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Molecular Interaction Model for the C1B Domain of Protein Kinase C-y in the
Complex with Its Activator Phorbol-12-myristate-13-acetate in Water Solution
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Detailed molecular models of the free C1B domain of protein kinase C-y (PKC-y) and the C1B
domain with its activator phorbol-12-myristate-13-acetate (PMA) in water solution and in the
presence of dipalmitoylphosphatidylcholine (DPPC) bilayer are presented. Molecular dynamics
of the free C1B domain reveals hydrogen bonds, which are critical for the forming of the
diacylglycerols/phorbol esters binding site, and indicates the important role of GIn27 for the
geometry of this site. According to the model, PMA interacts with the C1B domain by
hydrophobic interactions with Prol1 and Tyr22 and by three persistent hydrogen bonds between
the C3 carbonyl group of PMA and Gly23 and between the C20 hydroxyl group of PMA and
the Leu21 and Thr12 residues of the C1B domain. The C9 hydroxyl group of PMA does not
interact with the C1B domain, but it is involved in the interaction with the DPPC bilayer.
Two preferential orientations of the C1B—PMA complex toward the DPPC bilayer resulted

from our molecular modeling study.

Introduction

Protein kinase C (PKC) is a family of serine/threonine
kinases that plays a central role in cell proliferation,
differentiation, and apoptosis.!~7 The PKC isozymes are,
depending on their structure and type of regulation,
categorized into three groups: (i) conventional PKCs (a,
BL, BI1, v), which are regulated by diacylglycerol (DAG),
phospholipids and Ca?*; (ii) novel PKCs (6, ¢, 1, 0, u),
which are regulated by DAG and phospholipids; and (iii)
atypical PKCs (¢, 1), the regulation of which has not
been clearly established yet. The structure of all PKCs
is composed of an N-terminal regulatory region, which
consists of a pseudosubstrate region and C1 and C2
domains (atypical PKCs lack the C2 domain), and a
C-terminal catalytic region, which contains the C3 and
C4 domains.

C1 domains in the conventional and novel PKCs are
highly homologous and consist of a tandem repeat of
two zinc-finger cystein-rich motifs (C1A, C1B). These
subdomains are the binding sites for the PKC activator
DAG and for its functional analogues phorbol esters,
which compete with DAG for the same binding site and
some of them can activate PKC with an affinity at least
3 orders of magnitude higher than that of DAG.18?

The structures of various phorbol esters [e.g. phorbol-
12-myristate-13-acetate (PMA), phorbol-12,13-dibu-
tyrate (PDBU), and phorbol-13-acetate] differ only in
their hydrophobic side chains at positions 12 and 13
(Figure 1). It was assumed that these hydrophobic side
chains of phorbols do not alter the binding mode of
phorbol esters to PKC; they only change binding affini-
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Figure 1. Structure of phorbol-12-myristate-13-acetate (PMA).

ties. Therefore, our molecular model of the interaction
of phorbol-12-myristate-13-acetate (PMA) with C1B
domain in water solution should represent a binding
mode of a number of phorbol esters with regulatory
domains of PKC.

The X-ray crystallographic structure of the free C1B
domain of PKC-6 and the complex of this domain with
phorbol-13-acetate were determined by Zhang et al.1®
Also NMR-derived solution structures of the PKC-o C1B
domain!!!2 and the PKC-y C1B domain!® have been
reported. These analyses showed that the C1B domain
consists of two antiparallel 3 sheets and a short helical
segment, which packs against one of the sheets. Two
zinc centers are present at the either end of this sheet,
and each zinc atom is coordinated by three Cys and one
His residues.'15

The X-ray structure of Zhang!® and the NMR struc-
ture of Hommel!l have been frequently used as a
structural basis for molecular modeling of the interac-
tions of the C1B domain with its potent ligands.16-19
However, these structures of the C1B domain differ
significantly at the C-terminus and in the segments
inside and around the second and third j strands, i.e.,
inside the region of the phorbol ester binding site. The
molecular model of interaction between the phorbol-
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12,13-dibutyrate (PDBU) and the C1B domain,® whose
structure was derived on the basis of NMR experi-
ment,!! has a different binding mode than that observed
in the X-ray-determined structure for the complex
formed between the phorbol-13-acetate and the C1B
domain of PKC-0.19 It is important to note that mole-
cular modeling of the complex C1B—PDBU,! starting
from the X-ray structure of the free C1B domain of
PKC-6 led to the same binding mode as was seen in the
X-ray structure of the complex between the C1B domain
and the phorbol-13-acetate of PKC-3.19 The origin of the
different binding modes observed in the molecular
models of the C1B domain and phorbol esters can be
attributed to the different loop geometry of the binding
site in the X-ray and NMR structures.

