
Bryostatin 1 (1a) (Fig. 1), a macrocyclic lactone isolated
from certain marine bryozoa such as Bugula neritina (Lin-
naeus), was discovered on the basis of its significant activity
against murine P388 lymphocytic leukemia.1) Many bryo-
statin congeners are known to be potent activators of protein
kinase C (PKC),2) which plays an important role in cellular
signal transduction.3—5) The molecules bind to the enzyme
competitively with phorbol esters6—8) such as 12-O-tetrade-
canoylphorbol-13-acetate (TPA, 2), a tumor promoter, and
diacylglycerol (3),9,10) a lipid second messenger.3—5,11)

In 1995, the crystal structure of PKCd cys2 domain was
elucidated in the complex with phorbol-13-acetate.12) Al-
though the domain is only a small part (50 residues) of the
enzyme (674 residues), the phorbol-13-acetate molecule
seems to be specifically recognized through four hydrogen
bonds with main chain groups at the bottom of a binding
cavity in this domain. As the phorbol-13-acetate OH group at
C12 is located outside the cavity, as is the C13-acetate, in the
complex, it was considered that a long fatty acid group at
C12 or C13 might strengthen the binding to the domain by
interacting with not only the surface of the domain, but also
membrane constituents existing outside the cavity. Therefore,
we were interested to know whether or not the activity of
other known PKC ligands can be explained in terms of dock-
ing to this domain. In previous papers,13,14) we have shown
that teleocidins and their congeners can stably dock to the

domain, using our automatic docking program ADAM.15) We
have also confirmed that other well-known PKC ligands,
aplysiatoxin and ingenol ester, can form complexes as stable
as that of phorbol-13-acetate with the domain (unpublished
data). We were next interested in examining the binding
mode of bryostatins, which have extremely complex struc-
tures, by computational docking studies.

Here, we describe the results of a bryostatin ring con-
former search by high-temperature molecular dynamics
(HTMD) calculation, and docking studies of the conformers
to the PKCd cys2 domain. The structure–activity relations of
various bryostatins are discussed based on the docking re-
sults.

Ring Conformer Search of the 20-Membered Ring in
Bryostatin 1 Prior to the docking study on bryostatins,
possible conformers of the 20-membered ring in bryostatin 1
were searched. Although the crystal structure1) of bryostatin
1 is consistent with the NMR-derived structure16) of bryo-
statin 10 (Table 2), the possibility that some other ring con-
former is the active one cannot be excluded. Conformational
degrees of freedom inside the ring cannot be considered
throughout the docking process by our automatic docking
program ADAM.15) So, in this study, possible ring conform-
ers were searched by HTMD calculation, using a partial
structure (4) as a model (Fig. 2).

The structure of 4 was prepared based on the crystal struc-
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Fig. 1. Chemical Structures of PKC Activators



ture1) of 1a taken from the Cambridge Structural Database
(entry: BOKKIV), by removing substituent groups at C7,
C13, C20, C21, and C26. All hydrogen atoms were relocated
at appropriate positions. Atomic charges were calculated
using the MNDO method in the MOPAC program.17) The
HTMD calculation was performed at 1000K in vacuo using
the AMBER program.18) Molecular dynamics trajectories
were calculated with a time step of 0.001 ps. One thousand
snapshot structures which were sampled during a 100 ps MD
calculation were energy-minimized. Convergence criterion
for norm of the gradient of the energy was 0.05 kcal/
mol Å. These structures were superposed on each other by
successive least-squares fittings and classified into typical
conformers based on the root mean square (rms) deviation
for 20 atoms constituting the 20-membered ring.19) By classi-
fying structures with an rms deviation within 0.7 Å as a sin-
gle conformer, seven conformers 1—7 with unique structures
were obtained within 5 kcal/mol of the global energy mini-
mum. These conformers were superposed onto the crystal
structure to evaluate the resemblance. The intramolecular en-
ergies for the conformers and the rms values from the crystal
structure are shown in Table 1. The structures are shown in
Fig. 3. The global-minimum conformer (conformer 1)
closely resembled the corresponding part of the crystal struc-
ture with an rms deviation of 0.187 Å.

