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ABSTRACT: Resveratrol, a polyphenolic natural product abundantly present in grape skins, is a candidate
cancer chemopreventive agent that antagonizes each stage of carcinogenesis and inhibits protein kinase
C (PKC), a key mediator of tumor promotion. While resveratrol has been shown to antagonize both isolated
and cellular forms of PKC, the weak inhibitory potency observed against isolated PKC cannot account
for the reported efficacy of the polyphenol against PKC in cells. In this report, we analyze the mechanism
of PKC inhibition by resveratrol. Our results indicate that resveratrol has a broad range of inhibitory
potencies against purified PKC that depend on the nature of the substrate and the cofactor dependence of
the phosphotransferase reaction. Resveratrol weakly inhibited thgpGasphatidylserine-stimulated
activity of a purified rat brain PKC isozyme mixture @&= 90 uM) by competition with ATP K; = 55

uM). Consistent with the kinetic evidence for a catalytic domain-directed mechanism, resveratrol inhibited
the lipid-dependent activity of PKC isozymes with divergent regulatory domains similarly, and it was
even more effective in inhibiting a cofactor-independent catalytic domain fragment (CDF) of PKC generated
by limited proteolysis. This suggested that regulatory features of PKC might impede resveratrol inhibition

of the enzyme. To explore this, we examined the effects of resveratrol on PKC-catalyzed phosphorylation
of the cofactor-independent substrate protamine sulfate, which is a polybasic protein that activates PKC
by a novel mechanism. Resveratrol potently inhibited protamine sulfate phosphorylatior(10 «M)

by a mechanism that entailed antagonism of the activation of PKC by protamine sulfate and did not
involve competition with either substrate. On the basis of the presence of PKC isozymes at subcellular
sites rich in polybasic proteins, it has been proposed that certain endogenous polybasic PKC substrates
may activate PKC in cells by the same mechanism as protamine sulfate. Our results suggest that antagonism
by resveratrol of the phosphorylation of cellular PKC substrates that resemble protamine sulfate in their
interactions with PKC may contribute to the efficacy of resveratrol against PKC in cells.

Resveratrol is a polyphenolic antifungal natural product atypical (aPKC) isozymes (1) andZ] are C&"- and phorbol
that is present in high abundance in grape skihs2j. ester-independent(5). The potent and selective activation
Resveratrol exhibits potent anti-cancer activity in experi- of cPKC and nPKC isozymes by phorbol ester tumor
mental model systemg&). Carcinogenesis models divide the promoters such as 1®ftetradecanoyl)phorbol 13-acetate
development of cancer into the stages of initiation, promo- (TPA) implicates PKC as a key mediator of tumor promotion
tion, and progression3]. Resveratrol has been shown to (3, 4, 6). In support of this, it has been demonstrated that
possess potent chemopreventive activity against each one oénforced expression of the PKC isozymes cPBCand
these stages, and direct antagonism of phorbol ester-mediatedPKC-, respectively, induces partial and full transformation
tumor promotion by resveratrol has been demonstrated inof cultured fibroblastsy, 8). In addition, PKC isozymes are
the two-stage mouse skin carcinogenesis mo2el ( targets of the cancer chemopreventive agents piroxi@ym (

The phorbol ester tumor-promoter receptor protein kinase ursodeoxycholatelQ), curcumin (1), and tamoxifen 12,

C (PKCY is an isozyme family comprising at least 11 13).

members 4, 5). PKC isozymes are divided into three Phorbol ester-mediated activation of PKC results in the
subfamilies based on differences in their regulatory domains translocation of PKC isozymes from the cytosol to the cell
and allosteric cofactor requirements §). Common (cPKC) membrane and cytoskeletofy 6). In a recent report, 16M
isozymes ¢, 31, 2, andy) are C&"-dependent and phorbol  resveratrol was shown to inhibit TPA-mediated PKC trans-
ester-responsive; novel (nPKC) isozymésd, 0, , andu) location and TPA-induced cyclooxygenase 2 (COX-2)
are Cd&'-independent and phorbol ester-responsive; and transcription in human epithelial cells4). In addition,

T This work was supported by grants from The Robert A. Welch 1 Abbreviations: COX-2, cyclooxygenase 2;skCinhibitor concen-
Foundation (G-1141) and the National Institutes of Health (CA 74831). tration that achieves 50% inhibition; PKC, protein kinase C; aPKC,

