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Introduction

Almost all responses of living cells, including cell growth,
differentiation, and apoptosis, are induced by the reversible
phosphorylation of proteins. The number of protein kinases
encoded by the human genome is estimated to be 518
(1.7 % of the human genome),[1] and kinases either cross-
talk, cooperate, or compete with each other to determine
the fate of the cell. Clarification of the specific role of each
protein kinase, and more specifically each kinase subtype, is
essential for detailed understanding of the signal transduc-
tion pathway. This achievement should further lead to the
development of new drug targets.

Serine/threonine kinases constitute the protein kinase C
(PKC) family, which has pivotal roles in intracellular signal
transduction cascades.[2] The PKC family comprises three
subclasses, depending on their structure and cofactor re-
quirements for activation: conventional, novel, and atypical
PKC. These subclasses have a common catalytic domain at
the C-terminal, whereas the structure of the regulatory do-
mains at the N-terminal is different. Conventional PKC, in-
cluding PKCa, bI, bII, and g isozymes, contains two tandem
cystein-rich C1 domains (C1A and C1B) and a Ca2+-bind-
ing C2 domain in the regulatory site, and physiologically re-

quires diacylglycerol (DAG; binding to C1A and B) and
Ca2+ for its activation. Novel PKC, which includes the d, e,
h, and q isozymes, contains only the C1 domain and lacks
the C2 domain, thus its activation does not require Ca2+

ions. The atypical z and i/l isozymes contain neither func-
tional C1 nor C2 domains, and their regulatory mechanism
is not known.

To elucidate the specific function of each PKC subtype,
selective PKC agonists and antagonists are important bio-
logical tools.[3,4] Currently, however, there is only a limited
number of selective PKC agonists or antagonists available
for use. This is partly due to the fact that the PKC modula-
tors elicit their activities through binding to the ATP bind-
ing site in the catalytic domain, which shares many features
with other kinases. For example, a potent and selective PKC
inhibitor, Gö6976,[5] binds to the ATP binding site of PKC.
Gö6976 also potently inhibits checkpoint kinase and phos-
phorylase kinase.[4] On the other hand, the structure of the
kinase regulatory domain is intrinsic to each kinase and/or
subclass type. Therefore, inhibitors that target the PKC reg-
ulatory domain should be more selective.[6]

Phorbol esters (PEs; Figure 1) such as phorbol myristate
acetate (PMA; 1) and phorbol dibutylate (PDBu; 2) exist
abundantly in plant-derived croton oil and can be isolated in
significant amounts through relatively easy procedures.[7]

PEs are extremely potent conventional PKC-selective ago-
nists that strongly bind to the C1 regulatory domain (the
same site as DAG).[8] The binding affinity of PEs is at least
three orders of magnitude greater than that of DAG. Crys-
tallographic[9] and molecular modeling[10] studies of PKC–PE
complexes revealed atom-level pictures of the interaction;
PEs bind strongly to PKC by a hydrogen-bond network
mainly through the 20-OH group and the 3-ketone oxygen
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atom. Those binding models did not involve any interactions
between the ester chain at the C12 position of PE and PKC.

PKC activation by PE (1 or 2) requires several indepen-
dent events.[11] An increase in the intracellular Ca2+ concen-
tration triggers the redistribution of PKC from the cytosol,
where PKC is maintained in an inactive conformation, to
the cell membrane, where PKC becomes allosterically acti-
vated by interactions with PE and phosphatidyl-l-serine (L-
PS). Alternatively, interactions of PKC and PE occur first in
the cytosol, followed by translocation of the PKC–PE com-
plex to the membrane. In both cases, the activation of PKC
requires translocation to the hydrophobic environment, and
the hydrophobic ester chain at C12 of 1 and 2 has a key role
for retaining the PKC–PE complex in the membrane. Al-
though DAG is metabolized immediately through phosphor-

ylation or hydrolysis, PEs persistently activate PKC due to
the absence of a terminating pathway in animal cells. Thus,
PEs produce malignant cell growth and are the most potent
tumor promoters known to date. Despite their tumor-pro-
moting activity, the extremely high binding affinity and se-
lectivity of PEs for the PKC C1 domain have attracted the
interest of many synthetic chemists, including our group, to
utilize this molecule as a scaffold to develop new PKC mod-
ulators.[12]

The proposed binding feature of PEs to PKC and the sce-
nario for PKC activation provided a basis for our previous
development of a PE-derived PKC inhibitor 3 (Figure 1).[12a]

