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Abstract—To investigate the role of the hydroxyl group at position 4 of the phorbol esters in protein kinase C (PKC) binding and
function, 4B-deoxy-phorbol-12,13-dibutyrate (4p-deoxy-PDBu, 5a) and 4p-deoxy-phorbol-13-acetate (6a) were synthesized from
phorbol (1). The binding affinities of these 4B-deoxy compounds (5a, 6a) to the 13 PKC isozyme C1 domains were quite similar to
those of the corresponding 4B-hydroxy compounds (4a, 4b), suggesting that the C4 hydroxyl group of phorbol esters is not neces-
sary for PKC binding. Moreover, functional assays showed that 4B-deoxy-PDBu (5a) exhibited biological activities (Epstein-Barr
virus induction and superoxide generation) equally potent to those of PDBu (4a). These solution phase results differ from expec-
tations based on the previously reported solid-phase structure of the complex of PKC3-C1B and phorbol-13-acetate (4b). © 2001

Elsevier Science Ltd. All rights reserved.

Protein kinase C (PKC) is a family of serine/threonine-
specific protein kinases that is activated by endogenous
diacylglycerol (DAG) as well as by exogenous agents
such as the plant derived, tumor promoting phorbol
esters.> Comprising more than 10 isozymes, PKC plays
important roles in cellular signal transduction involving
gene expression, cell growth and differentiation. How-
ever, the function of each PKC isozyme in these cellular
events and in tumor promotion is not fully understood,
a situation attributable in part to the lack of isozyme
selective regulators.

Phorbol esters bind to PKC at the cysteine-rich ClI
domains (C1A and C1B)? consisting of about 50 amino
acid residues.* The structural basis for this binding has
been the subject of several recent investigations based
on X-ray,> NMR,*® and photoaffinity labeling.®-1°
Zhang et al.> reported the X-ray crystal structure of a
complex of PKCS-C1B and phorbol-13-acetate (4b).
While this study used a phorbol ester with a low PKC
affinity and did not address the role of the phospholipid
in binding, it suggested that the C20 hydroxyl, C3
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carbonyl, and C4 hydroxyl oxygens of 4b in the complex
form hydrogen bonds with certain residues of the 5-C1B
domain. Hommel et al.® and Inagaki et al.” determined
independently the three-dimensional structure of PKCa-
C1B in solution using NMR spectroscopy. Based on the
solution structure, Wang et al.'! analyzed the binding
interactions of phorbol-12,13-dibutyrate (PDBu, 4a)
with PKCa-C1B using molecular dynamics simulations.
They calculated the hydrogen-bonding energy of each
hydrophilic group of 4a with the binding site of o-C1B.
They also analyzed the interaction between phorbol-13-
acetate (4b) and 6-C1B by the similar method using
Zhang’s X-ray structure. The C20 hydroxyl and C3
carbonyl oxygens of 4a interact significantly with the
binding sites of both a-C1B and 4-C1B; the percentage
of the hydrogen bonding energy in the o-C1B and 6-
C1B binding were 39.5% and 44.4% for the C20 oxy-
gen, and 35.7% and 23.6% for the C3 oxygen, respec-
tively. However, the magnitudes of the interactions of
the C4 hydroxyl oxygen with «-C1B and 6-C1B were
quite different. In the o-C1B binding, the C4 hydroxyl
group accounted for only 2.0% of the total hydrogen-
bonding energy, while it contributed 32.1% to the
0-C1B binding. These results suggest that 4-deoxy-
phorbol esters would bind to a-C1B more strongly than
to 0-C1B since the hydroxyl group at position 4 would
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contribute little to the a-C1B binding. This prompted us
to synthesize the 4p-deoxy-phorbol esters (5a and 6a) as
possible leads for PKC isozyme selective binding and
regulation (Scheme 1).

