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The structural basis of protein kinase C (PKC) binding to several classes of high-affinity ligands
has been investigated through complementary computational and experimental methods.
Employing a recently developed q-jumping molecular dynamics (MD) simulation method, which
allows us to consider the flexibility of both the ligands and the receptor in docking studies, we
predicted the binding models of phorbol-13-acetate, phorbol-12,13-dibutyrate (PDBu), indo-
lactam V (ILV), ingenol-3-benzoate, and thymeleatoxin to PKC. The “predicted” binding model
for phorbol-13-acetate is virtually identical to the experimentally determined binding model
for this ligand. The predicted binding model for PDBU is the same as that for phorbol-13-
acetate in terms of the hydrogen-bonding network and hydrophobic contacts. The predicted
binding model for ILV is the same as that obtained in a previous docking study using a Monte
Carlo method and is consistent with the structure-activity relationships for this class of ligands.
Together with the X-ray structure of phorbol-13-acetate in complex with PKCδ C1b, the
predicted binding models of PDBu, ILV, ingenol-3-benzoate, and thymeleatoxin in complex
with PKC showed that the binding of these ligands to PKC is governed by a combination of
several highly specific and optimal hydrogen bonds and hydrophobic contacts. However, the
hydrogen-bonding network for each class of ligand is somewhat different and the number of
hydrogen bonds formed between PKC and these ligands has no correlation with their binding
affinities. To provide a direct and quantitative assessment of the contributions of several
conserved residues around the binding site to PKC-ligand binding, we have made 11 mutations
and measured the binding affinities of the high-affinity PKC ligands to these mutants. The
results obtained through site-directed mutagenic analysis support our predicted binding models
for these ligands and provide new insights into PKC-ligand binding. Although all the ligands
have high affinity for the wild-type PKCδ C1b, our site-directed mutagenic results showed
that ILV is the ligand most sensitive to structural perturbations of the binding site while
ingenol-3-benzoate is the least sensitive among the four classes of ligands examined here.
Finally, we have employed conventional MD simulations to investigate the structural
perturbations caused by each mutation to further examine the role played by each individual
residue in PKC-ligand binding. MD simulations revealed that several mutations, including
Pro11 f Gly, Leu21 f Gly, Leu24 f Gly, and Gln27 f Gly, cause a rather large conformational
alteration to the PKC binding site and, in some cases, to the overall structure of the protein.
The complete abolishment or the significant reduction in PKC-ligand binding observed for
these mutants thus reflects the loss of certain direct contacts between the side chain of the
mutated residue in PKC and ligands as well as the large conformational alteration to the binding
site caused by the mutation.

Introduction

Protein kinase C (PKC) comprises a family of ubiq-
uitous signal transducing molecules that play a central
role in cell growth, differentiation, and apoptosis. 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 phos-
pholipid 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 phor-
bol esters, ingenol esters, mezerein, and thymeleatoxin
and for teleocidins and their structurally simpler con-
gener indolactam (ILV).6,7 These PKC ligands serve as
structural mimetics of DAG6,7 and bind to the two
cysteine-rich domains (C1a, C1b) in PKC with nanomo-
lar binding affinity.8,9 While many of these PKC ligands
function as powerful tumor promoters, under appropri-
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ate conditions some PKC ligands also possess potent
antitumor-promoting or anticancer activity. Thus, phor-
bol-12-myristate-13-acetate (PMA) and mezerein are
now in clinical trials for the treatment of leukemia.
Another highly potent PKC ligand, bryostatin, is in
clinical trials for the treatment of breast, ovarian, and
other forms of cancer. Before the structure of either C1a
or C1b was solved, a number of three-dimensional (3D)
pharmacophore models12-18 were proposed in an at-
tempt to provide a structural basis for ligand binding
to PKC. Since these 3D pharmacophore models were
derived solely from the ligand structures themselves and
structure-activity relationships (SARs), the models
were only partially successful in providing a structural
basis for the binding of these structurally diverse
ligands to PKC.

A 3D structure of the PKCδ C1b domain in complex
with phorbol-13-acetate was determined by Zhang et al.
using X-ray crystallography.11 This structural informa-
tion provided us with an opportunity to achieve a better
understanding of the structural basis of the interaction
between diverse PKC ligands and PKC and helped
overcome some of the deficiencies in previous studies
that were based solely on the structures of the ligands.
Insight into the binding of the PKC pharmacophore to
its ligands should facilitate the structure-based design
of novel PKC ligands. Recently, through computational
docking simulation and site-directed mutagenic analy-
sis, we were able to achieve a fundamental understand-
ing of the interactions between one class of potent PKC
ligands, exemplified by the indolactam V (ILV) with
PKC.19 Good agreement was found between the com-
putational analysis, site-directed mutagenic results and
previous comprehensive structure-activity relation-
ships (SARs) for this class of compounds. Our studies
demonstrated that computational docking and site-
directed mutagenic analysis together provide an effec-
tive approach to achieving insights into protein-ligand
interactions. Encouraged by our success in the study of
ILV, we have extended our computational and experi-
mental analyses to several new classes of ligands,
including ingenol-3-benzoate and thymeleatoxin. The
major focus of the current study is to investigate the
“pharmacophore” of PKC binding to different, structur-
ally diverse classes of high-affinity PKC ligands.

In general, the active conformation of a ligand bound
to its receptor is not known a priori. Furthermore, the
receptor may need to adjust its binding-site conforma-
tion to accommodate different classes of ligands. For
these reasons, it may be important and even necessary
to include both ligand and receptor flexibility in a
docking study to be able to obtain the “correct” binding
mode. In our previous computational docking study of
ILV binding to PKC, we employed a flexible docking
program (MCDOCK), which allowed the inclusion of
ligand flexibility in docking simulations.19 Since inclu-
sion of receptor flexibility dramatically increased the
computational demand for docking calculations, we
made an assumption that the binding site of PKC is
rigid and interacts with ILV and the phorbol esters with
the same conformation. However, from our molecular
dynamic simulations, it was found that a number of
hydrophobic residues around the binding site are flex-
ible. To overcome this deficiency, in the present study

we have employed a very recently developed molecular
dynamics technique based on generalized statistical
mechanics theory, termed the q-jumping MD method,20,21

to tackle the flexible molecular docking problem by
including both ligand and receptor flexibility. The
prediction of the binding models of several classes of
high-affinity ligands to PKC, the site-directed mutage-
netic analysis of these ligands binding to both wild-type
PKC and its mutants, and the investigation of structural
perturbation caused by the mutations are the subjects
of this paper.

Method and Materials

Computational Docking Method. The generalized sta-
tistical mechanics was first formulated by Tsallis,22,23 and later,
Andricioaei and Straub24,25 applied the concept to optimization
of small peptide and atomic cluster simulations.