More recently, the solution structure of the C1B
domain of PKC-y was determined by Xu et al.,!? where
a complete chemical shift assignment of 13C, 15N, and
H of the C1B domain of PKC-y has been accomplished
by heteronuclear multidimensional NMR. A well-
defined core of the C1B domain (region 100—153) has
been determined to a high resolution by 4D NOESY and
coupling constant measurements.!® This approach led
to the more precise determination of the C1B domain
structure in comparison with the Hommel NMR struc-
ture,!! especially in the binding site region. The critical
hydrogen bonds are different in these NMR structures;
however, the X-ray structure reveals the same critical
hydrogen bonds as Xu et al.’s NMR structure. In our
view, this structure represents the most convenient
starting point for molecular modeling of the free C1B
domain as well as for modeling of complexes of this
domain with various ligands in water solution. This
structure is used in the presented paper with the
purpose to obtain an improved molecular model of the
free C1B domain, which in the next step was used for
molecular modeling of the interaction of the phorbol-
12-myristate-13-acetate (PMA) with the C1B domain in
water solution.

PKC is activated by its translocation to cellular
membranes, which is mediated by the embedment of
regulatory domains C1 (composed of C1A and C1B) and
C2 on the membrane, providing the energy to release
an autoinhibitory pseudosubstrate sequence from the
active site of PKC.20 The interaction of the C1B domain
with membranes is driven by three known mecha-
nisms: by binding diacyglycerols or phorbol esters, by
a nonspecific electrostatic interaction with anionic lip-
ids, and by stereoselective interaction with phosphati-
dylserine. This interaction is insensitive to physiological
Ca?". The interaction of the C2 domain is driven by
binding Ca2* and by a nonspecific electrostatic interac-
tion with anionic lipids.2?2! The analysis of binding of
PKC to membrane showed that the interaction of PKC
with phorbol esters is so strong that PMA is able to
recruit PKC to neutral phosphatidylcholine membranes
in the complete absence of acidic lipids.22-23

Johnson et al. showed that the isolated C1B domain
binds neutral membranes composed of phosphatidyl-
choline in a phorbol ester dependent manner and
moreover found that the binding affinity of the C1B
domain to neutral membranes containing PMA is
similar to that of full-length protein. The similarity in
binding constants reveals that the domain is equally
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accessible to neutral membranes alone or in the context
of full-length protein.?! Taking into account the ad-
ditional facts that the C2 domain is insensitive to
diacylglycerol and phorbol esters as well as that C2
domain does not bind the neutral lipids?! led us to the
suggestion that the molecular model of the interaction
of C1B domain with PMA incorporated in phosphati-
dylcholine bilayer (the C1B—PMA—-DPPC complex) will
represent activation of PKC by PMA in the presence of
the neutral phosphatidylcholine membrane.

An overwhelming majority of molecular modeling
studies of membranes were performed using neutral
zwitterionic phospatidylcholines. The DPPC bilayer is
usually used as the membrane model, due to the best
developed methodology of molecular dynamics simula-
tion of DPPC bilayer in comparison with other phos-
pholipids bilayers. Only a few molecular dynamics
studies of negatively charged lipid bilayers have been
reported.2425 There are still difficulties in treatment of
strong electrostatic interactions and there is lack of
experimental data that can be used for proper fitting of
simulation parameters. Molecular dynamics simulations
investigating protein/lipids systems used almost ex-
clusively phosphatidylcholine bilayers as membrane
model 26732 These are the main reasons why DPPC was
chosen for our study, despite the well-known biological
importance of negatively charged phosphatidylserines
for activation of PKC. Moreover, the studied system
(C1B—PMA-DPPC complex) is not out of biological
relevance, because the isolated C1B binds to neutral
phosphatidylcholine membrane containing PMA 2!

Experimental Section

The Structure of the C1B domain of PKC. The NMR-
determined structure of the C1B domain of PKC-y in water
solution'? was taken from the Brookhaven Protein Data Bank??
(filenames: 1TBN, energy minimized average structure; 1TBO,
30 refined simulated annealing structures). Only the core of
the C1B domain is required for binding of ligands (e.g. phorbol
esters).* We used this core region extended by two amino acids
(region 99—154) in our molecular modeling study. The exten-
sion was carried out to avoid artificial electrostatic interactions
between the edges of peptide with Zn?* cations. To facilitate
comparison of our molecular model with the previous one'® and
the X-ray structure,!® we preserved the same numbering
scheme of residues of the C1B domain. For the peptide, the
extended-atom GROMOS-87 force field®>3 was used, as imple-
mented in the GROMACS MD simulation package.?”3¢ The
water was modeled as standard SPC.3° When necessary, Na*
and Cl~ counterions were added to electroneutralize the whole
system.

The crystal coordinates of the C1B domain of PKC-6 (code
1PTQ) when free and in the complex with phorbol-13-acetate
(1PTR)!° were retrieved from the Brookhaven Protein Data
Bank.

