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Photoaffinity Labeling of PKC with a Phorbol Derivative:
Importance of the 13-Acyl Group in Phorbol Ester-PKC Interaction
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Abstract: We report the design and synthesis of a novel photoaffinity ligand, phorbol 12-(1-
pyrenehutyrate) 13-diazoacetate (PPDA, 6). This photolabile phorbol derivative labeled with tritium
was used for photocrosslinking experiments with a sample of PKC partially purified from rat brain, and
specific binding of 6 to PKC was observed.

The phorbol esters such as phorbol 12-myristate 13-acetate (PMA, 1) are known as powerful tumor
promoters and activators of protein kinase C (PKC).! First discovered by Nishizuka et al., PKC is a
phospholipid- and calcium-dependent serine/threonine kinase,2 physiologically activated by 1,2-diacyl-sn-
glycerol (DAG). PKC, which has now been characterized as a family of closely related enzymes, plays a
central role in cellular signal transduction, controlling many cellular processes including proliferation and
differentiation.3 PKC is also known to be an important target for other structurally diverse tumor promoters
such as the ingenols, teleocidins, and aplysiatoxins. Structure-activity analyses on a variety of analogs of DAG
and these tumor promoters have been carried out. Although many pharmacophore models for PKC have been
proposed from molecular moc‘ie?ing." no inf Qmatlon about specific amino acid residues that interact with these
ligands is available. Photoaffinity labeling is thus expected to be a useful method for the charactenzation of the
ngand-binding site of PKC, and, indced, the syntheses of several photoaffinity ligands and their crosslinking
experiments have been reported.® To' our knowledge, however, no crosslinking to PKC has been observed.
Here we report the design and synthesis of a novel photoaffinity ligand 6 and 1ts specific photocrosslinking to
PKC.
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Figure 1.

(8) TrC1 (3 eq), pyridine, 23 °C, 56%:; (b) 'BuOCONHCILCOOH (5 eq), DCC
(2.5 eq), NEt; (1 eq), THF, 0-23 °C, 76%, (c¢) 1-pyrencbutyric acid
(Cy6H1,sCOOH, 2 eq), EDCISHCI (2 eq). DMAP (1 eq). THF, 0-23 °C, 91%,
(d) TFA, 0 °C, 99%; (e) 'AmONO (30 eq), AcOH (1 eq), 10%- 'AmOH-CHCI,,

0-23 °C, 53%; (1) MOy, CH,Cl,, 60 %; (g) (PHINaBH, (13.6 Ci/mmol),
G65% based on the [*H[NaBH,
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The acyl groups of phorbol esters were initially thought to be important for a specific interaction with
PKC because of their structural similarity to DAG;6 however, the majority of recent molecular modeling
studies have concluded that these acyl groups are not crucial for specific interactions of the ligand with PKC.
Since binding of the ligand to PKC requires a phosphatidylserine-containing membrane, the hydrophobic acyl
groups contribute to association of the ligand with the membrane and thus to PKC in a non-specific manner.?
Most of these models concur that the C20-OH, C9-OH, and C3-C=0 groups (and C4-OH group) in phorbol
esters are crucial sites for specific interactions. None of the three point (or four point) models, however, can
explain all of the experimentally observed structure-activity relationships. The dramatic difference in binding
of the phorbol 12- and 13-monocsters to PKC illustrates this point. For example, Blumberg ef al. have
reported? that phorbol 12-myristate (2) shows significantly weaker binding to PKC (X, for [3H]PDBu (4)
binding = 100 nM) than phorbol 13-myristate (3} (K; = 0.5 nM) indicating that removal of the acetyl group at
the C13 position from 1 (K; = 0.06 nM) causes more than a thousand-fold drop in binding. We have also found
that optically active 13-deacetoxy-11-demethyl-PMA (5), a compound we recently synthesized, binds to PKC
with two orders of magnitude less affinity than 1.8 Thesc facts suggest that the hydrophobic group at the C12
position is not sufficient for high affinity binding to PKC, implicating an additional role for the 13-O-acyl
group possibly via the carbonyl oxygen. Based on this hypothesis we have designed phorbol 12-(1-
pyrencbutyrate) 13-diazoacetate (PPDA, 6) as a novel photoaffinity ligand with the photoreactive functional
group « to the carbonyl at C13.9