We adopted the acyloin reduction reported by Jacobi et
al.!? for the synthesis of 4B-deoxy-PDBu (5a). The
hydroxyl group at position 20 of phorbol (1) was pro-
tected with trityl group (67%). Dibutanoylation of 2
was accomplished with butyric anhydride in the pre-
sence of 4-dimethylaminopyridine (DMAP) and tri-
ethylamine to yield 20-trityl-PDBu (3a, 99%). After
deprotection of the trityl group under the acidic condi-
tion (99%), acyloin reduction of the C4 hydroxyl group
of 4a gave two 4-deoxy compounds (5a, 5b)'3 in 4% and
46% yield, respectively, along with unreacted 4a (32%).
Since 5a isomerized in part to Sb by heating or chloro-
form treatment, it was purified by HPLC on a reversed-
phase column using acetonitrile—water, concentrated in
vacuo under 35°C, and lyophilized. Compound 5a did
not isomerize to 5b in ethanol and Tris buffer (pH 7.4)
at 4°C. By comparison with the '"H NMR spectrum of
4B-deoxy-phorbol-12,13,20-triacetate reported by Hecker
et al.,'"* we determined the stereochemistry at position 4
of 5a and 5b as 4 and 4a, respectively (Table 1). NOE

QCO(CH),CHs

¥ (C3H,C0O),0, NEty
DMAP, CH,Cl,

R =H : Phorbol (1)
R=Tr:2

(CH;C0),0, NEt;
THF, CH,Cl,

experiments supported this assignment; a remarkable
NOE enhancement between H-4 (6 2.79) and H-10
(0 3.50) characteristic of the 4a-deoxy compound was
observed in 5b, while significant NOEs between H-4
(0 2.47) and H-8 (6 2.37)/H-11 (6 1.54) peculiar to the
4B-deoxy compound were detected in Sa. Since the yield of
the 4B-deoxy compound (5a) was low (4%), we attempted
the isomerization of the 4a-deoxy compound (Sb) under
the acidic conditions. However, no 4f3-deoxy compound
(5a) was obtained by refluxing 5b in acetic acid—water.
Moreover, acyloin reduction of the C4 hydroxyl group
of 4a-phorbol-12,13-dibutyrate (4a-PDBu) prepared from
4o-phorbol gave a result similar to that of 43-PDBu (4a).

4B-Deoxy-phorbol-13-acetate (6a) was similarly synthe-
sized from phorbol-13-acetate (4b). Acyloin reduction
of 4b gave two deoxy compounds (6a, 6b)!° in 2.4% and
31% yield, respectively, along with unreacted 4b (8%).
The stereochemistry at position 4 of 6a and 6b was deter-
mined to be 4f and 4a, respectively, by the NMR chemi-
cal shifts'> and the NOESY spectra (data not shown).

The binding affinity to PKC isozymes was evaluated by
inhibition of the specific binding of [PHJPDBu to
synthetic 50-70-mer C1 peptides under the assay condi-

QCO(CHy),CHs OCO(CH3);CHy

4B-Deoxy-PDBu (5a)
4o.-Deoxy-PDBu (5b)

Scheme 1. Synthesis of 4B3-deoxy-phorbol-12,13-dibutyrate (5a) and 4B-deoxy-phorbol-13-acetate (6a).

Table 1. 'H NMR spectra of PDBu (4a), 4a-deoxy-PDBu (5b), and 4B-deoxy-PDBu (5a) in CDCls

S (Multiplicity, J in Hz)

Position PDBu (300 MHz) 40-Deoxy-PDBu (500 MHz) 4B-Deoxy-PDBu (500 MHz)
1 7.60 (s, 1H) 7.04 (s, 1H) 7.55 (br.s, 1H)

4 — 2.79 (m, 1H) 2.47 (m, 1H)

5a 2.48 (d, 1H, J=19.0) 2.49 (dd, 1H, J=15.6, 5.0) 2.15 (dd, 1H, J=18.1, 10.1)
5b 2.55(d, 1H, J=19.0) 3.45 (dd, 1H, J=15.6, 2.6) 2.84 (dd, 1H, J=18.1, 9.4)
7 5.68 (br.s, 1H) 5.12 (br.s, 1H) 5.53 (d, 1H, J=4.1)

8 3.24 (t, 1H, J=5.7) 1.96 (br.s, 1H) 2.37 (m, 1H)