Phorbol-13-acetate and Phorbol-12-myristate-13-ac-
etate Structures

The 3D structure of phorbol-13-acetate was taken from the
crystal structure of the C1B domain of PKC-6 in complex with
phorbol-13-acetate (1PTR)!° and was used for ab initio quan-
tum mechanical calculations of energetically optimized struc-
ture and charge distribution using the Merz—Kollman scheme
(Gaussian 98, BSLYP/6-31G"). The 3D structure of phorbol-
12-myristate-13-acetate was constructed by attaching the
myristate chain to phorbol-13-acetate at position 12 (Figure
1).

Structure of Dipalmitoylphosphatidylcholine Bilayer.
The lipid system is represented by 64 DPPC molecules,
arranged in a bilayer conformation, and 3476 water molecules,
forming a large layer (approximately 6.1 nm). The inclusion
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of a large water layer was required to eliminate the problem
of artificial interaction between the C1B domain with the
periodic image of the bilayer. As an initial structure of DPPC
bilayer, the last frame of the 60 ns trajectory generated by
Lindahl et al.*° was used. This bilayer can be considered well-
equilibrated. The force field and simulation parameters for a
DPPC bilayer at full hydration have been described in detail*!
and shown to accurately reproduce experimental quantities
such as the volume/lipid*? and order parameters.** GROMOS-
873536 united atom types were used for the CHy/CHj; groups
in the hydrocarbon tails, reducing the number of atoms per
lipid to 50. Atomic charges were taken from ab initio quantum
mechanical calculations.** For the DPPC hydrophilic head-
group the Lennard-Jones parameters were taken from the
optimized potentials for liquid simulations force field,* while
for the hydrophobic tail, parameters determined by Berger et
al.*! were used. Bond rotations in the carbon tails were
modeled with Ryckaert—Bellemans dihedrals*¢ and the cor-
responding 1,4-interactions were removed. For the myristate
tail of PMA, the same force field parameters as for hydrophobic
tails of DPPC were used.

Molecular Modeling. All molecular dynamics simulations
were carried out using the Gromacs MD simulation package
(version 3.1.4) running on a Linux cluster. The Verlet integra-
tion scheme*” (leapfrog) was used with a time step of 2 fs.
Periodic boundary conditions with a rectangular box were
applied to avoid edge effects. The LINCS algorithm*® was used
to constrain all covalent bonds in non-water molecules. The
SETTLE algorithm*® was used to constrain the bond lengths
and angles in the water molecules. The temperature was
controlled by using a weak coupling to a bath® of 300 K in
the complex without the lipid bilayer and of 323 K in the
system containing DPPC bilayer, well above the phase transi-
tion at 315 K with a time constant of 0.1 ps. Solvent (i.e. water
and counterions), protein, and lipids were independently
coupled to the heat bath. Initial velocities were randomly
generated from the Maxwell distribution at 300 K, according
to atomic masses. The pressure was also controlled using weak
coupling® to atmospheric pressure with a time constant of 1.0
ps. For the system without lipid bilayer, isotropic scaling was
used. For the system containing the DPPC bilayer, a separate
scaling to atmospheric pressure in lateral and normal direc-
tions, which produce an average zero surface tension, was
used. The van der Waals interactions were modeled using a
6—12 Lennard-Jones potential, with cutoff at 14 A. Long-range
electrostatic was treated by the particle mesh Ewald algo-
rithm,?! with a 9 A cutoff for the direct space interactions, and
the reciprocal space interactions were evaluated on a 0.12 nm
grid with the fourth-order spline interpolation. The reciprocal
space calculation was performed using a fast Fourier trans-
formation algorithm. Molecular dynamic trajectories as well
as static structures were visualized using VMD molecular
visualizer®®> and POV-Ray renderer.’® Secondary structure
analysis of protein was done using the DSSP program.5*

Results and Discussion
Molecular Model of C1B Domain. Molecular dy-

namics simulations were performed to investigate the
stability and flexibility of our model of the C1B domain
(Figure 2), based on the NMR-determined energy-
minimized average structure of the core region of the
C1B domain (for details see the Experimental Section).13
The rmsd analysis of the 1 ns molecular dynamics
trajectory of this model in water solution at room
temperature showed that the initial NMR structure is
sufficiently stabilized after 50 ps (Figure 3). Secondary
structure analysis of the molecular dynamics trajectory
showed that the regions 3—6, 12—14, 19—21, 28—31, and
36—37 form the f strands and region 42—45 forms the
o helix during almost the whole time of simulation. The
averaged rmsd of the backbone part of each amino acid
of the C1B domain is shown in the Figure 4. The shape
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Figure 2. Molecular model of the C1B domain of PKC-y in
ribbon representation. Hydrogen bonds critical for the forming
of the binding site are shown as dashed yellow lines.
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Figure 3. Time evolution of the rmsd of the backbone of the
free C1B domain in water solution.
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Figure 4. Rmsd of the backbone by residue from molecular
dynamics of the free C1B domain, of the C1B domain in the
complex with PMA, and from 30 NMR-derived solution struc-
tures.!?