Computational Docking of Bryostatins to PKC All
docking studies on bryostatins to PKC were performed using
the program ADAM which we developed.15) Stable docking
models were automatically searched from all possible bind-
ing modes and ligand conformations. It is a characteristic of

our method that torsion angles in the ligand are repeatedly
optimized in continuous conformation space during the
docking process, affording accurate and reliable docking
models.

The protein cavity was prepared from the crystal struc-
ture12) of PKCd cys2 domain–phorbol-13-acetate complex
taken from the Protein Data Bank (1PTR), by removing the
phorbol-13-acetate molecule. As regards bryostatins to be
docked, a model structure of bryostatin 1 (1b) was used to
decrease conformational degrees of freedom. Deletion of the
terminal two carbon atoms of the long substituent group at
C20 in 1b seemed not to affect the docking result. Structures
of 1b were modeled based on the crystal structure1) of bryo-
statin 1 and the seven ring conformers searched above with
arbitrary torsion angles in rotatable bonds outside the 20-
membered ring. Atomic charges in each conformer were cal-
culated by the MNDO method in the MOPAC program.17)

For each structure of 1b, docking study was performed inde-
pendently and dozens of stable docking models were ob-
tained from ADAM. To rank the docking models, the struc-
tures were optimized by the AMBER program,18) taking ac-
count of flexibilities in the protein structure. Then, the most
stable docking model for each ring conformer was taken as a
basis for discussion.

The docking results, i.e., intramolecular and intermolecu-
lar interaction energies, the total (intra1inter) energy and the
number of intermolecular hydrogen bonds, are summarized
in Table 1 for the eight structures of 1b. The docking model
for the crystal structure was most stable among them, both
intramolecularly and intermolecularly. Among the seven con-
formers, conformer 1 gave the most stable docking model,
which showed a close resemblance to that of the crystal
structure, with the same hydrogen bonds (Fig. 4). In this
model, the bryostatin molecule fits well into the cavity, with
the C26 hydroxyl group at the pointed bottom of the cavity.
The molecule forms four intermolecular hydrogen bonds
with main chain groups: the C26-OH to both the NH of
Thr242 and the carbonyl of Leu251, the C35-carbonyl to the
NH of Gly253, and the C9-OH to the carbonyl of Met239.
The hydrogen bond network is slightly different from that of
the crystalline phorbol-13-acetate complex,12) in which the
phorbol ester forms four hydrogen bonds as follows: the
C20-OH to both the NH of Thr242 and the carbonyl of
Leu251, the C3-carbonyl to the NH of Gly253, and the C4-
OH to the carbonyl of Gly253.

The energy difference between the most stable model
(conformer 1) and the second most stable one (conformer 4)
was 7.8 kcal/mol (total energy). Although conformers 2, 3, 4,
and 6 yielded stable docking models, they are less stable than
that of conformer 1 because of insufficient contact with the
surface of the cavity. Conformers 5 and 7 failed to form any
stable complex, since they did not reach the bottom of the
cavity.

Structure–Activity Relations of Bryostatins It was
shown that bryostatin 1 can stably dock to the phorbol-13-
acetate-binding cavity of the PKC domain in essentially the
same conformation as that in the crystal structure of bryo-
statin 1. The docking model consistently explains the struc-
ture–activity relations11) of various bryostatins (Table 2). The
fact that the binding affinities of bryostatins with various R1

and R2 groups (bryostatin 1 to 10, except for bryostatin 3
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Fig. 2. Chemical Structure of 4

Table 1. Results of Conformer Search of 4 and Docking Simulation of
1ba)

Conformer 
Docking results of 1b

search of 4

Energy rmsb) Eintra
c) Einter

d) Etotal
e) H-Bondf )

Crystal — — 42.72 238.82 3.90 4
Conformer 1 22.07 0.187 44.45 236.94 7.51 4
Conformer 2 22.86 0.926 51.94 233.00 18.94 3
Conformer 3 24.23 0.788 48.75 230.95 17.80 3
Conformer 4 24.61 0.844 47.18 231.87 15.31 4
Conformer 5 25.64 1.793 45.20 218.83 26.37 1
Conformer 6 26.03 1.275 52.01 235.04 16.97 4
Conformer 7 26.62 1.784 43.87 222.78 21.09 1

a) Energies are in kcal/mol. b) rms: rms deviation from the crystal structure (Å).
c) Eintra: intramolecular energy of the ligand. d) Einter: intermolecular interaction en-
ergy between the protein and the ligand. e) Etotal: Eintra1Einter. f ) H-Bond: the num-
ber of hydrogen bonds between the protein and the ligand.