The main idea of the current MD scheme is to employ the
generalized effective potential introduced by Andricioaei and
Straub:24,25

where â ) 1/(kBT) and ε is an arbitrary energy shift parameter
to make the transformed energy term U(rN) positive definite.
As was shown previously,20,21 Uh q tends to exhibit a more
delocalized and smoother pattern as q increases from 1.0 to a
value larger than 1.0. In the limit of q ) 1.0, U(rN) is recovered.
In a similar way to previous studies,20,21 Uh q in eq 1 was
constructed by considering only the nonbonding interaction
terms (i.e., van der Waals and electrostatic interactions). In
the present MD run, with a certain probability Pj, the q value
jumps from 1.0 to greater than 1.0 for a brief period τ, followed
by a gradual relaxation of q back to 1.0 for another period τ′.
This jumping procedure results in a modified equation of
motion with scaled nonbonding interaction forces such that

where Ub(rN) and Unb(rN) are the bonding and the nonbonding
energy terms, respectively, and Rq(â,rN) is a scaling function
defined as

As was already discussed previously,25 in barrier regions where
the potential energy is large, Rq(â,rN) reduces the magnitude
of the forces and thereby facilitates barrier crossing. Although
canonical distributions cannot be obtained by the current
scheme, because of the nonphysical jumping procedure, a
possible algorithm leading to correct distributions was pro-
posed.20 The transformation in eqs 1 and 2 was implemented
in the CHARMM program,26 and the detailed q-jumping
procedure was carried out by a CHARMM script. The
CHARMM24 empirical force field27 was used to describe the
receptor (PKC), and all the necessary parameters for each
ligand were generated by using the QUANTA program.28 For
energy evaluations, a distance-dependent dielectric model was
employed with the nonbonding interactions truncated at 8 Å.

A total of four classes of PKC ligands were selected in this
study, including two phorbol esters, phorbol-13-acetate (1) and
phorbol-12,13-dibutyrate (PDBu, 2), indolactam (ILV, 3), in-
genol-3-benzoate (4), and thymeleatoxin (5).

Uh q(r
N) ) q

â(q - 1)
ln[1 - (1 - q)â(U(rN) + ε)] (1)

mi

d2ri

dt2
) -3ri

Ub(r
N) - Rq(â,rN)‚3r

i
Unb(r

N) (2)

Rq(â,rN) ) 1; q ) 1.0

) q
1 - (1 - q)â(Unb(r

N) + ε)
; q > 1.0 (3)

Binding to Kinase C Journal of Medicinal Chemistry, 2001, Vol. 44, No. 11 1691



The X-ray crystal coordinates were employed to describe the
initial structure of phorbol-13-acetate.11 It is known that
indolactam (ILV) can exist in two conformations in solution
(i.e., cis-twist and trans-sofa forms), and previous studies
indicated that ILV most likely interacts with PKC in its cis-
twist conformation.19,29,30 Therefore only the cis-twist confor-
mation was included in this investigation and the same
coordinates used in the previous molecular modeling work
were introduced for the initial structure of ILV. Starting from
the phorbol-13-acetate structure in the X-ray crystal data, the
initial conformations of both PDBu and thymeleatoxin were
generated by QUANTA. For ingenol-3-benzoate, the crystal
structure of the ingenol-3-tetradecanoate was used to provide
the initial coordinates, but in this case the long hydrocarbon
chain (tetradecanoate group) at position 3 was shortened by
keeping only the first two for simplicity. This simplification
can be justified because the hydrocarbon chain is not directly
involved in the binding to PKC and is mainly responsible for
binding to lipid membranes. All the appropriate hydrogen
atoms were added to each ligand and minimized. Regardless
of ligand type, the initial conformation of the receptor was
obtained from the X-ray crystal structure of PKC C1b in
complex with phorbol-13-acetate.11 In this paper, the PKC
residues corresponding to 231-281 are renumbered as 1-50.
Then, by use of QUANTA, several initial conditions for the
MD docking simulations were selected by placing each ligand
in various orientations outside the PKC binding site. The
ligands were allowed to be fully flexible, and all the side chains
of the PKC residues 8-12 and 20-27 were allowed to be
flexible; everything else in the receptor was fixed in our
docking simulations. Then the MD simulations described above
were carried out in a vacuum, using the following param-
eters: q ) 1.02-1.03, ε ) 800, and PJ ) 0.1.

The q-jumping MD simulations were carried out at T ) 300
K, using the constant temperature algorithm of Berendesen,31

and the SHAKE algorithm32 was used to fix all the bonds
containing hydrogen with a time step of 1 fs. Finally, NOE
constraints consisting of a central atom of the ligand and each
R-carbon atom in the PKC residues 10 and 24 were introduced
to prevent the ligand from escaping from the binding site
completely. With the MD protocol, we performed several
independent MD runs for 1-2 ns, and the binding mode was
determined from the lowest minimum energy conformation
from each of the MD trajectories. Then the resulting complex
structures were further refined by a minimization consisting
of 5000 steps of the adopted Newton-Raphson method.

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.33 Point mutations
in the C1b domain were generated by using the Unique Site
Elimination (U.S.E.) Mutagenesis Kit (Pharmacia Biotechnol-
ogy, Piscataway, NJ). The sequences of the primers employed
were as described,33 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 ligand such as PDBu or (-)-ILV. Proteins were
precipitated by addition of 35% poly(ethylene glycol), and after
centrifugation, 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
concentrations were used in all calculations.

Conventional Molecular Dynamics Simulation of PKCδ
C1b and Its Mutants. The X-ray structure of PKCδ C1b in
complex with phorbol-13-acetate was used as the starting
structure for MD simulation of the wild-type PKC and for
construction of the starting structures for all mutants. All Gly
mutants were generated by replacing the side chain of the
mutated residues with a hydrogen atom in the X-ray structure.
All other mutants were generated by replacing the original
side chain with a corresponding side chain in a similar
orientation. The starting structure was solvated by inserting
into a cubic TIP3P water box of 55 Å in each dimension. Water
molecules whose oxygen atoms were less than 2.45 Å from any
protein heavy atom were deleted.

All simulations were performed with the CHARMM pro-
gram26 using the all-atom parameter set from the CHARMM24
force field,27 a constant dielectric ε ) 1, constant temperature
T ) 300 K, and constant pressure p ) 1 atm. Temperature
and pressure were kept constant using the Berendsen method.31

Long-range electrostatic forces were treated with the force
switch method in a switching range of 8-12 Å. van der Waals
forces were calculated with the shift method and a cutoff of
12 Å. The nonbond list was kept to 14 Å. All bonds were
constrained using the SHAKE algorithm.32 The leapfrog
method with a 2 fs time step was applied for numerical
integration. Periodic boundary conditions were used with
image update every 0.2 ps for water molecules. The distances
between the Zn atoms and their coordinated S or N protein
atoms in the protein were kept between 2 and 2.5 Å using NOE
restraints. Each solvated protein was energy-minimized using
1000 cycles of steepest descent and 1000 cycles of adopted-
basis Newton Raphson methods. This was followed by a 1.2-
2.2 ns MD simulation for each mutant.
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Results and Discussion
Prediction of the Binding Modes of PKC Ligands.