* To whom correspondence should be addressed: Telephone 713-atypical protein kinase C; cPKC, common protein kinase C; nPKC,
792-7969; Telefax 713-792-8747; Email obrian@mdacc.tmc.edu. novel protein kinase C; PS, phosphatidylserine; [Ser25]PKEg1L9,

* Department of Cancer Biology. Arg-Phe-Ala-Arg-Lys-Gly-Sef-Leu-Arg-Gln-Lys-Asn-Val; TPA, 12-

§ Department of Gynecologic Oncology. (O-tetradecanoyl)phorbol 13-acetate.

10.1021/bi990875u CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/15/1999



Resveratrol Inhibits PKC by a Novel Mechanism Biochemistry, Vol. 38, No. 40, 19993245

enforced expression of cPK&induced COX-2 transcription OH

in the cells, and this was also blocked by resveratrol

(14). These observations suggest that tumor promotion Resveratrol

antagonism by resveratr@)(may involve inhibitory effects OH
against PKC. In fact, resveratrol has been reported to inhibit

partially purified PKC activity, but with an inhibitory potency

(ICso = 175 uM) (1) that cannot account for its above- HO

described effectsld) against the action of phorbol esters Ficure 1: Structure of resveratrol.

and PKCe in epithelial cells.

In this report, we first confirmed that resveratrol is a weak
inhibitor of purified C&"- and PS-dependent PKC activity
(ICs0 = 90 uM). The inhibitory mechanism entailed com-
petition with the substrate ATP, based on kinetic analysis
and inhibition of a catalytic-domain fragment of PKC. The
apparent inhibitory potency of resveratrol was considerably
greater against the catalytic-domain fragment compared with
intact PKC. This suggested that regulatory features of PKC
might impede resveratrol inhibition of the enzyme. To
explore this, we examined the effects of resveratrol on PKC-
catalyzed phosphorylation of a cofactor-independent sub-
strate. The arginine-rich protein protamine sulfate is a
cofactor-independent PKC substrate by virtue of its ability
to activate the enzyme by a novel mechanists, (16).
Resveratrol potently antagonized the protamine sulfate phos-
phorylation reaction of PKC (16 = 10uM) by a mechanism (18, 19). . .
that was not competitive with respect to either the nucleotide . In assays of baculovirus-produced, purified human_ PKC
or protein substrate but did entail antagonism of the activation isozymes, the above procedures were employed with the

. following modifications. Because each of the isozymes
of PKC by protamine sulfate. Our results suggest that the . ;
reported efficacy of resveratrol against cellular PKI2( subjected to analysis phosphorylates B4 [Ser25]PKC-

may reflect antagonism of the phosphorylation of arginine- (19-31) efficiently @0), reaction mixtures contalned A/

rich PKC substrates that bear resemblance to protamine.[serzs.]PK_C(1931) and 10.0 ng of the PKC isozyme under

sulfate in their interactions with PKC. investigation. C&" was omitted from assays of nPKC and
aPKC isozymes.

MATERIALS AND METHODS All kinase assays were performed in triplicate and
expressed as the mean vali#teSD. To analyze inhibitory

Enzymes, Substrates, and Other Reag&usbrain PKC kinetics, LineweaverBurk, Dixon, and Hill plots, and

was purified to near-homogeneity as previously described nonlinear curves\( versusS graphs) 21) were generated

(17). The purified PKC preparation is a mixture of the Dby regression analysis with Microsoft software. All experi-

isozymesu, 3, y, €, and (18). The histone kinase activity ~mental results shown were determined to be reproducible in

of the PKC preparation was stimulated more than 10-fold separate experiments.