Thus, because the proposed binding motifs (ketone at C3
and OH at C20) of PE are intact, the PKC inhibitor 3 had a
binding affinity for PKC. Due to the hydrophilic polyether
chain at C12, however, the PKC–3 complex did not translo-
cate to the hydrophobic environment (see below). As a
result, 3 was a pure PKC antagonist. Despite the presence
of the proposed binding motifs, the binding affinity of 3 was
significantly lower (Ki=3.2 mm) than that of naturally occur-
ring PE 1 (Ki=0.01 mm). The low binding affinity resulted in
the weak inhibitory activity of 3, which hampered further
evaluation of kinase selectivity and application as a biologi-
cal tool. In this paper we report that the binding affinity of
PE analogues is significantly enhanced by the introduction
of an electron-deficient aromatic group with a perfluoroal-
ACHTUNGTRENNUNGkyl substituent at the C12 ester. This finding led to the iden-
titification of new C1 domain-binding PKC inhibitors that
exhibit potent binding affinity, practical inhibitory activity,
and subclass selectivity.

Results and Discussion

In the course of our study to improve the binding affinity of
phorbol-derived inhibitors, we encountered unexpected re-
sults that deviated from the proposed binding model of the
PKC–PE complex;[9,10] the terephthalate aromatic ring of
the ester at C12 has a key role in PKC binding. Thus, com-
pounds 9 and 10, which lack the aromatic ring, exhibited
10–100 times lower binding affinity to PKCa than the weak
antagonist 3. Conversely, these initial findings suggested that
the binding affinity of phorbol analogues to PKC might be
enhanced through modifying the C12 terephthalate aromatic
ring.

Based on the initial results, we systematically tuned the
characteristics of the aromatic ring by introducing substitu-
ents onto it. To assess the electronic effect, we synthesized
compound 4, which contains a tetrafluoroterephthalate
moiety (Figure 1). This compound should have significantly
lower p-electron density than the original 3 without chang-
ing the steric factor and hydrophobicity.[13] Thus, the binding
affinity of 4 (Ki=0.42 mm) to PKCa was approximately
10 times higher than that of the original 3 (Table 1). These
results indicated that the binding affinity of phorbol ana-
logues to PKC is enhanced by introducing an electron-defi-
cient aromatic ring at the C12 position.

Abstract in Japanese:

Figure 1. Phorbol esters and their analogues.
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To improve the binding affinity further, a strongly elec-
tron withdrawing perfluorobutyl group was introduced (5 ;
Figure 1). The binding affinity of 5 (Ki=0.13 mm) was higher
than that of 4 (Table 1). The effect of fluorine substitution
on PKC binding affinity was significant; the control ana-
logue 6, with a butyl instead of a perfluorobutyl group, had
a Ki value of 10 mm. The observed difference in binding af-
finity of 5 and 6 of two orders of magnitude is attributed to
the electronic factor of the aromatic ring at the C12 posi-
tion, because the steric difference between butyl and per-
fluorobutyl groups is small.[14]

Next, PKCa agonist activities of these phorbol derivatives
were evaluated (see Supporting Information). The previous
inhibitor 3 and fluorine-containing 4 and 5 exhibited no ago-
nist activity even at high concentrations; however, the butyl-
substituted 6 exhibited partial agonist activity, producing
about 20 % PKC activation at 10 mm concentration.[15] There-
fore, the introduction of a perfluorinated alkyl group is ben-
eficial for enhancing PKC binding affinity without inducing
any PKC agonist activity. Due to this favorable feature of 5
as a PKC inhibitor, the inhibitory activity of 5 (IC50=

0.24 mm) was significantly higher than that of the previous
weak inhibitor 3 (IC50=5.1 mm) (Table 1). The potency of 5
is comparable to or even higher than widely used PKC in-
hibitors such as H7 (IC50=6 mm)[16] and chelerythrine chlo-
ride (IC50=0.7 mm).[17]

Having identified a novel substituent effect of the per-
fluorobutyl group on the potency of PKC inhibitors, we next
investigated the effect of the perfluorinated alkyl chain
length and the terminal hydrophilic group on PKC binding
affinity and inhibitory activity by comparing the properties

of 5, 7, and 8 (Figure 1). Compound 7, a carboxylic acid ana-
logue of 5, exhibited almost comparable binding affinity
(Ki=0.45 mm) to 5 with slightly higher inhibitory activity
(IC50=0.11 mm). Compound 8, which contains a perfluoro-
hexyl group on the aromatic ring and a carboxylic acid at
the ester terminal, exhibited the highest binding affinity
(Ki=0.06 mm) with potent inhibitory activity (IC50=

0.19 mm). Indeed, 7 and 8 are the most potent PKCa inhibi-
tors containing the phorbol skeleton reported to date. The
polyether chain was also essential for the inhibitory activity;
a control compound 11 with a methyl group instead of the
polyether chain exhibited very strong PKC agonist activity
that was comparable to that of 1.

