Hydrophobic Interaction Analysis Using the HINT Program on the PKC/ILV Twist Binding Model

atoms or groups in ILV interacting with atoms or groups in PKC HINT hydrophobic interaction score % of total

isopropyl group at C12 Leu 20, Gly 23, Leu 24 75 16
N-methyl Pro 11, Leu 20 187 39
indole ring Tyr 8, Ser 10, Pro 11 67 14
C8 Tyr 8, Pro 11, Gly 23, Gln 27 22 4
C14 Tyr 8, Pro 11, Leu 20, Leu 21, Gln 27 62 13
C11 Leu 20, Trp 22, Gly 23, Gln 27 60 12
other atoms in ILV 9 2

residues in PKC interacting with atoms in ILV HINT hydrophobic interaction score % of total

Tyr 8 C8, indole ring, C14 19 4
Ser 10 indole ring 2 <1
Pro 11 C8, indole ring, C14, N-methyl 130 27
Leu 20 C9, C11, C12, isopropyl group, N-methyl 194 40
Leu 21 C14 8 2
Trp 22 C11 5 1
Gly 23 C11, C8, isopropyl group 24 5
Leu 24 isopropyl group 64 13
Gln 27 C8, C9, C11, C14 36 7
total 482 100

Figure 6. Interaction energy between the PKC C1b and ILV
with its trans-sofa conformation obtained from each of the 100
MCDOCK simulations versus the rms of the calculated binding
mode of ILV from each MCDOCK simulation superimposed
onto the predicted binding mode with the lowest interaction
energy among the 100 MCDOCK simulations.
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side chain. The remaining residues in the binding site,
including Tyr 8, Ser 10, Leu 21, Trp 22, and Gly 23,
each contributes not greater than 5% to the total
hydrophobic scores.

Previously, we have reported the molecular modeling
studies of benzolactam binding to PKCδ C1b.28 Ben-
zolactam, which was designed based upon ILV, has a
binding affinity 30-fold weaker than that of ILV. A
comparison of the binding models of ILV and benzolac-
tam shows that they bind in a similar binding manner,
including an identical hydrogen-bonding network be-
tween the ligands and the receptor and similar hydro-
phobic interactions. The crucial difference between these
two ligands is that the hydrophobic contact between Pro
11 and ILV is missing in the binding mode for benzolac-
tam, which may explain in part the weaker binding
affinity of benzolactam. Recently, a computational dock-
ing simulation was performed by Endo et al. on teleo-
cidin and benzolactam analogues using an automatic
docking program (ADAM).30 Their results are in good
agreement with our previously published results for
benzolactam obtained by molecular modeling and our
current results for ILV obtained using the MCDOCK
simulations. Taken together, these different computa-
tional studies predict binding models for teleocidin, ILV,
and their analogues that are consistent with each other,
suggesting that the predicted binding modes for these
ligands are likely to be the “correct” binding modes.

Structure-Activity Relationships (SARs). It is
important to validate our predicted binding mode with
the SARs of ILV and its analogues. Previous efforts have
accumulated a large body of SARs for this class of PKC
ligands.27,28,30,42-52 The SARs for this class of compounds
clearly indicate that the trans-sofa conformation of ILV
is unlikely to be the active conformation and the cis-
twist conformation is the biologically active one.25-27,50

All analogues that exclusively adopt the trans-sofa
conformation are totally inactive.25-27,50 This is entirely
consistent with our docking results, which show that
ILV in its cis-twist conformation can orient in such a
way so as to facilitate the maximum hydrophilic and
hydrophobic interactions with PKC. The cis-amide bond
makes it possible for the amide group to form three
strong hydrogen bonds with the receptor. The impor-
tance of the primary hydroxyl group and its stereo-
chemistry in ILV and its analogues is reflected by the
two strong hydrogen bonds formed between this group
and PKC. ILV analogues either with incorrect stereo-

chemistry at this position or without the hydroxyl group
are poorly active or inactive.43,48,49 The minimal signifi-
cance of the NH group at position 1 of ILV and its
analogues can be seen from the relatively small decrease
in activity shown by the benzofuran analogue of ILV,52

as compared to ILV. This is in agreement with the weak
hydrogen bond formed between this group of ILV and
the carbonyl group of Met 9 in PKC in the best binding
mode for ILV (Figure 5).