of the obtained rmsd function is in quite good agreement
with the same rmsd analysis within the ensemble of 30
NMR structures.!® As can be seen from Figure 4, the
regions 6—14 and 23—29, where DAG/PE binding site



6550 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 26

is localized, have a high degree of flexibility. The
flexibility of both of the mentioned regions is a source
of problem for precise NMR analysis of the structure of
this region. In such cases, MD represents a very useful
tool for describing dynamic aspects and revealing the
hydrogen-bond network of these highly flexible struc-
tures. The knowledge of the hydrogen-bond network in
this region is necessary for the precise determination
of the geometry of the binding site.

Molecular dynamics simulations allow us to deter-
mine the average residence time of hydrogen bonds,
reflecting their stability. The average residence time
presents the percentual fraction of existence of the
hydrogen bond out of the total time of simulation. In
the following text, we will report these residence times
in parentheses after description of each individual
hydrogen bond.

Molecular dynamics simulations reveal that there are
two critical hydrogen bonds, determining the length of
the loops forming the binding site. The first one is
between the carbonyl group of Thr12 and the NH group
of Leu2l (95%) and the second one is between the
backbone NH group of His6 and the carbonyl group of
Gly28 (89%) (Figure 2).

Wang et al.1® determined the critical hydrogen bonds
in an NMR solution structure of the C1B domain of
PKC-a solved by Hommel'! as well as in the X-ray
structure of the C1B domain of PKC-6.1° For the NMR
structure he proposed hydrogen bonds between NH of
Thr12 and the carbonyl of Leu21 and between the NH
of Tyr8 and the carbonyl of His26. For the X-ray
structure he determined the first hydrogen bond be-
tween the carbonyl of Thr12 and the NH of Leu21 and
the second one between the carbonyl of Tyr6 and the
backbone NH of GIn27. As was pointed out, these
differences lead to a different geometry of the binding
site and consequently to different binding modes for the
ligands.16

However, our analysis of the critical hydrogen bonds
in the same X-ray structure of the C1B domain of PKC-
010 showed the same first hydrogen bond, but instead
of the second one, we found a hydrogen bond between
NH of Tyr6 and the carbonyl of Gly28. In our opinion,
the hydrogen bond determined by Wang et al. between
the carbonyl of Tyr6 and the backbone NH of GIn27 is
unlikely, due to very unfavorable relative orientation
of these residues, despite quite close distance of heavy
atoms. The same hydrogen bonds constraining the
binding site, coming out from our analysis of the X-ray
structure of the C1B domain, are observed also in our
model of the C1B domain. Thus, we can conclude that
the refined hydrogen-bond model based on our MD
simulations (Figure 2) is compatible with both the X-ray
datal® and the NMR data.l3

We would like also to emphasize that according to the
presented model, the binding site geometry is affected
by the side chain of GIn27, which modifies the original
NMR solution structure of the free C1B domain pro-
posed by Xu.!® Our model reveals that the carbonyl
group and backbone NH group of GIn27 form an
intraresidual hydrogen bond (68%). Moreover, the NHg
group of the GIn27 side chain forms a hydrogen bond
with the carbonyl of Tyr8 (43%) and/or the carbonyl of
Ser9 (28%) (Figure 2). These alternating hydrogen bonds
effectively connect two loops, which form the DAG/PE
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binding site and thus significantly contribute to the
geometry of this site. The mutational experiments
proved the importance of Gln at position 27.1° Mutations
GIn27 — Gly and GIn27 — Trp led to a complete loss of
the binding of PDBU to the C1B domain. We would like
to mention that this observation is difficult to explain
within the ensemble of the 30 NMR structures deter-
mined by Xu et al.,!3 where the position of the GIn27
side chain is very flexible and the above-mentioned
hydrogen bonds of the NHy group of GIn27 are present
only in three structures out of the total thirty. In fact,
the NMR experiment revealed only one NOE distance
about GIn27, so there exists a high uncertainty concern-
ing the geometry of the GIn27 residue. Our suggestion
about the geometry of the GIn27 side chain is also
supported by X-ray data.l According to the X-ray
structure, there are two possibilities for the hydrogen
bond involving the carbonyl group of the GIn27 side
chain: the first one with the backbone NH group of
GIn27 (present in our model) or the second one with the
backbone NH group of Tyr8. For the NHy group of GIn27
side chain, there are three possibilities for hydrogen
bond interactions: with the carbonyl of Tyr8 (present
in our model), with the carbonyl of Gly 23, or with the
carbonyl of Leu24.