The binding mode of PKC with phorbol-13-acetate
determined from X-ray crystallography10 was quickly
located by the current simulations for 2 ns and was
reproduced in several independent runs. The predicted
binding mode was directly compared to the X-ray crystal
structure. The root-mean-square deviation (rmsd) val-
ues of the predicted ligand and receptor positions are
0.2 and 0.9 Å, respectively, showing an excellent agree-
ment with the X-ray determined binding mode. It is of
interest to note that the somewhat large rmsd value of
the receptor is mainly due to dynamic fluctuation of the
side chains and that the most noticeable deviation
occurs in Trp 22. The calculated binding mode super-
imposed with the crystallographic position is shown in
Figure 1.

For the X-ray crystallographic study of PKC in
complex with its ligands, it was necessary to select a
PKC ligand with good aqueous solubility. For this
reason, phorbol-13-acetate was selected despite its weak
affinity. Phorbol-13-acetate has a Ki value of 13.8 µM,
approximately 40000-fold less potent than phorbol-12,-
13-dibutyrate (PDBu). The structures of phorbol-13-
acetate and PDBu differ only in their hydrophobic side
chains at positions 12 and 13; these side chains have
been thought to be involved mainly in the interactions
between the ligands and the membrane, a component
in the usual assays for PKC binding to its ligands and
PKC activation. It was thus assumed that these hydro-
phobic side chains on the ligands do not alter the
binding mode of ligands to PKC, but this assumption
had never been tested. We have therefore carried out
studies on the docking of PDBu to PKC to investigate
its binding mode and to compare it to that of phorbol-
13-acetate.

By use of the same simulation procedure done for
phorbol-13-acetate, the binding mode of PDBu to PKC

was predicted (Figure 2) with several independent runs
started with different initial configurations. The average
rms value for PDBu between these predicted binding
modes from independent runs was relatively small, less
than 1 Å, suggesting that a unique binding mode was
predicted, which was confirmed by graphic visualization.
Comparison between the predicted binding for PDBu
and the experimentally determined binding mode for
phorbol-13-acetate showed that they are essentially the
same; i.e., they have the identical hydrogen-bonding
network and the same hydrophobic contacts between
PKC and these two ligands. As was expected, the
additional hydrophobic groups at positions 12 and 13
do not significantly increase the hydrophobic interac-
tions between PKC and PDBu but are exposed to
solvent. It has been suggested that binding of a PKC
ligand to the C1a or C1b domain of PKC essentially
changes the region around the ligand to hydrophobic,
thus promoting effective interaction between the PKC-
ligand complex and the membrane. The additional
hydrophobic groups at positions 12 and 13 in PDBu
should enhance the interactions between the PKC-
ligand complex and the membrane. Furthermore, these
additional hydrophobic groups increase the hydropho-
bicity of PDBu compared to phorbol-13-acetate and shift
its equilibrium between membrane and aqueous phases.
Since PDBu and phorbol-13-acetate have binding modes
essentially identical to that of PKC and have similar
hydrophobic contacts with PKC, the 40000-fold differ-
ence in their binding affinities should be mainly at-
tributed to these two factors: the enhancement in the
interactions between the PKC-PDBu complex and the
membrane, and a more favorable partition for PDBu
between membrane and aqueous phases.

Indolactam (ILV) represents a class of high-affinity
PKC ligands with a ring structure different from other
classes of PKC ligands. A number of simulations were

Figure 1. Superposition of the predicted binding model of
phorbol-13-acetate (1) in complex with PKCδ C1b and the
binding model determined by X-ray crystallography.

Figure 2. Predicted binding model of phorbol-12,13-dibu-
tyrates (PDBu, 2) in complex with PKCδ C1b. Hydrogen bonds
are shown as dashed lines.
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performed starting with different configurations. A
comparison between the binding models obtained with
different starting configurations showed that a unique
binding mode for ILV was predicted, as shown in Figure
3. As can be seen, the hydrogen-bonding network
between ILV and PKC comprises four optimal hydrogen
bonds. On the basis of the predicted and experimental
binding modes for ILV and phorbol-13-acetate, it was
found that these two classes of ligands shared three
identical hydrogen bonds formed with the backbones of
residues Thr12, Leu21, and Gly23 of the PKC. But each
class of ligands has a unique hydrogen bond formed with
PKC. For phorbol-13-acetate and PDBu, this unique
hydrogen bond is formed between the hydroxyl group
of the ligands at position 4 and the backbone carbonyl
group of Gly23. For ILV, this unique hydrogen bond is
formed between the amide group of the ligand at
position 10 and the backbone carbonyl group of Leu21.
In addition to these optimal hydrogen bonds, ILV also
has a number of hydrophobic contacts between its
hydrophobic groups and the hydrophobic side chains of
PKC. For example, the N-methyl group of ILV is close
to the hydrophobic side chain of Leu20 and Pro11, the
isopropyl group at position 12 of ILV is close to the side
chain of Leu24, and the indole ring of ILV resides on
the top of the wall formed by Met9, Ser10, and Pro11
in PKC. The binding mode for ILV predicted using the
current method is the same as that derived through
Monte Carlo (MC) based computational simulations
using the MCDOCK program and site-directed mu-
tagenic analysis of crucial residues around the binding
site.19 It was found that the predicted binding mode of
ILV was entirely consistent with structure-activity
relationships (SARs) of ILV and the site-directed mu-
tagenic data. Furthermore, on the basis of the predicted
binding mode for ILV, we have successfully carried out
a structure-based design of a novel class of PKC
ligands.39 Hence, the consistency between binding modes
predicted by different simulation methods, the excellent

agreement between the predicted binding model with
experimental mutagenetic data and the SARs, and the
successful structure-based design of a novel class of PKC
ligands all support our predicted model for binding of
ILV to PKC.

Ingenol-3-benzoate (4), with a Ki value of 0.13 nM,
represents another class of high-affinity PKC ligands.
Although its structure is also somewhat similar to that
of PDBu, it has a number of structural elements
including an ester group at position 3, an additional
hydroxyl group at position 5, a carbonyl rather than a
hydroxyl at position 9, and the lack of the ester groups
at positions 12 and 13. A number of independent
simulations starting with different initial configurations
identified a binding mode with interaction energy
substantially lower than those of other possible binding
modes, as shown in Figure 4. Despite their different
chemical structures, ingenol-3-benzoate and thymelea-
toxin share the same hydrogen-bonding network. How-
ever, the ester carbonyl at position 3 of ingenol takes
the place of the carbonyl group at position 3 in PDBu
and phorbol-13-acetate as a hydrogen bond acceptor for
the amide group of Gly23 of PKC.