Moreover, 8 was shown to be a conventional PKC-selec-
tive inhibitor (Table 2). Evaluation of inhibitory activities of

8 against PKA, PKCd, and PKCz demonstrated that 8 does
not inhibit PKA and PKCz at all, and only very weakly in-
hibits PKCd at high concentration (80% activity in the pres-
ence of 10 mm of 8). The selectivity of 8 was attributed to
the selectivity of natural PEs, which bind only to conven-
tional PKC with high affinity. Thus, 8 is a potent and con-
ventional PKC-selective inhibitor that might be useful as a
biological tool.

The synthesis of 8 is straightforward (Scheme 1).[18] Ull-
mann coupling of aryl iodide 12 with perfluorohexyl
iodide,[19] followed by oxidation with KMnO4, produced ter-
ephthalic acid 13. After selective monoester formation with
14 (which was prepared as outlined in Scheme 2), coupling
of the resulting 15 with the phorbol moiety was conducted
under Yamaguchi esterification conditions to give 16. De-
protection of 16 under acidic conditions afforded 8.

Finally, to gain preliminary insight into the mechanism of
PKC inhibition by 8, a partition assay with a cell/buffer bi-
phasic system was performed.[12a] This assay evaluates the

Table 1. Binding affinities and inhibitory activities of phorbol esters to
PKCa.[a]

PE Ki [mM] IC50 [mM] PE Ki [mM] IC50 [mM]

3 3.2�0.3 5.1�0.4 7 0.45�0.17 0.11�0.06
4 0.42�0.77 1.5�1.0 8 0.06�0.01 0.19�0.07
5 0.13�0.24 0.24�0.01 11 0.03�0.02 –[b]

6 10�0.3 1.8�1.1

[a] Ki and IC50 values (IC50=50% inhibitory concentration) were deter-
mined by at least three independent experiments, and the mean values
and error limits are shown. [b] Functioned as a full agonist.

Table 2. Kinase and subtype selectivity of inhibitor 8.

PKCa PKA PKCd PKCz

IC50 [mM] 0.19�0.07[a] N.I.[b] @10 N.I.[b]

[a] Mean value determined from four independent experiments. [b] No
inhibition.

Scheme 1. Synthesis of 8. DCC=dicyclohexylcarbodiimide, DMAP=4-dimethylaminopyridine, DMSO=dimethyl sulfoxide, Tr= triphenylmethyl.
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translocation ability of compounds from the aqueous buffer
phase to the hydrophobic cell membrane. Previously, 3 was
determined to exist mainly (92%) in the buffer phase owing
to the hydrophilic polyether chain.[12a] The hydrophilic prop-
erty of 3 led us to propose that 3 exhibits PKC inhibitory ac-
tivity by preventing the PKC–3 complex from translocating
to the hydrophobic environment, where PKC is transformed
to an active conformation. However, another potent PKC
agonist, which contains a hydrophobic C12 ester (1-mimic),
was distributed mainly (75%) in the cell membrane. Contra-
ry to our expectation, the potent inhibitor 8 was also pre-
dominantly distributed in the membrane (89–99 %).[20] The
result of the partition assay indicated that 8 should exhibit
its PKC inhibitory activity in a hydrophobic environment.
Therefore, the new inhibitor 8 may function through a dif-
ferent mechanism to the previous hydrophilic, weak antago-
nist 3.

The results described in this paper raise two main issues
concerning the mode of PKC–PE interaction and PKC in-
hibition. First, the fact that the binding affinities of PE ana-
logues to PKC strongly depend on the characteristics of the
C12 ester moiety suggests a direct interaction between the
ester moiety and PKC. This binding mode is distinct from
the one that has been previously proposed,[9,10] but may be
consistent with our previous observations in photocross-link-
ing studies.[21] Therein, PKC was labeled by a PE-derived
photoaffinity probe bearing a photosensitive group on the
C13 ester moiety. Thus, we conclude that the C13 (and C12)
esters are positioned proximal to PKC in the PKC–PE com-
plex. The second mechanistic issue raised by our studies
concerns inhibitor 8, which inactivates PKC despite its abili-
ty to translocate PKC to the hydrophobic environment. We
attribute this surprising inhibitory activity to the presence of
the polyether on the C12 ester moiety (compare the inhibi-
tory activities of 8 and 11). The strong metal-binding ability
of polyethers[22] may be relevant in this case. It is known
that there are Zn2+ ions in both the C1A and C1B domains
of PKC, which are essential for its function.[23] One of the
Zn2+ ions is located near the PE binding site.[9,10] It seems
possible, therefore, that the polyether chain of 8 may coordi-
nate to Zn2+ , thus modulating the function of PKC.[24]