Synthesis of 6 was achieved as shown in Figure 1. After selective protection of the C20-OH of phorbol
(7) as a trityl ether, 10 the C13-OH was sclectively acylated with N-Boc-glycine (DCC, NEt3, THF, 0 - 23 °C)
o give 91n 76% yield. The C12-OH was acylated with 1-pyrenebutyric acid (DCC, DMAP, THF, 0- 23 °C)
affording 10 (91%), and removal of the trityl and Boc groups was then accomplished on treatment with TFA 0
°C, 99%). Final conversion of the amino group to a diazo group was achieved on reaction of 11 with isoamyl
nitrite-acetic acid (in 10% isoamyl alcohol-CHCl3, 0 - 23 °C) giving the desired 6 in 53% yield.11 Tritiated
PPDA ([3H]6. 1.6 Ci/mmol) was prepared from 6 by oxidation of the C20-OH to the corresponding aldehyde
12 with MnO» (60%) and subsequent reduction with [3H]sodium borohydride (65%).

Binding of photoaffinity ligand 6 to PKC was measured 1n the presence of CaCl, and phosphatidylserine
according to the reported procedure with minor modifications. 1213 As shown in Table 1, PPDA (6) strongly
inhibits the specific binding of [SH]PDBu to PKC even at low concentrations indicating that the affinity of 6 to
PKC is comparable to 1.

Inhibition (%)

Table 1 Inhibition of [PI[]PDBu Binding to PKC.

Various concentrations of 1 or 6 were incubated with [3H)PDBu (10 aM) and
Concentraion  PMA (1) PPDA(6) PKC (0.8 ug/mL) in 300 yL of buffer contaming TriseHICl (S50 mM, pH 7.5),
CaCly (4 mM), phosphatidylserine (100 yeg/mL), bovine serum albumin (4 mg/

l'&’)"’:’/‘ ;:8 % mL). and DMSO (0.5 %) on 1ce for 2 h, and then the PRC-bound H]PDBu was
\ ”Q‘i 100 100 counted using a scintillation counter after separating the complex by filtration
10 uM 100 100 through a polyethylencimine-treated glassfiber filter paper. Data are shown as

% inhibition of the *H|PDBu hinding relative to that without cold competitor.

This photolabile phorbol derivative 6 was used for photocrosslinking experiments with a sample of PKC
partially purified from rat brain according to the reported procedure. !+ Thus, [3H]6 (200 nM) was incubated
with the crude PKC sample (~ 100 pmo) in 300 uL of buffer containing TrissHCI (50 mM, pH 7.5), CaCla (1
mM), phosphatidylserine (100 gg/mL) and DMSO (1.5 %) at 30 °C for 30 min and then irradiated at 254 nm
using a hand lamp at 0 °C for 5 min!S. After concentration of this reaction mixture by lyophilization, the
protein fraction was separated from the organic fraction by repeated MeOH-CHCl3 extractions. An SDS-
PAGE gel of the protetn fraction is shown in Figure 2A. Quantitation of the radioactivity bound to the proteins
was done by scintillation counting of cach gel slice (Figure 2B). The slice containing PKC (No, 5) was
observed 1o be labeled (lane a and b). 16:17 The major band in the slice No. 5 corresponding to ca. 82 kDal8 was
immunostaincd with antibodies specific for PKC a, B, y, and d. The labeling was suppressed by addition of a
50-fold excess of the competitive lignd PMA (1) indicating that the photolabcling is specific (lane c). Itis
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noteworthy that slice No. 6 containing unknown proteins was atso photolabeled b i i
. k t S
prevented by PMA showing that this is a non-specific labeling. P ut that this labeling was not

Figure 2. Photocrosslinking of (*HIPPDA with A B dom
PKC.