Thymeleatoxin (5), which binds to PKC with a Ki
value of 2.71 nM, represents another class of high-
affinity PKC ligands. Although its basic structural
skeleton is somewhat similar to the structures of
phorbol esters, thymeleatoxin has a number of unique
structural elements, including an additional hydroxyl
group at position 5 and an epoxy group between posi-
tions 6 and 7. A number of independent simulations
started with different configurations predicted a binding
mode with interaction energy substantially lower than
those of other binding modes, as shown in Figure 5. The
hydrogen-bonding network between PKC and thymelea-
toxin comprises a total of six optimal hydrogen bonds.
All four hydrogen bonds formed between PKC and

Figure 3. Predicted binding model of indolactam (ILV, 3) in
complex with PKCδ C1b. Hydrogen bonds are shown as dashed
lines. Figure 4. Predicted binding model of ingenol-3-benzoate (4)

in complex with PKCδ C1b. Hydrogen bonds are shown as
dashed lines.
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PDBu are found in the hydrogen bond network between
PKC and thymeleatoxin. However, thymeleatoxin forms
two additional hydrogen bonds between its hydroxyl
group at position 5 and the amide group of Gly23 and
the carbonyl group of Leu21 of PKC. Comparison
between the hydrogen bond networks for ILV and
thymeleatoxin showed that these two ligands also
shared four common hydrogen bonds but thymeleatoxin
has two additional hydrogen bonds formed between its
hydroxyl group at position 4 and the carbonyl group of
Gly23 of PKC and between its hydroxyl group at
position 5 and the amide group of Gly23 of PKC. The
hydrophobic contacts between thymeleatoxin and PKC
closely mimic those between PDBu and PKC.

Previously, a number of pharmacophore models12-18

were proposed on the basis of the analysis of the 3D
structures of several classes of high-affinity PKC ligands.
All these pharmacophore models were developed on the
basis of the idea that these high-affinity PKC ligands
share three or four common hydrogen bond donors and/
or acceptors, which could be superimposed in a 3D space
and could interact with common binding elements on
PKC. In one such pharmacophore model, a common
hydrophobic binding region was also included.18 These
pharmacophore models were partially successful in
guiding PKC ligand design.34,38

Our present study provides new insights into the PKC
pharmacophore. From our results, it is clear that a total
of two hydrogen bond donors and two hydrogen bond
acceptors, namely, the backbone amide groups of Thr12
and Gly23 and the backbone carbonyl groups of Leu21
and Gly23, participate in hydrogen-bonding interactions
with PKC ligands. Although the two amide groups may
form two optimal hydrogen bonds with PKC ligands, the
two carbonyl groups may form up to four optimal
hydrogen bonds because the carbonyl oxygen has two

lone pairs of electrons. Thymeleatoxin and ingenol form
all six of these possible hydrogen bonds, whereas
phorbol-13-acetate, PDBu, and ILV form only four of
these six possible hydrogen bonds. These four classes
of PKC ligands only share one common hydroxyl group
and one common carbonyl group, which form three
common hydrogen bonds with the amide group of Thr12,
the carbonyl group of Leu21, and the amide group of
Gly23 of PKC, as shown in Figures 1-5. In addition to
these three common hydrogen bonds, each PKC ligand
has one or more additional hydrogen bonds with PKC.
Phorbol-13-acetate and PDBu have an additional hy-
drogen bond formed between their hydroxyl group at
position 4 and the carbonyl group of Gly23 of PKC. ILV
has one additional strong hydrogen bond between its
amide group at position 11 and the carbonyl group of
Leu21 of PKC, and it has one weak hydrogen bond
between its NH group at position 1 and the carbonyl
group of Met9 of PKC. Thymeleatoxin has three ad-
ditional hydrogen bonds formed between its hydroxyl
group at position 4 and the carbonyl group of Gly23 of
PKC and between its hydroxyl group at position 5 and
both the carbonyl group and the amide group of Gly23
of PKC. Ingenol has three additional hydrogen bonds
formed between its hydroxyl group at position 4 and the
carbonyl group of Gly23 of PKC and between its
hydroxyl group at position 5 and both the carbonyl
group and the amide group of Gly23 of PKC. Three
important conclusions may be drawn from this study:
(1) These high-affinity PKC ligands indeed share three
common hydrogen bonds, which may be defined as
common pharmacophore elements, and these hydrogen
bonds may be essential for the specificity of ligands
binding to PKC. (2) Each class of PKC ligands has one
or more additional hydrogen bonds formed with PKC
that may not be shared by other classes of PKC ligands.
(3) The number of hydrogen bonds formed between a
ligand and PKC does not necessarily correlate with the
binding affinity of a PKC ligand, but a ligand may need
to form a number of hydrogen bonds for its specific
binding to PKC.

From our study, it is also clear that the hydrophobic
groups in these PKC ligands contribute to binding
affinity through both specific interactions with PKC and
less specific interactions with the membrane. For each
high-affinity ligand, several hydrophobic groups of the
ligand are close to the hydrophobic residues of PKC,
including Pro11, Leu20, and Leu24. Furthermore, non-
specific hydrophobic interactions with the membrane
are also of great importance to achieve high affinity for
a PKC ligand. For example, phorbol-13-acetate and
PDBu have the same hydrogen-bonding network with
PKC and similar hydrophobic contacts with PKC, but
PDBu is 40 000 times more potent than phorbol-13-
acetate, and this disparity is attributed to the greater
hydrophobicity of PDBu.

Analysis by Site-Directed Mutagenesis. Analysis
by site-directed mutagenesis can provide direct experi-
mental evidence for elements in the C1 domain contrib-
uting to PKC-ligand binding. We have therefore made
single mutations for several important residues around
the binding sites and measured the binding affinities
of these mutants to the four classes of PKC ligands in

Figure 5. Predicted binding model of thymeleatoxin (5) in
complex with PKCδ C1b. Hydrogen bonds are shown as dashed
lines.
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our current study. The mutated residues are shown in
Figure 6, and the results are summarized in Table 1.

A number of mutations such as Leu21 f Gly, Leu24
f Gly, Gln27 f Gly, and Gln27 f Trp led to a complete
loss of binding to PDBu, the reference ligand used in
our binding studies. Leu21 forms a hydrophobic cluster
with a number of other hydrophobic residues and may
play a crucial role in determining the structure of the
PKC C1b domain. Therefore, we predicted that muta-
tion Leu21 f Gly may have significantly disrupted the
binding site conformation of the PKC C1b domain.
Leu24 is a hydrophobic residue that is involved in
hydrophobic interactions with PKC ligands, as indicated
both by the X-ray structure of PKC C1b in complex with
phorbol-13-acetate and by our predicted complex struc-
tures of PKC C1b with PKC ligands. However, if Leu24
contributes solely to the hydrophobic interactions with
PKC, mutation Leu24 f Gly should only result in a
significant reduction in binding but not in complete
abolishment of its ability to bind PDBu. Therefore, we
predicted that the Leu24 f Gly mutation should alter
the preferred loop conformation. The Gln27 f Gly
mutation led to a total loss of binding to PDBu. From
the X-ray structure, Gln27 plays an important role in
determining the conformation of the binding site through
formation of three hydrogen bonds with the backbones
of two residues. Therefore, we predicted that mutation
Gln27 f Gly may have significantly disrupted the
conformation of the binding site. Mutation of Gln27 to
Trp also abolishes the binding to PDBu presumably
because Trp occupies a large volume in the binding site
and thus prevents effective interactions with PKC
ligands. It is of interest to note that mutation Gln27 f
Val partially restores the binding to PDBu, but the
mutant is 40-fold less potent than the wild-type PKC
C1b.