by 0.2 mM C&" and 30ug/mL PS but was unaffected by

either cofactor alone. A fully active catalytic-domain frag- RESULTS

ment preparation was produced from rat brain PKC by |nhibition of cPKC, nPKC, and aPKC Isozymes by
limited trypsinolysis, as previously described9). The Reseratrol. [Ser25]PKC(19-31) is a defined peptide sub-
histone kinase activity of the catalytic-domain fragment was strate that is based on the pseudosubstrate sequence of cPKC-
stimulated less than 1.5-fold by 0.2 mM Taand 30ug/ a, and it is universally recognized as an excellent substrate
mL PS. Baculovirus-produced, purified human PKC isozymes by PKC isozymesZ20). Consistent with the recognition of
were purchased from Pan Vera Corp. (Madison, WI). [Ser25]PKC(19-31) by both C&'-dependent and Ca
Resveratroltfans-3,4,5-trihydroxystilbene) was purchased jndependent PKC isozymes, we determined that th& Ca
from Calbiochem (San Diego, CA). The protein substrates and PS dependence of [Ser25]PKCG{B1) phosphorylation
protamine sulfate and histone 1I-S were purchased from py a purified rat brain PKC isozyme mixture consisting of
Sigma Chemical Co., the synthetic peptide substrate [Ser25]-cpkC, -8, and ¥, nPKC+, and aPKCE (18) was 3.6-
PKC(19-31) was obtained from BACHEM (King of Prussia, 3 5-fold. We first investigated the effect of the cancer
PA), and |-*P]JATP was from Amersham Corp. (Arlington  chemopreventive agent resveratrol (Figure 1) on the [Ser25]-
Heights, IL). Bovine brainL-a-phosphatidylserine (PS)  pkc(19-31) kinase activity of the purified PKC isozyme
(=98% purity) and all other reagents, including poly(Arg,- mixture in the presence of €aand PS. Representative
Ser) (3:1), ATP, L-1-tosylamido-2-phenyl chloromethyl  results are shown in Figure 2. Resveratro-g80 uM)
ketone-treated trypsin, buffers, chelators, and protease inhibi-inhibited the PKC isozyme mixture in a concentration-
tors, were purchased from Sigma. dependent manner (Figure ¥), with an Gy of 90 + 7
Kinase AssaysThe protein and peptide kinase activities «M and a maximal inhibition of 65%t 6% (the 1G, and
of purified rat brain PKC were assayed as previously maximal inhibition are average values obtained from three
described 18). Peptide kinase reaction mixtures contained independent experiments).

20 mM Tris-HCI, pH 7.5, 10 mM MgGl 0.2 mM CaC}

(or 0.2 mM EGTA), 30ug/mL PS (or none), 6uM
[y-32P]ATP (50006-8000 cpm/pmol), 1M [Ser25]PKC-
(19—-31), and 10 ng of PKC. PS was added to the reaction
mixtures in the form of a sonicated dispersion. In assays of
histone or protamine sulfate phosphorylation, [Ser25]PKC-
(19—31) was replaced with either 0.67 mg/mL histone 11I-S
or 0.20 mg/mL protamine sulfate. Where indicated, resvera-
trol was included in the reaction mixtures. Resveratrol was
prepared as a 100 mM stock in DMSO; the final DMSO
concentration in the reaction mixtures@.25%) was without
effect on PKC activity. A 10-min reaction period at 3G

was initiated by the addition ofyf*?P]JATP, and substrate
phosphorylation was quantitated on the basis of substrate
binding to phosphocellulose paper, as previously described
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Table 1: Inhibition of Purified PKC Isozymes by 10

100 1 Resveratrdl
%01 isozyme % inhibition isozyme % inhibition
] cPKCa 39+7 nPKC# 63+ 1
70 4 cPKC#, 56+ 1 nPKCe 49+ 3
. cPKC#2 59+ 3 aPKC¢ 31+5
cPKCy 55+1

50 4
aEach assay mixture contained 100 ng of the indicated purified

recombinant human PKC isozyme, aM [Ser25]PKC(19-31), and

30 1 30 ug/mL PS. cPKC assay mixtures also contained 0.2 mM gaCl

20 For other assay conditions and assay procedures, please see Materials

and Methods. Results shown are an averadgE of three experiments

done in triplicate.
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1 RESVERATROL isozymes was sensitive to the inhibitory effects of resveratrol.
N