10 3.25 (s, 1H) 3.50 (m, 1H) 3.25 (m, 1H)

11 2.14 (m, 1H) 1.66 (m, 1H) 1.54 (m, 1H)

12 5.42 (d, 1H, J=10.3) 5.47 (d, 1H, J=10.4) 5.42 (d, 1H, J=9.7)

14 1.06 (d, 1H, J=5.2) 0.78 (d, 1H, J=5.0) 1.05 (d, 1H, J=5.3)

16 1.21 (s, 3H) 1.17 (s, 3H) 1.19 (s, 3H)

17 1.24 (s, 3H) 1.20 (s, 3H) 1.20 (s, 3H)

18 0.89 (d, 3H, J=6.4) 1.09 (d, 3H, J=6.4) 0.92 (d, 3H, J=6.4)

19 1.78 (dd, 3H, J=2.9, 1.3) 1.78 (s, 3H) 1.73 (s, 3H)

20a 4.02 (m, 2H) 3.90 (br.d, 1H, J=12.4) 4.02 (m, 2H)

20b 4.01 (brd, IH, J=12.4) —
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tions of Sharkey and Blumberg'® with slight modifica-
tions.!” We have recently determined the dissociation
constants (K3) of PDBu and all PKC C1 peptides
except for 6-ClA, enabling the comparative measure-
ment of the binding constants (K;) of other PKC acti-
vators by this [’H]PDBu inhibition assay. Some of the
K4 values of [PH]PDBu in this assay have been revised
when better performance or stability were obtained at
4°C incubation or by elongation of the 50-mer pep-
tides.!®1° Table 2 summarizes the K; values of 4B-deoxy-
PDBu (5a) together with PDBu (4a) for all PKC CI
peptides. 4a-Deoxy-PDBu (5b) showed 100-1000-fold
weaker binding affinity (data not shown) as expected
from previous reports.?’ 4B-Deoxy-PDBu (5a) showed
potent binding affinities to all PKC CI1 peptides, com-
parable to PDBu (4a). The binding affinity of 5a to the
novel PKC-C1B peptides (5, €, n, 6) was even higher
than PDBu (4a). These results indicate that the C4
hydroxyl group of phorbol esters is not necessary for
PKC binding. In addition, deletion of the C4 hydroxyl
group did not significantly change the PKC isozyme
selectivity between a-C1B and 6-C1B. These results are
unexpected from the X-ray structure* in which the C4
hydroxyl group is implicated in 5-C1B binding.

Table 2. K; values (nM) for inhibition of the specific [*HJPDBu
binding to all PKC C1 peptides by 4p-deoxy-PDBu (5a) and PDBu
(4a)

PKC CI peptides 4B-Deoxy-PDBu (5a) PDBu (4a)
a-ClA-long? 4.05 (0.33)° 1.55 (0.37)
a-C1B-long® 13.9 (2.5) 17.2 (0.81)
B-C1A-long? 2.78 (0.64) 1.80 (0.06)
B-C1B 2.23 (0.28) 1.97 (0.04)
v-C1A 5.23 (0.91) 2.91(0.52)
v-C1B 1.84 (0.09) 1.58 (0.08)
3-C1A 70.2 (10.4) 107 (26)
5-C1B 0.55 (0.11) 1.03 (0.06)
e-C1A 4.49 (0.65) 14.9 (1.6)
e-C1B 0.58 (0.09) 1.35(0.11)
n-Cl1A 14.9 (0.71) 10.2 (2.1)
n-C1B 0.35(0.02) 0.95 (0.12)
0-C1A NTe® NT¢
6-C1B 0.73 (0.10) 1.54 (0.08)

2The 72-mer peptide in which 10 residues of both N- and C-termini of
the original 50-mer Cl peptide are elongated to get good solubility
and/or high folding efficiency.!”

bStandard deviation of at least two separate experiments.

°Not tested.