Among the four classes of PKC ligands examined
here, ILV appears to be the ligand most sensitive to
structural perturbations in PKC and consistently shows
the largest reduction in binding affinity for each mutant,

whereas ingenol-3-benzoate shows the smallest reduc-
tion in its binding affinity for each mutant. Among
mutations leading to quantitative reductions in binding
affinity for PKC ligands, the Pro11 f Gly mutation has
the largest effect. The relative reduction in binding
affinity is 3500-, 600-, 150-, and 83-fold for ILV, PDBu,
thymeleatoxin, and ingenol-3-benzoate, respectively.
Pro11 is located on the binding loop formed between
residues 8 and 13, and because of its cyclized structure,
Pro11 restricts the loop conformation. Mutation of Pro11
to Gly results in a loss in this conformational restriction
and may have resulted in a significant change in the
loop conformation. Furthermore, the X-ray structure of
PKCδ C1b in complex with phorbol-13-acetate and our
predicted binding models for the other four high-affinity
ligands showed that Pro11 has close contacts with
hydrophobic groups in the PKC ligands and is thus
important for hydrophobic interactions. The significant
reduction in binding affinity of Pro11 f Gly probably
reflects the combined effect of these two aspects. The
side chain of Tyr8 is part of a hydrophobic core on the
bottom of the ligand binding-site. Mutation of Tyr8
should result in a perturbation in the binding site
conformation, affecting the binding affinity to ligands.
Indeed, mutation Tyr8 f Gly reduces the binding
affinity by 330-, 52-, 32-, and 24-fold for ILV, PDBu,
thymeleatoxin, and ingenol-3-benzoate, respectively. In
the X-ray structure and our predicted complex struc-
tures, the backbone amide group of Thr12 forms a
hydrogen bond to each ligand. Although the side chain
of Thr12 is partially exposed to solvent and does not
directly interact with ligands, mutation Thr12 f Gly
may somewhat perturb the binding site conformation,
especially with respect to the backbone conformation of
residue 12 itself. However, this perturbation should be
relatively small because mutation Thr12 f Gly only has
a moderate effect on the binding affinity of these
ligands. Phe13 is a hydrophobic residue, but its side
chain is exposed to solvent. Phe13 does not directly
participate in ligand-PKC interactions, as shown by
both the X-ray structure and the predicted complex
structures. Consistent with the predicted complex struc-
tures, mutation Phe13 f Gly has only a minimal effect
on the binding of these ligands to PKC. Similar to
Phe13, Leu20 also is a hydrophobic residue and its side
chain is exposed to solvent. Different from Phe13, Leu20
was found to directly interact with these PKC ligands
based on our predicted complex structures. For example,
on the basis of the predicted complex structure of ILV
to PKC, the N-methyl group is close to the side chain of
Leu20, contributing to the overall hydrophobic interac-
tions between ILV and PKC. Therefore, mutation Leu20
f Gly has a much bigger effect on the binding affinity
of these ligands than does Phe13 f Gly. On average,
mutation Leu20 f Gly produced a 15-fold reduction
compared to the wild-type PKC. It is of note that ILV
has a 33-fold reduction in its binding affinity. Three
mutations were made for Gln27. Of these, mutation
Gln27 f Gly or Gln27 f Trp resulted in mutants that
had no measurable binding to PDBu. However, muta-
tion Gln27 f Val restored partial binding affinity to
PDBu (a 40-fold reduction). This mutant also has a
reduced binding affinity to ILV, thymeleatoxin, and
ingenol-3-benzoate by 552-, 17-, and 11-fold, respec-

Figure 6. Mutated residues in PKCδ C1b analyzed in this
study and their location in the structure of phorbol-13-acetate
in complex with PKCδ C1b.
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tively. On the basis of the X-ray structure and our
predicted complex structures, Gln27 does not directly
interact with ligands. However, the side chain of Gln27
forms a total of three hydrogen bonds, two with the
backbone of Tyr8 and one with the backbone carbonyl
of Gly23. These hydrogen bonds may play an important
role in maintaining the optimal binding site conforma-
tion for interactions with ligands. Mutation Gln27 f
Gly may have significantly distorted the binding site
conformation. Mutation Gln27 f Trp may simply fill
in the binding pocket and make the binding site inac-
cessible to ligands. In summary, our mutagenic analyses
provided quantitative assessment and new insights into
the binding of PKC to its ligands. The results obtained
from site-directed mutagenetic analysis are consistent
with the X-ray structure and our predicted binding
models for the ligands examined here.

Investigation of the Structural Perturbations
Caused by Mutation through Molecular Dynamics
Simulation. In theory, each mutation can affect ligand
binding to the receptor through alteration of the direct
interactions between the ligand and the receptor, or
through an overall change in conformation of the
binding site, or through both mechanisms. As an
extreme example of the second mechanism, some muta-
tions may make the protein unable to fold properly. To
gain more structural insights into the binding of PKC
to its ligands, we have performed extensive molecular
dynamics simulations on the wild-type of PKCδ C1b and
its 11 mutants to investigate the structural perturba-
tions caused by each mutation. We made an assumption
that each mutant is still able to fold and assumes the
overall fold of the wild-type PKC. To characterize the
binding-site conformation, we analyzed the backbone
torsion angles for residues 7-13 and 20-28, which form
the binding site for the wild-type protein and mutants
during MD simulations. The backbone average torsion
φ and ψ angle values for these residues as well as their
fluctuations are provided in Table 2.

In the X-ray structure of PKCδ C1b, Leu21 is located
at the bottom of the binding site and forms a hydro-
phobic core. Experimentally, mutation Leu21 f Gly
completely abolished the binding of PKC to PDBu, and
yet this residue does not have strong hydrogen bonding
or hydrophobic interactions with PKC ligands. We
predicted that the complete loss by this mutant of its
ability to bind to PDBu probably reflects a significant

conformational change of the binding site upon muta-
tion. Our simulation results support this prediction. As
can be seen in Table 2, mutation Leu21 f Gly alters
the average φ and ψ values for residue 21 by 66° and
45°, respectively. The mutation also alters the average
ψ value for Leu20 by 94°. Since Leu21 and Tyr8 form a
hydrogen bond through their backbones, this mutation
also led to a change in the average ψ value for Tyr8 by
as much as 57°. Thus, mutation Leu21 f Gly profoundly
affects the conformations of both loops that form the
binding site, and this conformational change makes the
protein unable to bind to PDBu.