. - ) ) The degrees of inhibition achieved by 1M resveratrol
oL 2, o o2 P FC isomgme mxure 2l against the isozymes ranged fiom 3196 to 635 Consisten
dependent inhibition achieved by resveratrol against the protamine-"ith the above evidence for little isozyme selectivity in
sulfate kinase activity®) and [Ser25]PKC(1931) kinase activity resveratrol inhibition of PKC, we established that resveratrol
(V) of a purified PKC isozyme mixture and against the [Ser25]- generated similar inhibitory curves against recombinant
PKC(19-31) kinase activity of purified recombinant cPKC() human cPKGe (Figure 2,0) and the purified rat brain PKC

is shown. Assays contained 1M [Ser25]PKC(19-31) or 0.20  i507vme mixture (Figure 2y). The cPKCe results shown
mg/mL protamine sulfate, and resveratrol was present in the assay. = > ; f th . R
mixtures at the concentrations shown. [Ser25]PKC(39) phos- In Figure 2 are representative of three experiments. Res-

phorylation was measured in the presence of the cofactors 0.2 mmveratrol inhibited cPKGx catalysis in a concentration-
CaCl and 30ug/mL PS, and protamine sulfate phosphorylation dependent manner (Figure 2), with an 1G, of 140+ 5
was measured in their absence. For other experimental details, se&M and maximal inhibition was 63% 4%. The results

Materials and Methods. Full activity values (100%) were-8L P : L
pmol of 2P transferred/min), 17 iyz pmol éf3zp ?r)ansferred/ show that resveratrol inhibits PKC isozymes with divergent

min (V), and 23+ 2 pmol of32P transferred/minC{). Each point regulatory domains with comparable efficacy. o
represents the average SD of triplicate determinations, and the Reseratrol Is a Catalytic Domain-Directed PKC Inhibi-
inhibition curves shown were reproduced in separate experiments.tor. Having established that resveratrol inhibits PKC isozymes
with divergent regulatory domains comparably, we next

Ca* selectively activates cPKC isozymes in the presence investigated whether the inhibitory effects of resveratrol
of PS through interactions with the C2 domain of the against PKC were catalytic domain-directed. The hydropho-
isozymes 4). Phorbol esters and diacylglycerol activate bic and aromatic properties of resveratrol (Figure 1) sug-
cPKC and nPKC but not aPKC isozymes in the presence of gested that resveratrol might inhibit PKC by competing with
PS by binding interactions with the C1 domain of PK&J.( the substrate ATP. To investigate the kinetics of inhibition,
When the phorbol ester TPA (100 nM) was substituted for it was first necessary to determine whether the observed
Cé" in the [Ser25]PKC(19-31) kinase assay mixtures, the inhibition was reversible. To accomplish this, PKC was
inhibitory potency of resveratrol was virtually unchanged. preincubated alone (positive control representing 100%
Resveratrol (5200 4M) inhibited PKC in the presence of  activity) or in the presence of 1QéM resveratrol for 5 min
TPA and PS in a concentration-dependent manner, with anat 25°C and then placed on ice. Preincubation mixtures were
ICs0 of 101 + 8 uM and a maximal inhibition of 70%:t then diluted 20-fold into PKC assay mixtures with [Ser25]-
3% at 20QuM resveratrol. (The 16 and maximal inhibition ~ PKC(19-31) as the substrate. The final resveratrol concen-
values are both averages obtained from three independentration in the assay mixture (BM) was noninhibitory (see
experiments.) Figure 2). Following preincubation of PKC with 1Q@M