Our studies shed light on the importance of the
“specific” hydrophobic-hydrophobic interactions be-
tween ILV and PKC. On the basis of our results, the
importance of the isopropyl group is primarily due to
the interactions between this group and Leu 24. Indeed,
indolactam-G, which lacks the isopropyl group, is 74-
fold less potent than ILV,48 and indolactam-A, in which
the isopropyl group is replaced by a methyl group, is
7-fold less potent than ILV.48 A slightly larger hydro-
phobic group in this position can improve the hydro-
phobic-hydrophobic interactions, and this can seen
from the 5-fold increase of the activity for indolactam-
TL, as compared to ILV.48 The N-methyl group was
found to have strong hydrophobic-hydrophobic interac-
tions. Indeed, an analogue which lacks this methyl
group was found to be at least 100-fold less potent than
ILV.50 Although the NH group in the indole ring only
forms a weak hydrogen bond with the receptor, the
indole ring itself was shown to be important for the
hydrophobic interactions. Thus, the benzolactam-V-8
without a long hydrophobic tail, which adopts the
desired conformation but has less hydrophobic interac-
tions at this site, is 30-fold less potent than ILV.28

Analysis by Site-Directed Mutagenesis. Our pre-
vious mutagenesis studies have revealed a number of
residues in PKCδ C1b that are important to the binding
of phorbol ester to PKC.41 Under the same assay
conditions as for ILV, the binding affinities of PDBu for
each mutant are summarized in Table 3. Consistent
with the X-ray structure,11 the mutational analysis
showed the important roles played by residues Pro 11,
Leu 20, Leu 21, Leu 24, and Gln 27.41 These residues
are conserved among PKC isozymes and were shown
to be directly involved in the interactions between
phorbol ester and PKC in the X-ray structure.11 Whereas
the mutations of Pro 11 and Leu 20 to Gly quantitatively
reduce the binding affinity of PDBu to the receptor, the
mutations of Leu 21, Leu 24, and Gln 27 to Gly abolish
any measurable binding.32

Table 3. Analysis by Site-Directed Mutagenesis of the Binding of ILV and PDBu to PKC C1b

ILV PDBu

Ki (nM) ratio (mutant/wild-type) Ki (nM) ratio (mutant/wild-type)

wild-type 2.01 ( 0.17 0.351 ( 0.054
mutant (Tyr8 f Gly) 658 ( 29 327 18.4 ( 1.4 52.4
mutant (Pro 11 f Gly) 7080 ( 770 3520 210 ( 15 598
mutant (Thr 12 f Gly) 25.3 ( 2.5 12.6 1.24 ( 0.23 3.53
mutant (Phe 13 f Gly) 10.9 ( 0.8 5.4 0.82 ( 0.13 2.33
mutant (Leu 20 f Gly) 66.2 ( 6.2 32.9 6.59 ( 0.3 15
mutant (Leu 21 f Gly) nda no binding >1000
mutant (Trp 22 f Gly) nd 25.0 31.2
mutant (Leu 24 f Gly) nd no binding >1000
mutant (Gln 27 f Gly) nd no binding >1000
mutant (Gln 27 f Val) 1100 ( 140 552 14.2 ( 1.5 40.4
mutant (Gln 27 f Trp) nd no binding >1000

a nd, not determined. If the mutant does not have a significant binding to the reference ligand, PDBu, the binding affinity of the
mutant to ILV cannot be determined.
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To quantitatively assess the contributions of these
crucial residues to the binding of ILV to PKCδ C1b and
to provide further validation of the predicted binding
model for ILV obtained using the computational docking
approach, we have determined the effects of single
mutations on nine crucial residues around the binding
site, including Tyr 8, Pro 11, Thr 12, Phe 13, Leu 20,
Leu 21, Leu 24, and Gln 27 (Figure 7). Except for Gln
27, the residues were mutated to Gly. For Gln 27, it was
mutated either to Gly or to Val or to Trp. Mutations of
Leu 21 to Gly, Leu 24 to Gly, Gln 27 to Gly, and Gln 27
to Trp all result in a mutant with no measurable binding
affinity to PDBu, the reference ligand. Thus, the binding
affinity of these mutants to ILV could not be measured.
For the other six mutants, the quantitative binding
affinity of ILV to these mutants was measured and is
provided in Table 3.