(HIPPDA (200 nM) was incubated with the bl A e I PP
crude PKC sample (~ 100 pmol) in 300 L of
buffer containing TriseHC1 (50 mM, pH 7.5),
(:aCl2 (1 mM), pbosphatidylserine (100 ug/mL)
and DMSO (1.5 %) with (lanes band c) or 4
without (lane a) irradiation of UV in the absence  PKC o
(lanes a and b) or presence (lane c)of cold PMA g5 .
(10 yM). After SDS-PAGE of the protein
fraction (A), each lanc of the gel was sliced into
12 pieces (S mm), and the radioactivity was
quantitated using a scintillation counter (B).
Positions of the molecular size marker and PKC
(ca. 82 kDa)are indicated on the left side.

------

a UV (-} PMA (-
B b UV(+) PMA()
0O c UV (+) PMA(+)

gel slice numbers

To our knowledge, this is the first example of the specific photol i i

derivative. The crosslinking of 6 to PKC indicates that lhtredin?mzetyl I;::;anil(glgl(: l:::l;lll‘e:i‘ &h(:lr(t:o l
proximity to the protein in the ligand-PKC-phospholipid complex. In addition to the three oxygen funclion:
groups at C20, C9 and C3, the C13-acyl group is strongly implicated as important in PKC-ligand interactions
This information should be useful for making a better pharmacophore model. The tertiary structure of a )ni(;x;
of the regulatory domain of PKC was recently solved by NMR studies, !9 and the crystal structure of thz(emall
fragment of PKC 3 in complex with phorbol 13-acetate, a very low affinity ligand, was reponedlafle

completing this manuscript.2? In the X-ray crystal structure having no lipid component bl3-acyl roup onl l’
makes intramolecular hydrogen bonding with C9-OH group. However, it may be stll p;wsible lhutgudd::l )l
hydrogen bonding of C13-acyl group with PKC is formed upon interaction with lipid me;nbranc and pla (Td

important role in high affinity binding. Identification of the crosslinked amino acid residues will pe ve’:hey;':m
for clarifying interactions in the hgand-PKC-phospholipid complex. This photolabile ligand mp: also bcd'y
useful wol for identifying novel unknown phorbol receptors.2! The results descnbed in this . r. on th‘l
Phoux:rosslinking of a phorbol deriavtive to PKC are a step toward these goals. Further studleslnlp:l:: this Iin:

are in progress.

Acknowledgment. We thank Dr. T. C. Saido of the Department of Molecular Biol - .
e i dcomis o e o T W2 s 1 . Pt of Bty o
Pha utical Sciences at Toyl‘ma Mednf:al & !’lpm}aceutical University for a discussion on photoaffinity lnhelzlng
This work was supported by the Grant-in Aid for Scientific Research on Priority Arcas No. 0624012 from the Ministry of
Education, Science and Culture, Japan, and Fellowship of the Japan Society for the Promotion of Science for Ja s 7y of
Junior Scientists. pane:

References and Note

1. (a) Hecker. E"‘.Ad“"' W.;"Hergenhahn, M.; Schmidt, R.; Sorg. B. Cellulur Interactions by Environmental Tumor

Promoters, edited by Fujiks. H.. 1984, pp3, Japan Sci. Soc. Press, Tokyo'VNU Science Press, Utrecht, and

references clled.lhercm. (b) B.lurpherg. P.M. Cancer Research 1988, 48, | (c) Castagna. M 'Taka.i‘Y . Iubu,:

K.; Sano, K.; Kikkawa, U. Nishizuka, Y J. Biol. Chem. 1982, 257, 7847, and referenccs'cuc.d thcre‘in . Kaibuchi,

Nishizuka, Y. Nuture 1988, 334, 661.