To determine whether the inability of resveratroHZ00 resveratrol and dilution into standard assay mixtures, 92%
uM) to fully inhibit the purified PKC isozyme mixture was =+ 7% of the [Ser25]PKC(1931) activity of the enzyme
due to the presence of resveratrol-insensitive isozymes inwas recovered. In contrast, when PKC was preincubated
the PKC preparation, we next surveyed the effects of 100 alone and then assayed in reaction mixtures containing 100
uM resveratrol on the [Ser25]PKC(1381) kinase activity =~ uM resveratrol, the enzyme was inhibited 68%3%. These
of seven PKC isozymes, including representatives of eachresults were reproduced in a second experiment. Thus, the
PKC isozyme subfamily and all of the isozymes present in inhibitory action of resveratrol against PKC is reversed upon
the purified PKC preparation. cPKC, nPKC, and aPKC dilution, indicating a reversible inhibitory mechanism.
subfamilies are distinguished primarily on the basis of their ~ We analyzed the kinetics of inhibition of purified rat brain
modes of regulation and the structures of their regulatory PKC by resveratrol, by varying the concentration of ATP
domains 4). The isozymes examined were baculovirus- above and below th&,, (3.3—40 uM ATP; K, =15+ 4
produced, purified human cPK&--41, -2, and &, nPKC-H uM). Figure 3 shows that the mechanism of PKC inhibition
and €, and aPKCE. Because each of the isozymes exhibited by resveratrol was competitive with ATP. The results shown
robust activity in the absence of C1 domain-interacting were reproduced in a separate analysis, andkhevas
activators, the isozymes were assayed under conditionscalculated from the data by Dixon analysis. The avetgge
equivalent to those employed in Figure 2, i.e., in the presenceobtained from the two analyses was 54 uM.
of the allosteric cofactors Gaand PS (cPKCs) or PS alone As a test of the kinetic evidence that resveratrol is a
(nPKCs and aPK(@). Table 1 shows that each of the catalytic domain-directed PKC inhibitor, we next investigated
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Ficure 3: Inhibitory kinetics of resveratrol against PKC-catalyzed FIGURE 4: Inhibition of the catalytic-domain fragment of PKC by
[Ser25]PKC(19-31) phosphorylation are competitive with the resveratrol. The concentration-dependent inhibition of the catalytic-
nucleotide substrate. The [Ser25]PKC{1®L) kinase activity of ~ domain fragment of PKC by resveratrol in assays containig (
purified rat brain PKC was assayed in the presence of 0.2 mM or lacking @) 0.2 mM C&* and 30ug/mL PS is shown. [Ser25]-
Ca&* and 30ug/mL PS. Concentrations of resveratrol and the PKC(19-31) (10 uM) was employed as the phosphoacceptor
substrate }-32P]JATP were varied, as indicated in the double- substrate. The catalytic-domain fragment was produced from

reciprocal analysis shown. \l/= (pmol of 32P/min)t. The purified rat brain PKC by limited trypsinolysis, and its activity was
competitive kinetics shown were reproduced in a separate experi-Stimulated less than 1.5-fold by €aand PS. Full activity (100%)
ment. was 8.1+ 0.6 pmol of32P transferred/min in the absence of?Ca
and PS. Resveratrol was present in the assay mixtures at the
the ability of resveratrol to inhibit a C& and PS- indicated concentrations. For other experimental details, see Materi-