Mutation Leu24 f Gly completely abolished the
ability of PKC to bind to ligands. On the basis of the
X-ray structure of PKCδ C1b in complex with phorbol-
13-acetate and our predicted binding modes of several
other PKC ligands in the present study, Leu24 makes
direct contacts with ligands and contributes to binding
through hydrophobic interactions. Our previous analysis
showed that the hydrophobic contribution by Leu24
cannot fully account for the total loss in the binding
ability of PKC to ligands. We predicted that Leu24 f
Gly must cause a significant binding-site conformational
change. Our simulation results support this prediction.
As can be seen from Table 2, mutation Leu24 f Gly
alters the average ψ value for Gly23 by 45° and the
average φ value for residue 24 by 30°. Furthermore, the
fluctuations of these two torsion angles in the mutant
are much larger than those in the wild-type PKC,
suggesting that the loop formed by residues 20-28
becomes more flexible upon mutation. On the basis of
the X-ray structure of PKCδ C1b in complex with
phorbol-13-acetate and the predicted binding models for
several other ligands in the present study, Gly23 forms
two hydrogen bonds with ligands. The change of back-
bone conformation of Gly23 upon mutation greatly
affects the ability of Gly23 to form optimal hydrogen
bonds with ligands.

In the X-ray structure of PKCδ C1b, Gln27 forms
three hydrogen bonds through its side chain with the
backbone of Tyr8 and Gly23, thus playing an important
role in maintaining the binding-site conformation. Ex-
perimentally, mutation Gln27 f Gly abolished the
binding ability of PKC to PDBu. Although Gln27 has
weak hydrogen-bonding interactions with phorbol-13-
acetate in the X-ray structure, we predicted that the
complete loss by this mutant in its ability to bind to

Table 1. Analysis by Site-Directed Mutagenesis of the Binding of PKC Ligands to PKCδ C1b

PDBu ILV ingenol-3-benzoate thymeleatoxin

Ki
a (nM) ratioc Ki

a (nM) ratioc Ki (nM) ratioc Ki (nM) ratioc

wild-type 0.351 ( 0.054 2.01 ( 0.17 0.13 ( 0.03 2.71 ( 0.59
T8G 18.4 ( 1.4 52 658 ( 29 327 3.14 ( 0.12 24 86.6 ( 7.7 32
P11G 210 ( 15 598 7080 (770 3520 10.8 ( 1.4 83 417 ( 120 154
T12 G 1.24 ( 0.23 3.5 25.3 ( 2.5 13 0.72 ( 0.12 5.5 19.1 ( 1.4 7.1
F13G 0.82 ( 0.13 2.3 10.9 ( 0.8 5.4 0.15 ( 0.02 1.2 7.8 ( 1.3 2.9
L20G 6.59 (0.3 15 66.2 ( 6.2 33 1.08 ( 0.20 8.3 11.27 ( 0.65 4.2
L21G no binding >1000 b b b
W22G 25.0 31 b b b
L24 G no binding >1000 b b b
Q27G no binding >1000 b b b
Q27V 14.2 ( 1.5 40 1100 ( 140 552 1.41 ( 0.07 11 47.1 ( 4.3 17.4
Q27Q no binding >1000 b b b
a Data taken from ref 19. b Not Determined. If the mutant does not have a significant binding to the reference ligand [3H]PDBu, the

binding affinity of the mutant to nonradioactive ligands cannot be determined. c Ratio is the calculated binding affinity of the ligand for
the mutant to that of the wild-type.
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PDBu is primarily due to a significant conformational
change of the binding site. As can be seen from Table
2, our simulation results support this prediction. Muta-
tion Gln27 f Gly alters the average ψ value for Leu21
by 88° and the average ψ value for residue 27 by 43°.
On the basis of the X-ray structure and our predicted
binding models for PKC ligands, the backbone confor-
mation of Leu21 is important for binding through
formation of a strong hydrogen bond with each ligand.
Thus, mutation Gln27 f Gly significantly affects the
ability of Leu21 to form a strong hydrogen bond with
ligands by altering the backbone conformation of Leu21.
Our mutational analysis showed that mutation Gln27

f Val results in a reduced but significant binding to
PKC ligands. We predicted that this mutation may
cause some conformational change to the binding site
but should be significantly less than that observed for
the Gln27 f Gly mutation. Indeed, our simulation
results showed that no significant conformational al-
terations were found for this mutant. Mutation Gln27
f Trp also completely abolished the binding of PKC to
its ligands. Our simulation results showed that muta-
tion Gln27 f Trp changed the average ψ value for
residue 27 by 68°, suggesting that the complete loss in
binding ability of this mutant to ligands is at least in
part due to the conformational change upon mutation.

Table 2. Average and Fluctuation Values of the Backbone Angles for Residues 7-13 and 20-28 for Wild Type and Mutants during
MD Simulationsa

(a) æ Angles

Asn 7 Tyr 8 Met 9 Ser 10 Pro 11 Thr 12 Gly 13 Leu 20

wild -113 ( 12 -117 ( 14 -101 ( 15 -82 ( 12 -64 ( 8 -119 ( 13 -108 ( 11 -73 ( 10
L21G -117 ( 13 -94 ( 10 -104 ( 17 -85 ( 14 -68 ( 9 -126 ( 21 -108 ( 14 -94 ( 10
L24G -113 ( 12 -116 ( 15 -94 ( 16 -89 ( 14 -65 ( 9 -117 ( 14 -91 ( 12 -82 ( 12
Q27G -108 ( 11 -100 ( 14 -100 ( 13 -112 ( 18 -63 ( 7 -117 ( 13 -95 ( 10 -77 ( 11
Q27W -106 ( 14 -99 ( 21 -103 ( 18 -90 ( 16 -63 ( 8 -120 ( 14 -94 ( 10 -79 ( 11
Q27V -107 ( 12 -106 ( 24 -98 ( 12 -79 ( 12 -63 ( 8 -122 ( 12 -110 ( 11 -69 ( 9
P11G -115 ( 12 -119 ( 15 -99 ( 19 -93 ( 17 -144 ( 43 -110 ( 17 -94 ( 10 -84 ( 12
L20G -105 ( 11 -119 ( 15 -95 ( 14 -87 ( 15 -65 ( 8 -117 ( 14 -108 ( 11 -80 ( 14
W22G -113 ( 13 -106 ( 14 -102 ( 14 -84 ( 13 -64 ( 8 -118 ( 13 -105 ( 11 -79 (11
Y8G -88 ( 11 -108 ( 27 -95 ( 17 -91 ( 18 -67 ( 8 -122 ( 15 -99 ( 11 -83 ( 12
T12G -103 ( 13 -91 ( 11 -89 ( 13 -99 ( 15 -76 ( 9 -153 ( 22 -111 ( 20 -82 ( 12
F13G -113 ( 13 -121 ( 13 -96 ( 14 -85 ( 14 -65 ( 8 -117 ( 16 -106 ( 14 -78 ( 12