To summarize, our molecular model of the free C1B
domain, based on the NMR structure of the C1B domain
determined by Xu et al.!® with corrected GIn27 side-
chain position, improves the molecular model of the free
C1B domain with a more precise geometry for the
phorbol binding site. We consider this model as the most
advisable starting point for obtaining solution structural
models of interaction of the C1B domain with various
ligands. This model was used in the following simula-
tions of the interaction of the C1B domain with the PMA
and DPPC bilayer.

Molecular Model of the C1B—PMA Complex. For
molecular modeling of the C1B—PMA complex, the PMA
molecule was positioned into the entrance of the binding
site of the C1B domain, and 10 independent simulated
annealing runs (with different starting PMA positions)
were carried out for 2 ns. The analysis of these simula-
tions showed that for 8 out of 10 final structures the
same binding mode was found (Figure 5). In this binding
mode, the position of PMA in the complex with the C1B
domain is stabilized by hydrophobic interactions of
Prol1 with the seven-member ring of PMA and of Tyr22
with the five-member ring of PMA, and four hydrogen
bonds between PMA and C1B domain are formed: the
C3 carbonyl group interacts with the NH group of Gly
23 (84%), the hydroxyl group at C20 acts as the
hydrogen bond donor to the carbonyl oxygen of Leu 21
(98%) and as the hydrogen bond acceptor in the interac-
tion with the NH group of Thr 12 (93%), and a weaker
hydrogen bond is formed between the carbonyl oxygen
of the ester at C13 and the hydroxyl group of Ser 10
(37%) (Figure 5).

The 2 ns molecular dynamics simulations of the
obtained C1B—PMA complex were performed. The rmsd
analysis (Figure 4) showed that the flexibility of the loop
region 24—31 was significantly decreased, while the
flexibility of the other loop is changed only slightly. The
secondary structure analysis of this run shows that the
structure of the C1B domain is nearly unchanged after
binding to PMA. Analysis of the average hydrogen-bond
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Figure 5. Molecular model of the C1B domain of PKC-y in
the complex with PMA in ribbon representation. Amino acids
interacting with PMA are shown explicitly. Hydrogen bonds
critical for forming of the binding site are shown as dashed
yellow lines.

residence times shows that hydrogen bonds within the
C1B domain are only slightly changed upon the interac-
tion with PMA. The hydrogen bonds between PMA and
Gly23, Leu21, and Thr12 of the C1B domain are very
stable during almost the entire simulation. The carbonyl
oxygen of the ester at C13 as hydrogen-bond acceptor
alternates in two hydrogen bonds; for 37% of simulation
time it interacts with hydroxyl group of Ser10, while
for 42% of simulation time it forms an intramolecular
hydrogen bond with the C9 hydroxyl group of PMA.
This intramolecular hydrogen bond as well as the
above-mentioned three most persistent intermolecular
hydrogen bonds between PMA and Gly23, Leu21, and
Thr12 of the C1B domain are clearly observed in the
X-ray structure of the phorbol-13-acetate—C1B domain
complex.!® The hydrogen bond between the carbonyl
oxygen of the ester at C13 and the hydroxyl group of
Ser1l0 was not observed in the X-ray structure. The
reason is that this hydrogen bond alternates with the
more dominant intramolecular hydrogen bond between
the hydroxyl group at C9 and the carbonyl oxygen of
the ester at C13 (present in the X-ray structure). The
existence of the hydrogen bond between the carbonyl
oxygen of the ester at C13 and the hydroxyl group of
Serl0 in the presented molecular model is supported
by binding affinity measurements of phorbol analogues
to PKC, where it was shown that in addition to the three
oxygen functional groups at C3, C9, and C20, the C13-
ester group is strongly implicated as important in PKC—
ligand interactions.?5¢ On the other side, hydrogen
bond between the C4 hydroxyl group of PMA and the
carbonyl group of Gly23 as observed in the X-ray model
is not present in our simulation. The reason for this
discrepancy can be attributed to the different phase of
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the studied objects. Our model represents the complex
of the C1B domain with PMA in solution, while Zhang
et al. studied the crystal of this complex.1® Thus, our
model provides an explanation to the experimental
finding that the C4 hydroxyl group of phorbol esters is
not necessary for PKC binding in solution.’” We can
confirm the conclusion from the work of Tanaka et al.5”
that the X-ray structure of the C1B domain might not
adequately reflect the true interaction in solution
between phorbol esters and PKC.

The model presented here is also in a very good
agreement with the NMR experiment,!? where it was
found that the binding of the phorbol ester affected the
NMR signal of Ser10, Thr12, Phel3, Leu21, Tyr22, and
Gly23. The origin of these changes can be naturally
explained by our model, in which PMA interacts with
Ser10, Thr12, Leu21, and Gly23 via hydrogen bonds
(Figure 5). The side chain of Tyr22 is moved after
binding of PMA. However, our model does not give a
clue for the origin of the shift of the NMR signal of
Phel3, but it can be affected by the strong change in
the hydrophobicity of the environment after binding of
PMA.