independent catalytic-domain fragment derived from the als and Methods. Each point represents the averagéD of
purified rat brain PKC isozyme mixture by limited trypsi- triplicate ?etermln_atlonts, and the results shown were reproduced
nolysis (see Materials and Methods). Resveratrol exhibited N Separate experiments.
enhanced potency against the catalytic-domain fragmentdomain fragment of PKC compared with intact?C®S-
compared with intact PKC. ResveratroH800xM) inhib- dependent PKC, we investigated whether resveratrol would
ited [Ser25]PKC(19-31) phosphorylation catalyzed by the show superior efficacy against PKC-catalyzed phosphory-
catalytic-domain fragment in the absence of Cand PS in lation of a C&"/PS-independent substrate compared with
a concentration-dependent manner, with ag & 30 + 5 conventional PKC substrates that are phosphorylated in a
uM and a maximal inhibition of 87% 2% (average values C&"/PS-dependent manner. Protamine sulfate is a polybasic,
from three independent experiments). Representative resultsArg-rich PKC substrate that activates PKC by a novel
are shown in Figure 4€). mechanism involving binding of protamine sulfate at an
The enhanced inhibitory efficacy of resveratrol observed allosteric site 15, 16). As a result, PKC-catalyzed protamine
in assays of the catalytic-domain fragment could not be sulfate phosphorylation is €dPS-independenil6, 16). The
ascribed to the absence of the cofactor$'Gand PS from polybasic, Arg-rich nature of protamine sulfate is implicated
the reaction mixtures, because a virtually identical inhibitory in its activation of PKC, because protamine free base and
curve against the catalytic-domain fragment was generatedan Arg-rich synthetic peptide substrate corresponding to a
by resveratrol when assays were done in the presence of 0.Zequence in protamine likewise activate PKC, but the Lys-
mM C&" and 30ug/mL PS (Figure 40). The similarity of rich substrate histone H1 does n@6(22).
the inhibitory curves generated by resveratrol against the We examined the ability of resveratrol to inhibit protamine
catalytic-domain fragment in the presenc® @nd absence  sulfate phosphorylation by purified rat brain PKC in the
(®) of Ca* and PS also indicates that the inhibitory potency absence of Cd and PS. Figure XJ) shows that resveratrol
of resveratrol is not compromised by phospholipid sequestra-was much more potent against protamine sulfate phospho-
tion of the inhibitor. The IG and maximal inhibition rylation compared with [Ser25]PKC(381) phosphorylation
achieved by resveratrol against the catalytic-domain fragment(V) by PKC. The concentration-dependent inhibitory curve
in the presence of Caand PS were 3% 3 uM and 92% against protamine sulfate phosphorylation in Figure 2 is
+ 1%, respectively (average values from three independentrepresentative of curves generated in three independent
experiments). The ability of resveratrol to inhibit the experiments, which yielded averagesdCand maximal
catalytic-domain fragment more potently and to a greater inhibition values of 16t 2 uM and 91%+ 2%, respectively.
extent than intact PKC [compare FigureV @nd Figure 4] For comparison, we examined the inhibitory potency of
demonstrates that the mechanism of PKC inhibition by resveratrol against PKC phosphorylation of histone H1,
resveratrol includes a major catalytic domain-directed com- which is a conventional polybasic and Lys-rich PKC
ponent and suggests that features of the regulatory domairsubstrate 15). Resveratrol was considerably less effective
of PKC may offer protection against the inhibitory action against the Ca/PS-dependent phosphorylation of histone,
of resveratrol. exhibiting an IG, of 91 &+ 8 uM and a maximal inhibition
Potent Inhibition of PKC-Catalyzed Protamine Sulfate of 72% + 12% (average values from three experiments).
Phosphorylation by Resratrol through a Distinct Kinetic ~ To determine whether the Arg-rich nature of protamine
MechanismOn the basis of our evidence of greater efficacy sulfate was sufficient to account for the superior potency of
of resveratrol against the €dPS-independent catalytic- resveratrol against this substrate, we also examined the
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inhibitory potency of resveratrol against PKC phosphoryla-
tion of an Arg-rich polypeptide that serves as a conventional
PKC substrate. The copolymer poly(Arg,Ser) is phosphor-
ylated by PKC in a phospholipid-dependent manner, and,
despite its structural resemblance to protamine, it does not
activate the enzyme28). PKC-catalyzed phosphorylation of
poly(Arg,Ser) (40ug/mL) was stimulated 6-fold in the
presence of Ca/PS, and the cofactor-stimulated reaction
was inhibited by resveratrol with an §gof 120 + 18 uM

and to a maximal extent of 67% 4% (average values from
three experiments). Thus, the superior inhibitory potency
exhibited by resveratrol against PKC phosphorylation of
protamine sulfate was not observed with either Lys-rich or
Arg-rich polypeptide substrates that lack the ability to activate
PKC.

We conducted a kinetic analysis to investigate the basis
for the preferential inhibition of PKC-catalyzed protamine
sulfate phosphorylation by resveratrol. To determine whether
resveratrol reversibly inhibited PKC-catalyzed protamine
sulfate phosphorylation, we employed the experimental
approach that was taken to show that resveratrol inhibited
the [Ser25]PKC(1931) phosphorylation reaction reversibly.
In these experiments, PKC was preincubated for 5 min at
25 °C with/without resveratrol and then diluted 20-fold into
assay mixtures. Preincubation of PKC with resveratroH10
15uM) resulted in<10% inhibition of the protamine sulfate
phosphorylation reaction of the enzyme, while the reaction
was inhibited 45-50% when PKC was preincubated alone
and 16-15uM resveratrol was present in the assay mixtures.
These results indicate that resveratrol reversibly inhibits
PKC-catalyzed protamine sulfate phosphorylation.

To compare the inhibitory kinetics of resveratrol against
PKC-catalyzed [Ser25]PKC(191) phosphorylation (Figure
3) and protamine sulfate phosphorylation, we first analyzed
the inhibitory kinetics for protamine sulfate phosphorylation
at variable ATP concentrations. In plots of initial velocity
versus initial substrate concentratiov (ersusS), the data
points obtained in this analysis in the presence of 0, 12.5,
25, and 50uM resveratrol (Figure 5) were better fit by
sigmoid curves (solid lines) than hyperbolic curves (not

shown) generated by nonlinear regression analysis, and the

data did not conform to MichaetidMenten double-reciprocal
plot analysisVmax values were calculated as the asymptotic
values corresponding to the sigmoidalversussS curves.