(5a)) do not significantly differ from each other, is explained
by the locations of the R1 and R2 groups in the docking
model. Both groups are located outside the cavity, although
the R1 group fits into one of the two grooves on the surface
of the domain. A separate docking computation using a
model structure of bryostatin 3 (5b) which has a five-mem-
bered ring at C21 and C22, yielded an optimum docking
structure almost identical with that of bryostatin 1. In the

model, a hydrogen bond is formed between the NH of
Gly253 and the ester O of C22 instead of the carbonyl of
C35 in 1b.

The docking results imply that the C26-OH is essential for
the activity. This is consistent with the fact that binding ac-
tivity was lost in 26-acetylated bryostatin 4 and greatly re-
duced in 26-epi-bryostatin 1. The 26-acetylation might cause
severe steric hindrance at the bottom of the cavity, in addition
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Fig. 3. Ring Conformations of 4 in the Crystal Structure and Seven Stable Conformers

Hydrogen atoms are omitted for the sake of clarity.

Fig. 4. The Most Stable Docking Model between PKCd cys2 Domain and Bryostatin (1b: Conformer 1)

The bryostatin molecule is depicted in a ball-and-stick representation and the amino acid residues in the ligand-binding cavity of PKCd cys2 domain are depicted in a wire-
frame representation. Intermolecular and intramolecular hydrogen bonds are shown with yellow lines and cyan lines, respectively (distances less than 3.2 Å). (Left) A view of the
ligand-binding cavity in the docking model to show the intermolecular interactions between the bryostatin molecule and various amino acid residues. (Right) Another view of the
docking model to show the C26-OH group thrusting into the cone-shaped bottom of the ligand-binding cavity. The colored cage represents the surface of the allowed region for lig-
and carbon atoms, calculated from the protein structure.



to loss of the hydrogen bonding partner. In 26-epi-bryostatin
1, the 26-methyl group might cause slight steric hindrance
and unfavorable changes in surrounding atoms, from hy-
drophobic ones (the Cb , Cg , Cd of Tyr238, the side chain of
Leu251, and the Cb , Cg of Gln257) to hydrophilic ones (the
carbonyl of Tyr238, the NH and carbonyl of Ser240, the NH
and OH of Thr242, and the amide of the side chain of
Gln257), if the OH group forms hydrogen bonds in the same
manner as in bryostatin 1.

The deletion of the C3-OH or C19-OH also reduces the
binding affinity (Fig. 5).11) Both bryostatin 16 and 17, 19-
des-OH analogues of bryostatin 1, show low affinities for
PKC. Of the two synthetic analogues 6 and 7, 6 with the OH

group at C3 shows almost the same activity as bryostatin 1,
but 7 without the C3-OH group shows only weak activity
(about 1%). With regard to the conformations of active bryo-
statins, bryostatin 10 and 6, structures with almost the same
conformation as the crystal structure of bryostatin 1 were ob-
served in solution.11) These results strongly suggest that both
C3-OH and C19-OH are essential for the activity, playing a
significant role in stabilizing the active conformation through
intramolecular hydrogen bonds.
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Table 2. Chemical Structures of Bryostatins and Binding Affinities to
PKC

R1 R2 Ki (nM)

Bryostatin 1 (1a) COMe 1.35

Bryostatin 2 H 5.86
Bryostatin 3 (5a) 2.75
Bryostatin 4 CO-tert-Bu OOC-n-Pr 1.30
Bryostatin 5 CO-tert-Bu OOCMe 1.04
Bryostatin 6 CO-n-Pr OOCMe 1.18
Bryostatin 7 COMe OOCMe 0.84
Bryostatin 8 CO-n-Pr OOC-n-Pr 1.72
Bryostatin 9 COMe OOC-n-Pr 1.31
Bryostatin 10 CO-tert-Bu H 1.56
26-Acetylated bryostatin 4 ..100
26-epi-Brostatin 1 32.6

These data were reported by Wender et al.11)

Fig. 5. Chemical Structures and PKC Binding Affinities of 19-des-OH Bryostatins and Synthetic Bryostatins (6, 7), Reported by Wender et al.11)