In the previously proposed molecular model of the
complex of the C1B domain with PDBU in water
solution,8 the oxygen of the C3 carbonyl group of PDBU
forms hydrogen bonds with the backbone NH groups of
I1e25 and His26 and a weaker hydrogen bond with the
NH of Gly28. The C20 hydroxyl group, as a hydrogen-
bond acceptor, binds to the NH groups of Tyr8 and Gly9
and acts as a hydrogen-bond donor with either the
carbonyl group of Ser10 or the side chain hydroxyl of
Thr12. The hydroxyl group at C9 of PDBU forms a weak
hydrogen bond with the NH of Thrl2 and a strong
intramolecular hydrogen bond with the carbonyl group
of the ester at C13 of the PDBU. The oxygen of this
group forms a strong hydrogen bond with the NH of
Thr12. The carbonyl group at C12 is exposed to solvent
and is without significant interactions with the protein
during the simulations. According to the model of Wang
et al.,18 there is only a minor interaction between the
C4 hydroxyl group of PDBU and the C1B domain. From
the Wang molecular model,!® it follows that the amino
acids of the C1B domain interacting by hydrogen bonds
with PDBU are I1e25, His26, Gly28, Tyr8, Gly9, Ser10,
and Thr12. However, the NMR signal is only affected
for two of them (Ser10 and Thrl12) after the PDBU
binding. Disagreement between the Wang model and
NMR experiment is also observed in the NMR signal of
Ph13, Leu2l, Tyr22, and Gly23, where the molecular
model gives no reason to expect experimentally observed
signal broadening. There are also discrepancies between
the Wang model'® and the X-ray data,!© which have
been already described.'® The above mentioned argu-
ments raise questions about the correctness of the Wang
molecular model. As was shown above, our model nicely
correlates with both the X-ray and the NMR data and
therefore should considered as a more precise model of
interaction of phorbol esters with the C1B domain of
PKCs.

Whereas our interaction model of PMA with the C1B
domain leads to the same binding mode as observed in
the X-ray and the NMR experiments for the phorbol-
13-acetate and the phorbol 12,13-dibutyrate, it also adds
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Figure 6. Molecular model of PMA incorporated in the DPPC
bilayer. The hydrogen bond involving C9 hydroxyl group of
PMA is showed as a dashed yellow line.

weight to the already presented view that the binding
mode of phorbol esters is not affected by the lengths of
the esteric parts and that the esteric part modulates
only the binding affinity.1?

Interaction with Lipid Bilayer. Since the PKC is
activated by a translocation to cellular membranes after
DAG—phorbol binding, it can be expected that lipids
may influence the structure of the complex. To inves-
tigate the influence of membrane on the structural
characteristics of the C1B—PMA complex, the model of
ternary complex C1B—PMA—-DPPC bilayer was con-
structed. As a first step toward modeling of the ternary
complex, we have studied the incorporation of PMA into
the DPPC bilayer.

Molecular Model of Complex of PMA with DPPC
Bilayer. The structure of the PMA—DPPC bilayer
system with the tail of the hydrophobic chain of PMA
partially incorporated into the bilayer was chosen as the
initial conformation. Next, the optimal configuration of
PMA with the respect to the DPPC bilayer was sought
during 20 ns molecular dynamics simulations. During
the first 8 ns, PMA penetrated deeper into the bilayer;
after this time, its position remained practically un-
changed (Figure 6). Analysis of the average residence
times of the hydrogen bonds showed that the C9
hydroxyl group of PMA as hydrogen-bond donor alter-
nates in three types of hydrogen bonds. For 32% of the
simulation time, it forms a hydrogen bond with the
phosphate group of DPPC molecules; for 47% a hydro-
gen bond is formed with water molecules in the lipid
phase, which surround the headgroups of the DPPC
molecules; and for 14% of simulation time, it forms
intramolecular hydrogen bond with the carbonyl oxygen
of the ester at C13 of PMA. Thus, our model suggests
that the C9 hydroxyl group is highly involved in the
interaction with the lipid bilayer. Figure 6 shows that
the C3 carbonyl and the C4 and C20 hydroxyl groups
of PMA interact with bulk water solution. This model
of the PMA—DPPC bilayer complex, besides serving as
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Figure 7. Schematic presentation of the rotation of the
protein around axes 1 and 2. Axis 1 is a projection of a line
between the NH group of Gly23 and the NH group of Thr12
to the plane passing through the midpoint of this line and
parallel with the DPPC bilayer surface. Axis 2 also passes
through the midpoint and is perpendicular to axis 1 in the
above-mentioned plane.

a starting point to the molecular modeling study of the
C1B—PMA complex with the DPPC bilayer, is also
interesting by itself, because it represents the first
known simulation of the PMA—DPPC bilayer complex.