Conclusions

We have developed potent, conventional PKC-selective in-
hibitors 7 and 8. These compounds contain a phorbol skele-
ton with perfluorinated alkyl and hydrophilic polyether
chains on an electron-deficient aromatic ring at the C12
ester. Both of the substituents are essential for the potent
inhibitory activity. The inhibitory activity of these com-
pounds was 25- to 50-fold stronger than the previous lead
compound 3, which bears a polyether chain but not the per-
fluoroalkyl chain. To our knowledge, 7 and 8 are the first
phorbol derivatives that exhibit practical and selective PKC
inhibitory activity.[25] Partition studies to address the origin
of the enhanced inhibitory activity of 8 relative to 3 revealed
a contrasting difference in the cytosol/membrane distribu-
tion of these compounds. Studies to clarify the binding
mode and the inhibitory mechanism as well as the applica-
tion of 8 as a biological tool are ongoing.

Experimental Section

General

NMR spectra were recorded on a JEOL JNM-LA500 spectrometer oper-
ating at 500 MHz for 1H and 125.65 MHz for 13C. Chemical shifts were
reported downfield from SiACHTUNGTRENNUNG(CH3)4 (=0 ppm) for 1H NMR spectra. For
13C, chemical shifts were reported relative to the solvent as an internal
reference. ESI mass spectra were recorded on a Water-ZQ4000 spectrom-
eter. IR spectra were recorded on a JASCO FT/IR 410 Fourier-transform
infrared spectrophotometer. Column chromatography was performed
with silica gel Merck 60 (230–400 mesh ASTM).

Syntheses

4-Methyl-3-perfluorohexylbenzoic acid: The Ullmann coupling between
12 and perfluorohexyl iodide was conducted according to the reported
procedure.[19] A mixture of 12 (3.0 g, 11.4 mmol), perfluorohexyl iodide
(2.74 mL, 12.6 mmol), and copper powder (3.64 g, 57.2 mmol) in DMSO
(22.9 mL) was heated at 100 8C for 6 h. After dilution with CHCl3, HCl
(1m) was added, and the precipitates were filtered off through celite.
Brine was added to the filtrate, and the products were extracted with
CHCl3. The combined organic layer was dried with Na2SO4. Filtration,
evaporation, and purification by SiO2 column chromatography (CH2Cl2/
MeOH=20:1) gave the product as a white solid (3.67 g, 71%). IR (KBr):
nΡ=1687 cm�1; 1H NMR (CD3OD, 500 MHz): d=8.16 (br s, 1 H), 8.13
(br d, J=8.1 Hz, 1 H), 7.51 (d, J=8.1 Hz, 1H), 2.54 ppm (m, 3H);
13C NMR (CD3OD, 125 MHz): d=168.0, 144.6, 144.6, 134.4, 134.3, 130.8
(m), 128.1 (m), 109.8–121.1 (multipeak derived from perfluoroalkyl
chain), 20.7 ppm (m); MS (ESI): m/z : 453 [M�H]� .

13 : The benzoic acid synthesized above (1.0 g, 2.2 mmol) was dissolved in
NaOH (1.5m, 22 mL), and KMnO4 (5.22 g, 33.0 mmol) was added. The
mixture was heated at 100 8C for 2 h, followed by the further addition of
KMnO4 (1.7 g, 11 mmol) and stirring for 30 min. MeOH was added at
0 8C, and the precipitates were filtered off through celite, after which the
excess MeOH was evaporated. HCl (1m) was added to acidify the mix-
ture, and a white precipitate emerged. The precipitate was filtered and
washed with H2O. A white solid was obtained after the resulting powder
was dried (699 mg, 66 %). IR (KBr): nΡ=2999, 1709 cm�1; 1H NMR
(CD3OD, 500 MHz) d=8.33 (br d, J=8.0 Hz, 1H), 8.25 (br s, 1H),
7.77 ppm (d, J=8.0 Hz, 1H); 13C NMR (CD3OD, 125 MHz) d=170.2,
167.2, 139.7 (m), 134.5, 133.9, 130.6, 130.5, 126.8, 110–120 (multipeak de-
rived from perfluoroalkyl chain); MS (ESI): m/z : 483 [M�H]� .