Leu 21 Trp 22 Gly 23 Leu 24 Val 25 Lys 26 Gln 27 Gly 28

wild -87 ( 9 -110 ( 21 149 ( 21 -97 ( 18 -96 ( 14 63 ( 11 -78 ( 13 -148 ( 21
L21G -153 ( 33 -97 ( 15 151 ( 27 -91 ( 13 -105 (15 53 ( 13 -78 ( 11 -147 ( 18
L24G -90 ( 10 -96 ( 17 140 ( 27 -127 ( 58 -105 (15 57 ( 12 -79 ( 12 -149 ( 18
Q27G -78 ( 9 -73 ( 10 -177 ( 14 -97 ( 11 -80 (9 52 ( 9 -95 ( 17 176 ( 13
Q27W -83 ( 9 -126 ( 16 173 ( 16 -97 ( 15 -104 ( 16 67 ( 9 -83 ( 13 -153 ( 18
Q27V -81 ( 8 -82 ( 13 141 ( 20 -96 ( 13 -111 ( 14 55 ( 9 -84 ( 10 -167 ( 14
P11G -87 ( 9 -92 ( 18 144 ( 22 -94 ( 15 -113 ( 15 57 ( 11 -78 ( 11 -152 ( 16
L20G -79 ( 8 -129 ( 16 -170 ( 16 -89 ( 19 -93 ( 12 -108 ( 17 -84 ( 14 -172 ( 13
W22G -89 ( 10 -160 ( 33 138 ( 22 -94 ( 16 -108 ( 16 54 ( 12 -77 ( 11 -162 ( 16
Y8G -82 ( 9 -94 ( 17 153 ( 21 -91 ( 12 -97 ( 13 -86 ( 9 -95 ( 15 -146 ( 26
T12G -89 ( 12 -103 ( 16 148 ( 18 -96 ( 17 -123 ( 14 50 ( 12 -78 ( 10 162 ( 16
F13G -82 ( 8 -126 ( 16 -164 ( 14 -87 ( 17 -93 ( 12 -108 ( 17 -81 ( 12 160 ( 15

(b) ψ Angles

Asn 7 Tyr 8 Met 9 Ser 10 Pro 11 Thr 12 Gly 13 Leu 20

wild 143 ( 13 153 ( 17 -51 ( 11 154 ( 11 115 ( 13 133 ( 9 158 ( 9 140 ( 7
L21G 143 ( 11 96 ( 17 -48 ( 12 152 ( 15 103 ( 27 132 ( 14 154 ( 17 -134 ( 27
L24G 141 ( 15 157 ( 14 -56 ( 13 154 ( 14 125 ( 19 140 ( 12 152 ( 8 149 ( 9
Q27G 121 ( 13 160 ( 10 -48 ( 13 162 ( 9 121 ( 14 143 ( 8 156 ( 8 151 ( 9
Q27W 123 ( 19 148 ( 17 -58 ( 12 161 ( 10 115 ( 13 138 ( 9 152 ( 8 145 ( 8
Q27V 114 ( 28 142 ( 14 -43 ( 12 147 ( 11 113 ( 12 139 ( 9 160 ( 8 146 ( 7
P11G 144 ( 14 165 ( 17 -63 ( 14 -102 ( 45 102 ( 18 136 ( 9 154 ( 8 147 ( 8
L20G 146 ( 15 149 ( 18 -53 ( 16 160 ( 10 119 ( 16 136 ( 9 154 ( 8 144 ( 8
W22G 132 ( 14 146 ( 17 -51 ( 13 150 ( 12 111 ( 12 133 ( 9 155 ( 9 135 ( 8
Y8G 127 ( 21 117 ( 32 -53 ( 15 152 ( 13 126 ( 20 141 ( 12 156 ( 8 145 ( 8
T12G 117 ( 13 122 ( 20 -47 ( 12 125 ( 15 168 ( 14 -172 ( 18 154 ( 11 148 ( 11
F13G 150 ( 13 158 ( 14 -55 ( 13 156 ( 11 110 ( 15 139 ( 9 155 ( 10 143 ( 8

Leu 21 Trp 22 Gly 23 Leu 24 Val 25 Lys 26 Gln 27 Gly 28

wild 93 ( 15 155 ( 11 160 ( 19 -64 ( 16 118 ( 13 80 ( 19 -57 ( 13 154 ( 28
L21G 138 ( 20 150 ( 25 178 ( 15 -64 ( 14 160 ( 12 58 ( 12 -50 ( 15 174 ( 13
L24G 94 ( 18 172 ( 30 -155 ( 53 -79 ( 18 153 ( 13 64 ( 12 -53 ( 15 169 ( 19
Q27G -175 ( 14 -39 ( 13 -154 ( 12 -66 ( 12 119 ( 9 55 ( 12 -14 ( 21 177 ( 12
Q27W 83 ( 15 166 ( 14 -166 ( 21 -76 ( 16 120 ( 14 107 ( 23 55 ( 13 159 ( 17
Q27V 97 ( 11 146 ( 13 -179 ( 15 -69 ( 14 156 ( 10 61 ( 12 -31 ( 10 175 ( 13
P11G 87 ( 16 162 ( 16 177 ( 16 -71 ( 14 153 ( 12 62 ( 11 -50 ( 14 171 ( 17
L20G 92 ( 14 160 ( 11 -167 ( 25 -65 ( 13 -66 ( 13 153 ( 19 -61 ( 12 173 ( 13
W22G 114 ( 26 173 ( 19 -160 ( 22 -79 ( 19 156 ( 13 61 ( 13 -49 ( 12 179 (14
Y8G 116 ( 19 138 ( 19 -178 ( 18 -84 ( 18 -57 ( 8 101 ( 18 -60 ( 20 -171 ( 14
T12G 91 ( 19 155 ( 17 -174 ( 17 -71 ( 15 159 ( 12 57 ( 12 -35 ( 15 -180 ( 12
F13G 94 ( 12 161 ( 11 -168 ( 22 -65 ( 14 -69 ( 13 159 ( 15 -55 ( 13 -175 ( 12
a Significant changes in the backbone angles are highlighted in bold.
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Because of the large size of Trp, mutation Gln27 f Trp
also blocks the accessibility of the binding site to ligands,
as evident from the 3D structure of this mutant.