Model of the C1B—PMA in the Complex with
DPPC Bilayer. The construction of the molecular
model of the C1B—PMA in the complex with the DPPC
bilayer faces the problem of the proper orientation of
the C1B domain with respect to the DPPC bilayer.
Computational demand for the spontaneous orientation
by standard molecular dynamics simulation exceeds our
current resources; thus, we have designed an alternative
approach of how to find the mutual orientation of the
C1B domain and the lipid bilayer. We utilized the fact
that the C1B domain interacts with the lipid bilayer in
such a way that the phorbol ester binding site is
oriented toward the bilayer surface.l® With this restric-
tion the orientation of the C1B domain toward the
bilayer can be described by two degrees of freedom. Each
position of the C1B domain relative to the bilayer is
determined by two rotational angles around two per-
pendicular axes attached to the middle of the line
connecting the NH group of Gly23 and NH group of
Thr12. We defined the first axis as a projection of this
line into the plane, parallel with the bilayer surface
coming through the midpoint of the NH group of Gly23
and NH group of Thr12, and the second axis also lies
on this plane and is perpendicular to the first one
(Figure 7). By rotation of the C1B domain around these
axes we calculated the atomic positions of 400 different
orientations of C1B domain (in the interval from —50°
to 50° around each axis with 5°step; the range of
sampled angles was chosen in accordance with steric
constraints associated with the corresponding complex).
In the next step the molecular models of C1B—PMA in
the complex with DPPC bilayer were constructed for
each of the above-mentioned orientations. In a vacuum
we found no preferential orientation of the C1B domain
toward the lipid bilayer. Thus, we expect that the
preference in the orientation is due to the interaction
with water, and a realistic simulation should involve
water molecules. A straightforward addition of water



Model for the C1B Domain of PKC-y—PMA Complex

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 26 6553

Table 1. Amino Acids within the C1B Domain Affected by Lipid Bilayer Presence®
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@ Direct interactions are marked by filled squares and indirect interactions by empty squares.

molecules into these vacuum models faces the problem
of a very slow relaxation. For this reason we adopted
the following approach for the creation of 400 water
solution molecular models of C1B—PMA in the complex
with the DPPC bilayer: We used an initial structure
corresponding to the orientation of 0° around the axes
with equilibrated water molecules around. Models with
other C1B orientations were created by a molecular
dynamics procedure, during which the position re-
straints to the backbone atoms of the C1B domain were
applied with equilibrium positions calculated by a
rotation procedure. All lipid molecules, except the closest
ones to PMA, were position-restrained to their initial
positions. The rest of the system was without further
restraints. During the described 50 ps molecular dy-
namics run, the C1B domain was slowly dragged to the
required protein orientation. After this procedure, the
position restraints to the backbone of the C1B domain
were relaxed, and during the next 50 ps the complex
was equilibrated. During the following 50 ps, the
potential energy of such a complex was calculated every
20 fs and averaged. The analysis of such a potential
energy surface showed two orientations corresponding
to the most favorable interaction of the C1B domain
with the lipid bilayer.

The resulting two complexes were used as starting
conformations for the following 30 ns MD simulations,
which led to the final molecular models of C1B—PMA
in the complex with the DPPC bilayer (Figure 8A,B).
The structure of the C1B domain in the C1B—PMA—
DPPC complex at 325 K (the higher temperature is
required for the liquid-crystal phase of the DPPC
bilayer) shows higher flexibility compared to the com-
plex C1IB—PMA at 300 K, but no conformational changes
of protein are observed during the time of simulation.
Figure 8A,B shows that in the both models the C1B
domain is partially incorporated in the DPPC bilayer.
The analysis of the resulting models showed that there
are 20 amino acids of the C1B domain affected by direct
interaction with DPPC molecules, and at least five other
amino acids are indirectly influenced through strong
inter-residual interactions (Table 1). The NMR signal
of all these 25 amino acids within the C1B domain was
changed in the NMR study after the lipid micelle added
to the solution of the C1B domain of PKC-y.!® This
points out that both orientations of the C1B domain
incorporated in DPPC bilayer are relevantly present in
the system at room temperature. The fact that our
model is able to explain the changes in at least 25 out
of 30 experimentally observed affected amino acids
raises our confidence in the realism of our model.