17: Tetraethylene glycol (2.67 mL, 0.0154 mol) was added to a suspension
of NaH (60% oil dispersion, 0.65 g, 0.016 mol) in THF (30.8 mL), and
the resulting solution was stirred for 1 h at room temperature. After cool-

Scheme 2. Synthesis of 14. TBS= tert-butyldimethylsilyl, TEMPO=

2,2,6,6-tetramethylpiperidin-1-oxyl radical.
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ing the mixture to 0 8C, TBSCl (2.32 g, 0.0154 mol) was added. The reac-
tion was continued at room temperature for 30 min, and H2O was added.
The products were extracted with EtOAc, and the combined organic
layer was washed with brine, dried with Na2SO4, and filtered. The filtrate
was evaporated and the residue was purified by SiO2 column chromatog-
raphy (CH2Cl2/MeOH=25:1) to afford 17 as a colorless oil (2.44 g,
51%). IR (neat): nΡ=3435, 2928, 2858 cm�1; 1H NMR (CDCl3, 500 MHz):
d=3.72 (t, J=5.5 Hz, 2H), 3.67 (t, J=4.6 Hz, 2H), 3.63–3.60 (m, 8H),
3.56 (t, J=4.6 Hz, 2H), 3.51 (t, J=5.5 Hz, 2 H), 2.64 (s, 1H), 0.85 (s, 9H),
0.02 ppm (s, 6 H); 13C NMR (CDCl3, 125 MHz): d=77.2, 72.6, 72.5, 70.7,
70.6, 70.3, 62.7, 61.7, 25.9, 18.3, 5.3 ppm ; MS (ESI): m/z : 331 [M+Na]+ .

18 : TEMPO (4.8 mg, 0.0324 mmol), a solution of KBr (34.8 mg,
0.29 mmol) and Bu4NCl (44.8 mg, 0.16 mmol) in saturated NaHCO3

(6.5 mL), and a solution of NaOCl (5 %, 15.7 mL) in saturated NaHCO3

(3.78 mL) and saturated NaCl (7.39 mL) were added to a solution of 17
(1.0 g, 3.24 mmol) in CH2Cl2 (10.9 mL) at 0 8C.[26] After 2.5 h, the reaction
mixture was diluted with CHCl3, and H2O and KHSO4 (3.2 equiv) were
added. The products were extracted with CHCl3, and the combined or-
ganic layer was washed with saturated NaCl, dried with Na2SO4, and fil-
tered. The filtrate was evaporated to give the product 18 (1.1 g). This
crude mixture was used without purification in the next step.

19 : Ph2CN2
[27] (3.15 g, 16.2 mmol) in Et2O (9.8 mL) was added to 18

(without purification, 3.24 mmol) at room temperature, and the mixture
was stirred for 15 h. AcOH was added, and the volatile compounds were
evaporated. Purification by SiO2 column chromatography (EtOAc/hex-
anes=1:4) gave 19 as a colorless oil (848 mg, 54% in 2 steps). IR (neat):
nΡ=2927, 2857, 1759 cm�1; 1H NMR (CDCl3, 500 MHz): d=7.28–7.20 (m,
10H), 6.91 (s, 1 H), 4.20 (s, 2H), 3.70–3.67 (m, 4 H), 3.63–3.62 (m, 2H),
3.57 (m, 4H), 3.48 (t, J=5.5 Hz, 2H), 0.83 (s, 9H), 0.00 ppm (s, 6H);
13C NMR (CDCl3, 125 MHz): d=169.6, 139.8, 128.5, 128.0, 127.1, 77.1,
72.6, 71.0, 70.7, 70.7, 70.6, 68.8, 62.7, 25.9, 18.3, 5.3 ppm; MS (ESI): m/z :
511 [M+Na]+ .

14 : 3HF·NEt3 (2.83 mmol, 17.4 mmol) was added to a solution of 19
(848 mg, 1.74 mmol) in THF (17.4 mL) at room temperature. After 7 h,
the reaction mixture was diluted with EtOAc, and H2O was added. The
products were extracted with EtOAc, and the combined organic layer
was washed with brine, dried with Na2SO4, and filtered. The filtrate was
evaporated, and the residue was purified by SiO2 column chromatogra-
phy (CH2Cl2/MeOH=10:1) to give 14 as a colorless oil (445 mg, 69%).
IR (neat): nΡ=3388, 2874, 1751 cm�1; 1H NMR (CDCl3, 500 MHz): d=
7.30–7.22 (m, 10 H), 6.93 (s, 1 H), 4.22 (s, 2H), 3.70–3.60 (m, 10H), 3.55
(t, J=4.6 Hz, 2 H), 2.49 ppm (br s, 1 H); 13C NMR (CDCl3, 125 MHz): d=
169.5, 139.7, 128.5, 128.0, 127.1, 77.1, 72.4, 70.9, 70.6, 70.5, 70.3, 68.7,
61.7 ppm; MS (ESI): m/z : 397 [M+Na]+ .