Mutation Pro11 f Gly significantly reduces the
binding of PKC to ligands. On the basis of the X-ray
structure of PKCδ C1b in complex with phorbol-13-
acetate and our predicted binding models for several
other PKC ligands, Pro11 makes direct contacts with
ligands and thus contributes to ligand binding through
hydrophobic interactions. Since Pro11 has a fused,
constrained five-membered ring, we also predicted that
the presence of Pro at this position plays a crucial role
in maintaining the optimal binding-site conformation.
Our simulation results confirm our prediction. As can
be seen, mutation Pro11 f Gly alters the average ψ
value for Ser10 by 104° and the average φ value for
residue 11 by 80°. Furthermore, the fluctuations of these
two torsion angles in the mutant are much larger than
those in the wild-type PKC, suggesting that the loop
formed by residues 7-13 becomes much more flexible
upon mutation.

Mutation Leu20 f Gly significantly reduced the
binding affinity to ligands. On the basis of the X-ray
structure and our predicted binding models for PKC
ligands, Leu20 contributes to the hydrophobic interac-
tion. It is interesting to note that our simulation results
showed that although the side chain of Leu20 is located
outside the binding site, mutation Leu20 f Gly signifi-
cantly affects the backbone conformations of Val25 and
Lys26. Therefore, the change in binding site conforma-
tion may also contribute, along with the hydrophobic
interaction, to the reduction in binding affinity for each
ligand.

Trp22 is located outside the binding site. Its contribu-
tion to protein-ligand binding was thought to be mainly
through the hydrophobic interaction with ligands and
possibly with the membrane. Our simulation results
showed that indeed no significant conformational change
was observed except for the backbone φ value of residue
22. However, since the backbone of Trp22 was not
directly involved with protein-ligand interactions, this
conformational change should not affect significantly the
binding of PKC to its ligands.

Tyr8 is located at the bottom of the binding site, but
its side chain is partially exposed to solvent. On the
basis of the X-ray structure and our predicted binding
models, Tyr8 is not directly involved in protein-ligand
interactions. However, mutagenic analysis showed that
Tyr8 f Gly significantly reduced the binding of PKC
to its ligands, ranging from 327-fold for ILV to 24-fold
for ingenol-3-benzoate. Our simulation results showed
that mutation Tyr8 f Gly significantly changes the
backbone conformation of Val25 and Lys26. Further-
more, the hydrogen bond formed between the backbones
of residue 8 and Gln27 observed in the X-ray structure
of PKCδ C1b is now replaced by a hydrogen bond
between the backbones of residue 8 and Val25. The
formation of this new hydrogen bond brings the two
loops closer at one end of the binding site, making the
binding pocket smaller, which may explain the signifi-
cantly reduced binding affinity of this mutant to each
ligand compared to wild-type PKC.

Although the side chain of Thr12 does not have direct
interactions with ligands, its backbone amide group

forms a strong hydrogen bond with ligands. Mutation
analysis showed that mutation Thr12 f Gly results in
a marginally reduced binding affinity for each ligand,
ranging from 3.5- to 12.6-fold. Our simulation results
showed that the Thr12 f Gly mutation affects the
backbone torsion ψ angle of Pro11 and the φ and ψ
angles of Thr12. This mutation also affects the φ angle
of Gly28. Since Pro11 and Thr12 are directly involved
in protein-ligand interactions, the change of their
backbone conformations upon mutation can explain the
observed reduction in binding affinity for each ligand.

Mutation analysis showed that Phe13 f Gly only
slightly reduced the binding affinity to each ligand,
ranging from 1.2- to 5.4-fold. Our simulation results
showed that the Phe13 f Gly mutation does not
significantly affect the binding-site conformation. It is
interesting to note that this mutation changes the
backbone conformations of Val25 and Lys26. Since
Val25 and Lys26 do not have direct contacts with
ligands, their conformational change should have mini-
mal effect on the binding affinity for each ligand,
consistent with the results of the mutagenesis.

In summary, our extensive simulation studies provide
additional insights into the role played by each indi-
vidual residue in PKC-ligand binding. Our simulation
results showed that mutations of these residues have
rather different effects on the structure of the protein.
Some mutations affect the conformation of the protein
in a global manner, some mutations produce a local
conformational change, while some other mutations
have only a minimal effect on the binding-site confor-
mation. For example, mutation Leu21 f Gly causes a
rather large and global conformational change, making
the mutant unable to bind to PDBu. Mutation Pro11 f
Gly greatly affects the loop conformation formed by
residues 7-13. Mutation Phe13 f Gly has only a
minimal effect on the binding site conformation. The
overall effect of a mutation on the binding of PKC to its
ligands is a combination of the alterations of the
binding-site conformation and direct contacts.

Summary

In the current study, we sought to achieve a better
understanding of the structural basis of PKC-ligand
interactions through computational prediction of bind-
ing models of four classes of ligands (PDBu, ILV,
ingenol-3-benzoate, and thymeleatoxin) to PKCδ C1b,
through site-directed mutagenic analysis of the binding
of 11 mutants to these 4 ligands, and through compu-
tational MD simulations of these 11 mutants. Taken
together with the X-ray structure of phorbol-13-acetate
in complex with PKCδ C1b, our predicted binding
models of PDBu, ILV, ingenol-3-benzoate, and thyme-
leatoxin to PKC showed that the binding of these
ligands to PKC is governed by a combination of several
highly specific hydrogen bonds and hydrophobic interac-
tions. In terms of hydrogen bonding, although the
receptor always uses two common hydrogen bond ac-
ceptors and two common hydrogen bond donors to form
hydrogen bonds with ligands, the hydrogen bond net-
work found for each ligand is different. Furthermore,
the number of hydrogen bonds between PKC and these
ligands has no correlation with their binding affinity.
This suggests that although hydrogen bonds are clearly
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important for the specific recognition by PKC of its
ligands, the importance of hydrogen bonds to ligand
binding affinity needs to be further investigated. In
terms of the hydrophobic interaction, the hydrophobic
groups in these PKC ligands play not only a role in the
hydrophobic interaction with the membrane but also a
role in the interaction with a number of hydrophobic
residues around the binding site, such as Pro11, Leu20,
and Leu24. These interactions are shown to be impor-
tant for the binding of PKC to its ligands, as confirmed
by site-directed mutagenic analysis. Previous PKC
pharmacophore studies often assumed that these high-
affinity PKC ligands should share a set of common
hydrogen bond donors and acceptors, which can overlap
nicely in a three-dimensional space. Our current studies
showed that previously proposed pharmacophore models
for PKC ligands are partially correct.

We employed site-direct mutagenic analysis to provide
a direct and quantitative assessment of the contribu-
tions of several conserved residues around the binding
site to ligand binding. The mutagenic results are
consistent with the X-ray structure and our predicted
binding models for these ligands. Finally, we have
employed conventional MD simulations to investigate
the structural perturbation caused by each of these 11
mutations. Our MD simulations showed that several
mutations significantly affect the binding-site conforma-
tion, while some other mutations produce only moderate
change. The large alteration in the binding-site confor-
mation caused by these mutations is at least in part
responsible for the total abolishment or significant loss
in binding of these mutants to these high-affinity
ligands.
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