3. Foragenenl review on PKC‘. see (a) Protein Kinase C Current Concepts and Future Perspectives, edited by Lester
D.S.; Epand. R M 1992, Ellis Horwood Ltd., West Sussex. () Nishizuka, Y. Science 1992, 258, 607 (c) Wender,
. :\{:nm . M. Advances in Medicinal Chemistry, Edited hy Maryanoff, B. E , Maryasofr, C. A 1982, Vol. 1
ppi-2. -

W



8798

6

10.

20

21

(a) Jelfrey, A. M.; Liskamp, R. M. J. Proc. Natl. Acad. Sci. USA 1986, 83, 241 (b) Wender, P A ; Koehler, K. F.;
Sharkey, N A., Dell'Aquila, M L.; Blumberg, P M. Proc. Nail. Acad. Sci. USA 1986, 83, 4214. (¢) Wender, P A
Cribbs, C. M., Kocehler, K. F ; Sharkey, N A, lerald, C. L..: Kamano, Y.; Pettit, G R , Blumberg, P. M. Proc. Natl.
Acad. Sci. USA 1988, 85, 7197. (d) Itai, A.; Kato, Y.; Tomioka, N, Iitaka, Y., Endo, Y ; Hasegawa, M.; Shudo, K.;
Fujiky, I1.; Sakai, 8. Proc. Natl. Acad. Sci. USA 1988, 85, 3688. (e) Thomson, C ; Wilkie, ] Carcinogenesis 1989,
10, 531 (f) Nakamura, I1.; Kishi, Y. Pajares, M. A.; Rando, R. R. Proc. Natl. Acad. Sci. USA 1989, 86, 9672. (g)
Leli, U.: Hauser, (i.; Froimowitz, M. Afol. Pharmacol. 1990, 37, 286. (h) Rando, R. R.; Kishi, Y. Biochemistry
1992, 31, 2211. (i) Teng, K., Marquez, V E., Milne, G. W. A, Barchi, J. J.; Kazanietz, M. G.; Lewin, N. E;
Blumberg, P M., Abushanab, 5. J. Am. Chem. Soc. 1992, 174, 1059. (j) Wang, S.. Milne, G. W.; Nicklaus, M C.;
Marquez, V B, Lee,J  Blumberg, P. M [ Med. Chem. 1994, 37, 1326. (k) Wang, S.; Zaharevitz, D. W.; Sharma,
R.: Marquez, V. I ; Lewin, N. &, Du, L., Blumberg, P. M., Milne, GG W. A J. Med. Chem. 1994, 37, 1479
Crosslinking experiments with 12-p of m-azidobenzoate derivatives of phorhol ester resulted in labeling of only the
surrounding phospholipids, see: (a) Delclos, K. B.; Yeh, E; Blumberg, P. M Proc. Nail. Acad. Sci. USA 1983, 80,
3054, (b) Schmudt, R.; Heek, K., Sorg, B ; Hecker, 5. Cancer Letters, 1988, 26, 97  For other photolabile phorbol
and teleocidin derivatives, see' (¢) Ine, K., Okuno, S.; Kotzumi, F., Koshimizu, K.; Nishino, H ; Iwashima, A
Tetrahedron 1993, 49, 10817. (d) Wender, P. A.; Irie, K.; Miller, B. L. J. Org. Chemn. 1993, 58, 4179.

Brasseur, R ; Cabiaux, V.; Huart, P ; Castagna, M , Baztar, S.; Ruysschaent, I. M. Biochem. Biophys. Res. Commun.
1988, /27,969 Leh et al. also proposed a model in which the 9-OI1 and the 12- and 13-acyl groups of phorbol
derivatives correspond 1o the 3-O11 and the 2-and 1-acyl groups of DAG derivatives on binding, see ref. (4g)
Kazaniets, M. Gi.; Krausz, K. W.; Blumberg, P. M J. Biol. Chem. 1992, 267, 20878.

Sugita, K., Nevalle, O I, Sodeoka, M., Sasai, H.; Shibasaki, M. Tetrahedon Lett. 1998, 36, 1067

The pyrene ning was appended to the 12-acyl group, to distinguish crosslinked peptide fragments from non-
crosslinked fragments by fong wave UV at later stages of this rescarch. No drastic effects on binding to PKC are
expected

Sorg, B.; [urstenberger, G, Berry, D L.; Hecker, EE , Marks, F. J. Lipid Res. 1982, 23, +H3.