15 : Compound 14 (10 mg, 0.027 mmol) in CH2Cl2 (0.53 mL) was added to
13 (26 mg, 0.0534 mmol), DCC (8.3 mg, 0.0401 mmol), and DMAP
(3.3 mg, 0.027 mmol), and the mixture was stirred for 3 h. CH2Cl2 and
H2O were added, and the products were extracted with CHCl3. The com-
bined organic layer was washed with saturated NH4Cl and brine, dried
with Na2SO4, and filtered. The filtrate was evaporated, and the residue
purified by preparative TLC (CH2Cl2/MeOH=9:1) to give 15 as a color-
less oil (9 mg, 40%). IR (neat): nΡ=3424, 2923, 1726, 1613 cm�1; 1H NMR
(CD3OD, 500 MHz): d=8.22 (br d, J=7.9 Hz, 1H), 8.17 (br s, 1H), 7.58
(d, J=7.9 Hz, 1H), 7.36–7.24 (m, 10 H), 6.90 (s, 1H), 4.46 (t, J=4.7 Hz,
2H), 4.27 (s, 2H), 3.80 (t, J=4.7 Hz, 2 H), 3.70–3.58 ppm (m, 8H);
13C NMR (CD3OD, 125 MHz): d=171.4, 171.3, 166.2, 155.7 (m), 151.6
(m), 141.5, 136.3, 134.2, 130.9(m), 130.3 (m), 129.6, 129.0, 128.1, 78.8,
71.9, 71.6, 71.6, 71.5, 70.1, 69.5, 65.8 ppm (peaks corresponding to the per-
fluorohexyl chain could not be seen because of heavy C�F couplings);
MS (ESI): m/z : 839 [M�H]� .

16 : A solution of 2,4,6-trichlorobenzoyl chloride (1.7 mL, 0.011 mmol)
and Et3N (3 mL, 0.0214 mmol) in THF (60 mL) was added to 15 (9 mg,
0.0107 mmol) at room temperature. After 1 h, 20-O-Tr-phorbol (3.5 mg,
0.0054 mmol)[12b] in THF (50 mL) and DMAP (20 mg, 0.16 mmol) were
added. After 3 days, saturated NH4Cl was added, and the products were
extracted with EtOAc. The combined organic layers were washed with
saturated NH4Cl and brine, dried with Na2SO4, and filtered. The filtrate
was evaporated, and the residue was purified by preparative TLC (SiO2,

hexanes/EtOAc=1:1) to give 16 (3.4 mg, 45 %). IR (neat): nΡ=3419,
2922, 1726 cm�1; 1H NMR (CDCl3, 500 MHz): d=8.29 (br s, 1H), 8.25
(br d, J=8.0 Hz, 1 H), 7.59 (m, 1 H), 7.50 (d, J=8.0 Hz, 1H), 7.40 (d, J=
7.5 Hz, 6H), 7.31–7.19 (m, 19 H), 6.94 (s, 1H), 5.68 (d, J=10.3 Hz, 1H),
5.64 (m, 1H), 4.49 (t, J=4.9 Hz, 2H), 4.22 (s, 2 H), 3.80 (t, J=4.9 Hz,
2H), 3.70–3.62 (m, 8 H), 3.50 (s, 2H), 3.25 (m, 1H), 3.15 (m, 1 H), 2.48
(d, J=18.3 Hz, 1 H), 2.39 (d, J=19.5 Hz, 1H), 2.23 (m, 1H), 2.08 (s, 3H),
1.76 (m, 3 H), 1.24 (s, 3H), 1.22 (s, 3H), 1.10 (d, J=5.2 Hz, 1 H), 1.01 (d,
J=6.3 Hz, 3H); 13C NMR (CDCl3, 125 MHz): d=208.7, 173.8, 169.6,
166.9, 164.9, 164.4, 161.0, 160.5, 150.2, 144.0, 139.8, 133.1, 132.8, 132.0,
129.3, 128.7, 128.5, 128.1, 127.8, 127.1, 127.0, 126.6, 120.7, 86.9, 78.1, 77.6,
77.5, 77.2, 73.8, 71.0, 70.7, 70.7, 70.6, 69.0, 64.9, 68.8, 56.1, 42.8, 39.3, 39.1,
36.4, 29.7, 23.6, 20.8, 20.3, 16.7, 14.5, 10.1 ppm (peaks corresponding to
the perfluorohexyl chain could not be seen because of heavy C�F cou-
plings); MS (ESI): m/z : 1493 [M+H]+ ; HRMS (FAB): calcd for
C76H71F13O15Cs: 1603.3634 [M+Cs]+ ; found: 1603.3621.