From Table 3, it is of note that for every single
mutation in the binding site, the binding affinity for ILV
is reduced more than that for PDBu. This may reflect
the fact that ILV interacts with PKC through optimal
hydrophobic and hydrogen bond interactions and PDBu
appears to have optimal hydrogen bond interactions but
less than optimal hydrophobic interactions based upon
our modeling analysis and the X-ray structure.11 The
mutation of Pro 11 to Gly reduces the binding affinity
of both PDBu and ILV to PKC. For PDBu, the binding
affinity is reduced by 600-fold, and for ILV, the binding
affinity is reduced by 3500-fold. We have shown in our
predicted binding model for ILV that Pro 11 plays an
important role in the hydrophobic interactions with the

indole ring and the N-methyl group in ILV. It is also
known that proline residues in general are important
for controlling protein conformation. Therefore, the
3500-fold decrease in the binding affinity may reflect
both the loss of some hydrophobic interactions at this
site and the effect of the conformational change in the
binding site. It is, however, difficult to separate these
two factors.

The mutation of Thr 12 to Gly has a significant impact
on the binding of ILV to PKC, while it has less effect
on the binding of PDBu to PKC. This mutation reduces
the binding of ILV and of PDBU to the receptor by 12.6-
and 3.5-fold, respectively. In our predicted binding
model for ILV and the X-ray structure for phorbol-13-
acetate, Thr 12 plays an important role in the binding
by forming a strong hydrogen bond with the primary
hydroxyl group in both ligands. Its side chain, however,
was not involved in direct contact with the ligands.
Therefore, the loss in binding affinity for ILV to the
receptor in this case may mainly reflect the conforma-
tional change of the binding site upon mutation. The
data for this mutant also clearly showed that ILV is
more sensitive than PBDu to the conformational change
in the binding site.

The results for the Phe 13 to Gly mutation are
somewhat surprising. Both the X-ray structure and our
modeling studies showed that this residue makes no
direct contribution to the binding of PDBU and ILV to
PKC. However, the binding of PDBu and ILV to this
mutant is reduced by 2.3- and 5.4-fold, respectively. A
possible explanation is that this mutation may have
affected the conformation of Thr 12, which in turn
affected the binding of PDBU and ILV to the receptor.

The mutation of Leu 20 to Gly reduces the binding
affinity to the receptor by 32.9-fold for ILV and 18.7-
fold for PDBu, respectively. In our predicted binding
model for ILV, this residue has strong hydrophobic-
hydrophobic interactions with ILV, primarily with the
N-methyl group and part of the indole ring. The X-ray
structure showed that the hydrophobic side chain of Leu
20 does not participate in the internal folding of the
protein; thus the side chain of this residue is not
important to the conformation in the binding site. As a
consequence, the reduction in the binding affinity for
ILV and PDBu may solely reflect the loss in the
hydrophobic-hydrophobic interactions between the re-
ceptor and the ligands at this site.