The binding mode of PMA to the C1B domain is only
slightly changed by adding the DPPC bilayer. We have
observed the same hydrogen bonds formed between
PMA and the C1B domain as were observed in the
complex without the DPPC bilayer with only one excep-
tion: the hydrogen bond between the carbonyl oxygen

A)

Figure 8. Molecular model of two possible orientations of the
C1B—PMA complex within the DPPC bilayer. The C1B domain
is drawn in ribbon representation. Parts interacting with
DPPC bilayer are in purple.

of the ester at C13 and the hydroxyl group of Serl0 is
not present in the second of two final ternary complexes
(Figure 8A). We also observe that the C9 hydroxyl group
of PMA in the ternary system is involved in the

interaction with the DPPC bilayer in the same manner
as in the PMA—DPPC bilayer complex.
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Conclusions

The molecular dynamics simulation of the free C1B
domain of PKC and the C1B domain with its activator
phorbol-12-myristate-13-acetate (PMA) in water solu-
tion and in the presence of dipalmitoylphosphatidyl-
choline (DPPC) bilayer was performed. The molecular
dynamics trajectories of the free C1B domain, the C1B—
PMA complex, and the C1B—PMA—DPPC bilayer com-
plex were analyzed in order to provide a detailed
interaction models.

The resulting molecular mechanical model of the free
C1B domain reproduces the critical hydrogen bonds
constraining the length of the loops forming at the
diacylglycerols/phorbol esters binding site, observed in
the X-ray structure.!® Our study emphasizes the role of
GIn27 for forming of the binding site in the C1B domain,
for which the NMR-based structural models, proposed
by Xu et al.,!® provide no explanation.

This improved model of the free C1B domain was used
to construct the structural model of the complex of the
C1B domain with PMA. In this model PMA interacts
with the C1B domain by hydrophobic interactions with
Proll and Tyr22 and by three persistent hydrogen
bonds between the C3 carbonyl group of PMA and Gly23
and between the C20 hydroxyl group of PMA and Leu21
and Thr12 residues of the C1B domain. The carbonyl
oxygen of the ester at C13 forms a weaker hydrogen
bond with the hydroxyl group of Ser 10. This bond
alternates with the intramolecular hydrogen bond be-
tween the carbonyl oxygen of the ester at C13 and the
hydroxyl group at C9. The molecular dynamics simula-
tions allow us to explore the dynamics of the hydrogen-
bond system, inaccessible in the X-ray study. The
resulting binding mode is very similar to the binding
mode observed in the X-ray except for the C4 hydroxyl
group, which is of minor significance for the binding in
our model. Also a very good agreement with the NMR
experiments of the interaction of the C1B domain with
phorbol esters has been achieved.

A new efficient approach to sample the potential
energy surface of the C1B—PMA—DPPC bilayer system
in water solution was applied in this work. We found
two preferential mutual orientations of the C1B—PMA
complex toward the lipid bilayer. The proposed model
reveals that the binding mode of PMA to the C1B
domain is only slightly changed upon the addition of
the DPPC bilayer. The importance of the C9 hydroxyl
group of PMA for the formation of hydrogen bond with
the lipid bilayer was revealed.

Johnson et al. showed that the affinity of the isolated
C1B domain for PMA-containing neutral membranes
composed of phosphatidylcholine is the same as that of
full-length PKC.2! Thus, it is reasonable to assume that
the C1B domain within full-length PKC has the same
binding mode to neutral membrane containing PMA as
the isolated C1B domain in our molecular model of the
C1B—PMA—-DPPC complex. In the same study it is
showed that the presence of phosphatidylserine in-
creased the binding affinity of the C1B domain for PMA
containing membranes by over 2 orders of magnitude.?!
Thus an improvement of methodology of simulations of
charged lipid bilayers and their interactions with pro-
teins, which can be expected in the very near future,
will give us the possibility to create the molecular model
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of C1B—PMA incorporated to the bilayer composed of
phosphatidylcholines and phosphatidylserines. Com-
parison of the binding mode in such a complex with the
one presented in this paper would show if the presence
of phosphatidylserines influence only binding affinity
(observed experimentaly?!) or also influence the binding
mode of the C1B domain bound lipids bilayers contain-
ing PMA.

The presented new mechanistic models can serve as
a suitable base for the ligand binding studies and
rational drug design for this important class of regula-
tory proteins. Besides detailed structural information
about the C1B—PMA—-DPPC complex, our work brings
also a general methodological approach that can be
applied to study other surface membrane bounded
proteins and to encourage many future studies devoted
of this practically important class of systems.
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Appendix

Abbreviations. PKC, protein kinase C; MD, molec-
ular dynamics; DAG, 1,2-diacylglycerol; NMR, nuclear
magnetic resonance; NOESY, nuclear Overhauser effect
spectroscopy; PMA, phorbol-12-myristate-13-acetate;
DPPC, dipalmitoylphosphatidylcholine; PDBU, phorbol
12,13-dibutyrate.

Supporting Information Available: Molecular modeling
coordinates in pdb file format of the resulting structures of
free C1B domain, C1B—PMA complex, PMA—DPPC complex,
C1B—PMA—-DPPC complex 1, C1IB—PMA—-DPPC complex 2.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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