8 : Trifluoroacetic acid in CH2Cl2 (10%, 0.1 mL) was added to 16 (3.4 mg,
0.0024 mmol) and anisol (5.3 mL, 0.048 mmol) at room temperature, and
the mixture was stirred for 12 h. The reaction mixture was directly sub-
jected to reverse-phase preparative TLC (MeOH/H2O=4:1) to give 8
(1.7 mg, 65 %). IR (neat) nΡ=3408, 2925, 1725, 1616 cm�1; 1H NMR
(CD3OD, 500 MHz): d=8.40 (br d, J=7.5 Hz, 1H), 8.30 (br s, 1H), 7.80
(d, J=7.5 Hz, 1H), 7.58 (m, 1 H), 5.71 (d, J=10.3 Hz, 1 H), 5.64 (m, 1H),
4.53 (m, 2 H), 4.01 (s, 2 H), 3.94 (m, 2H), 3.87 (t, J=4.9 Hz, 2H), 3.71–
3.65 (m, 8 H), 3.30 (m, 1H), 3.17 (m, 1 H), 2.50 (m, 2H), 2.33 (m, 1H),
2.08 (s, 3 H), 1.74 (m, 3 H), 1.25 (s, 3 H), 1.22 (d, J=5.2 Hz, 1 H), 1.17 (s,
3H), 1.04 (d, J=6.9 Hz, 3H); 13C NMR (CD3OD, 125 MHz): d=210.2,
182.1, 177.5, 174.1, 170.6, 165.6, 162.8, 160.3, 143.0, 134.7, 130.5, 129.1,
124.3, 123.5, 120.6, 85.4, 85.2, 79.9, 74.6, 71.6, 71.5, 71.5, 70.1, 68.0, 66.9,
66.2, 57.4, 44.3, 38.9, 38.5, 34.2, 33.6, 30.8, 23.9, 20.8, 17.2, 15.0, 10.2 ppm
(peaks corresponding to the perfluorohexyl chain could not be seen be-
cause of heavy C�F couplings); MS (ESI): m/z : 1062 [M�H]� ; HRMS
(FAB): calcd for C44H47F13O15Cs: 1195.1756 [M+Cs]+ ; found: 1195.1781.

Biological Assay

Binding assay:[28] Plastic tubes of each binding-assay mixture (100 mL)
contained Tris/HCl (50 mm, pH 7.5), CaCl2 (1 mm), L-PS (100 mgmL�1),
[3H]PDBu (20 nm, 20.7 Ci mmol�1; NEN), DMSO (0.5 %), bovine serum
albumin (BSA; 1 mg mL�1), PKCa (0.8 mg mL�1; PanVera), and PE ana-
logue (10 nm–10 mm). L-PS was sonicated in Tris/HCl (50 mm, pH 7.5) at
0 8C prior to use. After incubation at 30 8C for 30 min, the mixture was
filtered through a glassfiber filter, which was pretreated with freshly pre-
pared polyethyleneimine (0.3 %) for 1 h. The residue was washed three
times with of ice-cold DMSO (0.5%, 3 mL). The radioactivity of each
residue was counted in a scintillation vial with of scintillator (Aquasol-2,
NEN; 10 mL) by using a liquid scintillation counter. The count in the
presence of PMA (10 mm) accounted for nonspecific binding and was sub-
tracted from each of the counts to account for the specific bindings.

Activation of PKCa : PKC activity was determined by measuring the in-
corporation of 32P from [g-32P]ATP into EGF-R fragment peptide (651–
658; Biomol) using the reported method[29] with minor modifications. The
amorphous powder of L-PS (Sigma) in triton X-100 solution (0.3%) in
Tris/HCl buffer (50 mm, pH 7.5) was vortexed for 1 min and sonicated on
ice, followed by the addition of CaCl2, dithiothreitol (DTT), and EGF-R.
Various concentrations of PE analogue in DMSO were added to this mix-
ture, after which it was vigorously vortexed. PKCa solution (25 mL) in
Tris buffer was then added. The enzyme reaction was started by the addi-
tion of a solution (25 mL) containing ATP, [g-32P]ATP, and MgCl2. The
final reaction mixture (75 mL) contained CaCl2 (1 mm), MgCl2 (15 mm),
DTT (2.5 mm), ATP (50 mm), [g-32P]ATP (0.2 mCi), EGF-R (75 mm), L-PS
(12–20 mol %) dispersed in triton X-100 (0.025 % w/v) in Tris/HCl buffer
(50 mm, pH 7.5), and drug (100 nm–10 mm). The reaction was conducted
for 15 min at 30 8C and stopped by the addition of ice-cold trichloroacetic
acid (25%, 25 mL). The resulting precipitate was collected on binding
paper (P-81, Whatman Ltd., England) and washed twice with phosphoric
acid (75 mm, 250 mL). The residue was placed in a scintillation vial in a
solution of Aquasol-2, and 32P radioactivities were quantitated by a scin-
tillation counter. The count for the control assay without PMA was deter-
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mined and was subtracted from each of the counts to account for the
nonspecific kinase activities.