Leu 24 was shown to be involved in the hydrophobic-
hydrophobic interactions with ILV. The mutation of Leu
24 to Gly completely abolishes the binding of PDBu to
the receptor.32 Since PDBu was used as the reference
ligand, we were therefore unable to measure the binding
affinity of ILV to this mutant. Our modeling analysis
shows that Leu 24 plays an important role in the
binding of ILV to PKC through hydrophobic-hydropho-
bic interactions. On the basis of the X-ray structure of
phorbol-13-acetate in complex with PKCδ C1b, the
hydrophobic side chain of Leu 24 is in close proximity
with the hydrophobic moieties in the phorbol ester,
suggesting hydrophobic interactions. The complete loss
of the binding of PDBu to this mutant is therefore in
part due to the decrease in the hydrophobic interactions.
It should also be pointed out that the mutation of Leu
24 to Gly places two Gly residues adjacent in the mutant

Figure 7. ILV in complex with PKC C1b. ILV is shown in
yellow, and the residues that have been mutated in PKC C1b
are colored purple. Oxygen and nitrogen atoms are shown in
red and blue, respectively, in the side chains of these mutated
residues and in ILV.
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(Gly 23 and Gly 24), and this may have a profound
impact on the conformation of Gly 23. Since Gly 23 has
been shown to form strong hydrogen bond(s) with
phorbol ester and ILV, the complete loss in the binding
of PDBu to PKC may also reflect the consequence of the
conformational change caused by the mutation.

Gln 27 plays a key role in the conformation of the
binding site through formation of two hydrogen bonds
with Tyr 8 and one hydrogen bond with Gly 23.11 The
mutation of Gln 27 to Gly completely abolishes the
binding of PDBu to PKC, suggesting significant confor-
mational changes may have occurred in the binding site
with this mutation.32 The mutation of Gln 27 to Val
reduces the binding affinity of both ILV and PDBu to
the receptor by 552- and 40.4-fold, respectively. How-
ever, it is clear that significant binding to both ILV and
PDBu is retained by this mutant. This suggests that
although Val cannot fully restore the desired conforma-
tion in the binding site, the conformational change
caused by this mutation is small enough to allow some
binding of both ILV and PDBu to the receptor. It is
noted, however, that the mutation of Glu 27 to Val
reduces the binding affinity for ILV by more than 500-
fold and only 40.4-fold for PDBu, indicating again that
ILV is more sensitive to the conformational change in
the binding site than PDBu.

Previously, we have determined the binding affinities
of three mutants (Pro 11 f Gly, Leu 20 f Gly, Gln 27
f Val) to benzolactam, an analogue of ILV.28 As
compared to ILV, benzolactam experiences consistent
reduction in binding affinity in these three mutants.
However, in each case, the binding affinity of ILV to
these mutants is reduced more dramatically than that
of benzolactam. While the mutation of Pro 11 to Gly
reduces the binding affinity of benzolactam by 68-fold,
it reduces the binding affinity of ILV by 3520-fold. This
is entirely consistent with our predicted binding models
for ILV and benzolactam. In our predicted binding
models, while ILV and benzolactam interact with PKC
in a similar manner, ILV has a larger interaction
surface with PKC than benzolactam. This is due to the
fact that ILV interacts with Pro 11 through its indole
ring with a relatively larger surface area, while ben-
zolactam interacts with Pro 11 through its benzo group
with a relatively smaller surface area. The mutation of
Leu 20 to Gly reduces the binding affinity of benzolac-
tam by 13-fold, while it reduces the binding affinity of
ILV by 32.9-fold. The mutation of Gln 27 to Val reduces
the binding affinity of benzolactam by 88-fold, while it
reduces the binding affinity of ILV by 552-fold. However,
on the basis of our predicted binding models for ILV and
benzolactam, these two ligands have identical interac-
tion manners with Leu 20 and Gln 27. Thus, our
mutation data, together with our molecular modeling
studies, indicate that even if two ligands bind to their
receptor in a similar manner, the ligand with the higher
binding affinity will be more sensitive to the perturba-
tion made to the binding site of the receptor.

In summary, our analysis by site-directed mutagen-
esis confirmed our predicted binding model for ILV and
provided quantitative assessments on the contributions
of a number of crucial residues to the binding of ILV
and PDBu to PKC. This information provides important

insight into the structural basis of PKC ligands binding
to PKC and may be valuable for the design of new PKC
ligands.