In order to investigate the role of the butanoyl groups at
positions 12 and 13 of 5a in the unexpected binding
results, the K; values of 4B-deoxy-phorbol-13-acetate
(6a) and phorbol-13-acetate (4b) for 6-C1B and «-C1B
were measured. The binding constants of 6a for 6-C1B
and o-CIB (5.26+£0.58 pM and 77.1+£12.6 uM) were
similar to those of 4b (12.44+0.51 pM and 87.44+13.5
uM), respectively, suggesting that the hydrophobic side
chains do not significantly alter isozyme selectivity.
These binding data correspond well with the binding
model calculated from the solution structure of o-C1B¢
rather than that from the crystal structure of §-C1B.
Photoaffinity labeling experiments using native PKC!?
clearly showed that the ester carbonyl group at position
13 of phorbol esters is close to the binding site of PKC,
supporting the binding model derived from the solution
structure of a-C1B. Collectively, these results indicate
that the solid-state structure® might not adequately or
fully reflect the true interaction in solution between
tumor promoters and PKC.

Finally, two in vitro bioassays relevant to in vivo tumor
promotion were carried out to investigate the agonist
activities (functional) of 4p-deoxy-PDBu (5a). The
Epstein-Barr virus early antigen (EBV-EA)-inducing
abilities?!>? and the superoxide (O,~) generation-indu-
cing abilities in differentiated HL-60 cells (Table 3) of
the agents were determined.?>?* EBVs are under the
strict control of the host human lymphoblastoid Raji
cells. They are activated by tumor promoters to produce
the early antigen (EA). The EBV-EA-inducing activity
is expressed as the percentage of EA-positive cells.
Under our experimental conditions, PDBu exhibited
maximum induction between 30% and 40% at 10~7 M.
Superoxide (O,7) generation is triggered by 12-O-tetra-
decanoylphorbol-13-acetate (TPA) in epithelial cells and
leukocytes through the xanthine oxidase and NADPH
oxidase systems, respectively. The ability is expressed as
the level of O,~ production. Recent investigation has
revealed that PKCP plays an important role in signaling
for the O,~ production.?> Under our experimental con-
ditions, TPA produced about 2-3 nmol/mL min of O,~
at 10~7 M. Both 4B-deoxy-PDBu (5a) and PDBu (4a)
showed maximum EA-induction at 10~7 M, and potent
superoxide generation induction at 10~7 M. In a control
experiment, 4o-deoxy-PDBu (Sb) showed weak EA-
induction and only at much higher concentration (107>
M). In the O, generation test, 5b was inactive even at
10~> M (data not shown). These results clearly indicate
that 5a exhibits functional potency similar to 4a.

Table 3. EBV-EA-inducing ability and superoxide (O, ™) generation-inducing ability of PDBu (4a) and 48-deoxy PDBu (5a) and 4a-deoxy PDBu

(5b)
% of EA-positive cells nmol/10~ cell/min of superoxide generation
at the indicated concentrations (M) at the indicated concentrations (M)
Compound 10~° 1078 1077 10—¢ 10— 10~° 10—8 1077 10—
4a 3.6 (0.4)2 10.8 (1.3) 33.1(0.5) 29.9 (1.1) NT® 0.00 (0.03) 0.11 (0.09) 3.11 (0.01) 3.32(0.45)
5a 1.2 (0.3) 7.0 (1.0) 31.1(1.8) 25.6 (0.3) NT 0.11 (0.03) 0.08 (0.10) 3.16 (0.48) 3.14 (0.07)
5b NT NT NT 2.7(0.4) 17.9 (0.6) NT NT NT 0.05 (0.02)

2Standard deviation of two separate experiments.
®Not tested.
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It is well-known that 4-deoxy-phorbol esters are active
tumor promoters.?® However, their precise binding to
PKC C1 domains has not yet been reported. The pre-
sent study unambiguously shows that the hydroxyl
group at position 4 of phorbol esters is not necessary for
PKC binding and functional activity (related to tumor
promotion). These binding data differ in regard to C4
from the binding model derived from the crystal struc-
ture complex of PKCS-CIB and phorbol-13-acetate
(4b).> Further investigation is needed to determine
whether the solid-phase structure is relevant to the
solution-phase structure of the PKC isozymes.
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