Inhibitory assay of PKCa : PKC activity in the presence of PMA (10 nm)
and drug (100 nm–10 mm or none) was determined as above.

Inhibitory assay of PKCd : PKCd (Calbiochem) activity in the presence
of PMA (1 mm) and drug (100 nm–10 mm or none) was determined in the
same way as for PKCa, except that the final reaction mixture contained
ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
(EGTA; 100 mm) instead of CaCl2. The result shown (Table 2) is repre-
sentative of at least three sets of experiments.

Inhibitory assay of PKCz : PKCz (Calbiochem) activity was determined
by measuring the incorporation of 32P from [g-32P]ATP into peptide e
(149–164; Biomol) using the reported method.[30] The reaction mixture
(100 mL) contained Tris/HCl (25 mm, pH 7.5), peptide e (30 mm),
[g-32P]ATP (50 mm, 200 cpm pmol�1), MgCl2 (5 mm), EGTA (0.5 mm),
DTT (1 mm), L-PS (2 mg), and PKCz (0.04 mg). The amorphous powder
of L-PS in Tris/HCl (25 mm, pH 7.5) was vortexed for 1 min and sonicat-
ed on ice, followed by the addition of MgCl2, EGTA, DTT, and peptide
e. Various concentrations of PE analogue in DMSO were added to this
mixture, after which it was vigorously vortexed. PKCz solution (25 mL) in
Tris buffer was then added. The enzymatic reaction was started by the
addition of a solution (25 mL) containing ATP and [g-32P]ATP. The reac-
tion mixture was incubated at 30 8C for 10 min. The reaction was stopped
with the addition of NaF (30 mm, 25 mL) and EDTA (100 mm, pH 7.5).
The reaction mixture was then applied to binding paper (P-81, Whatman
Ltd., England) and washed twice with phosphoric acid (75 mm, 250 mL).
The residue was placed in a scintillation vial in a solution of Aquasol-2,
and 32P radioactivities were quantified by a scintillation counter. As
PKCz activity in vitro shows limited dependence on the presence of
PMA, the total incorporation of 32P into peptide e was taken as PKCz ac-
tivity. The result shown (Table 2) is representative of at least three sets of
experiments.

Inhibitory assay of PKA: PKA catalytic subunit (Sigma) activity was de-
termined by measuring the incorporation of 32P from [g-32P]ATP into
Kemptide (65189-71-1, Sigma) using the reported method[31] with minor
modifications. The reaction mixture (75.5 mL) contained MOPS buffer
(50 mm, pH 6.9), Mg ACHTUNGTRENNUNG(OAc)2 (2 mm), DTT (1 mm), NaCl (50 mm), BSA
(0.166 mg mL�1), Kemptide (100 mm), [g-32P]ATP (132 mm, 200
cpm pmol�1), and PKA catalytic subunit (16.6 nm). Various concentra-
tions of drug solution in DMSO (0.5 mL) were added to the mixture of
MOPS buffer (25 mL, pH 6.9), NaCl, Mg ACHTUNGTRENNUNG(OAc)2, and DTT, after which it
was vigorously vortexed. PKA catalytic subunit solution (25 mL) in
MOPS buffer containing NaCl, Mg ACHTUNGTRENNUNG(OAc)2, DTT, and BSA, was added to
this mixture, which was then incubated for 5 min at 30 8C. The reaction
was started by the addition of [g-32P]ATP solution (400 mm) and was con-
tinued for 15 min at 30 8C. After incubation, the reaction mixture (30 mL)
was absorbed onto binding paper (P-81, Whatman Ltd., England), and
the samples were washed four times with phosphoric acid (75 mm, total
of 500 mL) followed by ethanol prior to drying. The residue was placed
in a scintillation vial in a solution of Aquasol-2, and 32P radioactivities
were quantified by a scintillation counter. The result shown (Table 2) is
representative of at least three sets of experiments.

Partition assay: A solution of PE analogue (15 mM,10 mL) in water was
added to a suspension of Hela cells in PBS buffer (140 mL, 2×
106 cells mL�1), and the resulting mixture was incubated for 30 min at
30 8C. After centrifuging the mixture at 1000 rpm for 5 min at 4 8C, 20 mL
of the supernatant was subjected to reverse-phase HPLC to quantify the
amount of drugs in the buffer phase (detection at 254 nm; mobile phase,
methanol/water (7:3 for 8, tR=19.2 min) at a flow rate of 0.5 mL min�1).
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