PPDA(6) showed following spectral data: IR (ncat) 3397, 2118, 1670, 1370, 845 em™!; HINMR (CDCI3) 8 0.93 (d,
J=66112 31D, 118 (m, 1T1), 1.19 (s, 31D, 1.22 (s, 3H), 1.78 (dd, J = 1.1, 2.6 1z, 311), 2.15-2 30 (m, 4H), 2.48 (1,
J=7.511z 211, 2.51 (m, 2I1), 3.25 (m, 211), 3 40 (t./ = 7.9 11z, 211), 4.02 (s, 2I), 484 (br-s, 11]), 5.57(d, /= 10.2
Hz, 1H), 569 (br-s, 111), 570 (d. J = 5011z, 111, 7 59 (m. 117), 7.80-8.40 (m, 911), FAB-MS(nitrobenzy! alcohol,
Xe, positive mode) m/2 703 (M+11)*

(a) Tanaka, Y.. Miyake, R., Kikkawa, U.; Nishizuka, Y. J. Biochem. 1986, 99, 257 (b) Ono, Y.; Fujii, T ; Igarashi,
K.: Kuno, T ; Tanaka, C.; Kikkawa, U.; Nishizuka, Y Proc. Nail. Acad. Sci. USA 1989, 86, 48G8.

A mixture of the e, f and y subtypes of rat brain PKC purchased from Bochringer Mannheim Biochimica was used
for the binding assays.

Kitano, T.; Go, M. Kikkawa, U ; Nishizuka, Y. Methods in Enzymology 1986, 124, 349. Punfication of PKC from
rat brain was carricd out according to Nishizuka's procedure using DE-52, Threonine-Sepharose and Phenyl-
Sepharose columns.  Since all fractions from the Threonine-Sepharose column showing kinase activity (assayed
using the PKC" assay kit purchased from Amersham) were collected, our PKC sample is less pure than the reported
one and is a mixture of subtypes of not only the conventional PKCs (cx, B, ¥) but also the novel PRC such as &. 18 The
active PKC content of the final stock solution was estimated using a [3HIPDBu binding assay to be ca. 0.08 mg/mL
hy comparing relative activity o authentic PKC (Boehringer Mannheim). The total protein concentration of this
solution determined by Bradford assay using BSA as a standard was ca. 0.7 mg/mL.

Since half-life for photolysis of PPDA under these conditions determined by UV absorption analysis was about |
mun, photolysis for 5 min is sufficient for complete photolytic decomposition of PPDA

. Based on the total radiactivity of [SHIPPDA used and dpm for slice No.3, ¢ca. 0.2 % of the ligand bound irreversibly

to proteins. This yield may be improved by modification of photoreactive functional group at C13.

Photolaheling of proteins corresponding to ca. 82 kDa was reproduced 1n several independent expeniments.

Sawdo, T. C.; Mizuno, K.; Konno, Y .; Osada, S., Ohno, S.; Suzuki, K. Biochemistry 1992, 31, 482

(@) Hommel, U.; Zurini, M., Luyten, M. Nature Stret. Biol. 1994, 1, 383. (b) Ichikawa, §.; Hatanaka, I1.; Takeuchi.
Y.; Ohno, 8., Inagaki, F. J. Biochem. 1998, 117, 566,

Zhang. G., Kazanictz, M. G ; Blumberg, P M.; Hurley, J. H. Cell 1995, 81, 917.

(a) Arcces, L. B., Kazanietz, M. G ; Blumberg, P. M. J. Biol. Chem. 1994, 269, 19553. (b) Hashimoto, Y.: Shudo,
K Biochem. Biophys. Res. Commun. 1990, 166, 1126.

(Received in Japan 29 August 1995; revised 25 September 1995; accepted 27 September 1995)