Pharmacophores for ILV and Phorbol Esters. On
the basis of our docking studies, the interactions be-
tween ILV and PKC constitute of a number of strong
hydrogen bonds and several specific hydrophobic-
hydrophobic interactions. Two strong hydrogen bonds
are formed between the primary hydroxyl group of ILV
and the carbonyl group of Leu 21 and the amido group
of Thr 12. One strong hydrogen bond is formed between
the carbonyl group of ILV and the amido group of Gly
23. Another strong hydrogen bond is formed between
the amido group of ILV and the carbonyl group of Leu
21. It was found that the NH group at position 1 of ILV
only forms a fairly weak hydrogen bond with the
carbonyl group of Met 9. The X-ray structure of phorbol-
13-acetate in complex with PKCδ C1b shows that
phorbol-13-acetate also forms four strong hydrogen
bonds with the receptor.11 Three out of these four
hydrogen bonds formed between phorbol-13-acetate and
PKC are found in the binding models for ILV. It should
be noted that for each class of PKC ligands, one unique
hydrogen bond is found. In the case of phorbol-13-
acetate, the unique, strong hydrogen bond was formed
between the hydroxyl group at the C4 position with the
carbonyl group of Gly 23. In the case of ILV, the unique
hydrogen bond is formed between the amido group in
ILV and the carbonyl group of Leu 21. The strong,
common hydrogen bonds shared between phorbol esters
and ILV explain why these ligands compete with each
other for binding to PKC, as shown experimentally. The
unique hydrogen bonds formed for ILV and phorbol-13-
acetate also demonstrate that although these ligands
occupy a common binding site in PKC, each class of
ligands is recognized by the receptor through the
combination of common and unique hydrogen bonds.
Therefore, if one views the PKC ligand “pharmacophore”
as comprising a set of common hydrogen bond-donating/
accepting atoms/groups, these two classes of ligands do
not share a common 3D pharmacophore. Or alterna-
tively, one can perceive that these ligands do share a
common 3D “receptor” pharmacophore, but not a com-
mon 3D “ligand” pharmacophore. This distinction may
be useful and important in the development of novel
PKC ligands with distinct binding features. Our finding
that even high-affinity ligands (ILV and phorbol esters)
binding to a common receptor binding site (PKC) may
have different “pharmacophores” should have general
implications for pharmacophore mapping and identifi-
cation based upon the structures of ligands, as well as
for rational drug design.

Summary and Conclusions

Computational docking simulations and site-directed
mutagenesis were performed to probe the binding of ILV
to PKC. Unlike our previous molecular modeling study,
the present study employed an automated docking
program, MCDOCK, to predict the binding mode of ILV
to PKC to eliminate the possible bias introduced in the
molecular modeling studies. Through docking simula-
tions, we have determined the cis-twist conformation
of ILV to be the active conformation binding to PKC and
have identified the precise 3D structure of ILV in
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complex with PKC C1b. Through the quantitative
analysis of the hydrogen bond and hydrophobic interac-
tions between ILV and PKC, a clear understanding of
the interactions between ILV and PKC was achieved.
This binding model was validated by the SARs of ILV
and its analogues and was found to be entirely consis-
tent with all known SAR data. Site-directed mutagen-
esis was performed on a number of crucial residues in
the binding site of PKC, and quantitative binding
affinities of these mutants to ILV and PDBu were
determined. Our site-direct mutagenesis provides a
quantitative assessment of the contributions of these
conserved residues to the binding of ILV and PDBU to
PKC. These studies provide important insights into the
interactions between PKC ligands and PKC, and this
information may prove to be invaluable to the design
of new PKC ligands. One of our long-term goals is to
design potent, structurally simple, isozyme-selective
PKC ligands. With the knowledge gained from the
current studies, we are poised for such a task. Indeed,
on the basis of the predicted binding mode for ILV, a
novel class of PKC ligands, certain substituted pyrroli-
dones, were designed53 to capture the crucial hydrogen
bonds and to maximize the hydrophobic interactions as
observed for ILV in its predicted binding mode (Figure
5). Thus far, this new class of PKC ligands has achieved
nanomolar potency.53 We believe that our successful
design of structurally novel and potent PKC ligands
further validates our predicted binding model of ILV.
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