Stewart et al.
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FiIGURe 5: Inhibitory kinetics of resveratrol against PKC-catalyzed
protamine sulfate phosphorylation, witp-f2P]JATP as the varied
substrate. The protamine sulfate kinase activity of purified rat brain
PKC was assayed in the absence of'Cand PS, as described in
Materials and Methods. Concentrations of resveratrol and the
substrate jf-3?P]JATP were varied, as indicated in theversusS
analysis shown. Sigmoidal curves (solid lines) were generated by
nonlinear regression analysis of the data. Pmol/mipicomoles

of 32p transferred to protamine sulfate per minute per 10 ng of PKC.
Data points represent average values obtained from triplicate assays.
The results shown were reproduced in a separate experiment.
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FIGUReE 6: Inhibitory kinetics of resveratrol against PKC-catalyzed
protamine sulfate phosphorylation, with protamine sulfate as the
varied substrate. The kinetic analysis showivérsusS) was done

Resveratrol had a pronounced and concentration-dependenas described in the legend to Figure 5, except that the varied

effect on theVnax Of the protamine sulfate phosphorylation
reaction. The averag¥ma.x values obtained from Figure 5
and a second analysis (not shown) were 18.3.1 (OuM
resveratrol), 11.8 0.8 (12.5uM resveratrol), 8.1+ 1.2
(25uM resveratrol), and 5.8 1.5 (50uM resveratrol) pmol

of 32P transferred mint (10 ng of PKC)™. Thus, the highest
resveratrol concentration included in the analysis 450
caused a 3.7-fold reduction in tMg.ax value when ATP was
the varied substrate. Figure 3 shows that the kinetics of
resveratrol inhibition of PKC-catalyzed [Ser25]PKC{131)
phosphorylation are competitive with respect to ATP, i.e.,
the Vimax Value does not change when [ATP] is varied. In
contrast, the kinetics of inhibition of protamine sulfate
phosphorylation (Figure 5) rule out simple competition with
ATP.

substrate was protamine sulfate. Pmol/minpicomoles of32P
transferred to protamine sulfate per minute per nanogram of PKC.
Data points represent average values obtained from triplicate assays.
The results shown were reproduced in a separate experiment.

with pronounced sigmoidal character (Figure @®). The
average Hill coefficient obtained from Figure @®)(and a
second analysis (not shown) was 6:00.4 (Table 2). The
observed positive cooperativity is in agreement with previous
observations that protamine sulfate stimulates its own phos-
phorylation by PKC 15, 16). In confirmation of results
reported in refl5, the double-reciprocal plot corresponding
to Figure 6 yielded parabolic curves (data not shown), which
is the predicted outcome for a varied substrate that acts as
an enzyme activatofl). Resveratrol caused a concentration-
dependent drop in th¥may Value obtained with protamine

When protamine sulfate was the varied substrate, nonlinearsulfate as the varied substrate (Table 2). The approximately

regression analysis of the data generat&tvarsusS curve

2-fold reduction in theVnmax value achieved by resveratrol
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Table 2: Kinetics of Resveratrol Inhibition of PKC with Protamine DISCUSSION

Sulfate as the Varied Substrate

Resveratrol is a candidate cancer chemopreventive agent

resveratrol Vmax [omol of > mir* Hil that antagonizes each stage of carcinogengsang inhibits
’ i
conen (M) (ng of PKC) ] coefficient () PKC (1, 14), a key mediator of the tumor promotion stage
1(2)5 11'%: 8'8‘31 g'gi 8"11 of carcinogenesis3( 4). At a concentration of 15uM,
o5 0.93+ 011 3.9+ 0.8 resveratrol potently inhibits PKC in mammalian cefisly.
50 0.75+ 0.16 2.8+ 0.2 Paradoxically, the reported $gof resveratrol against isolated

@ The Vmax and ny values shown are averages from the analysis in PKC is 175uM (1). To regolve this a,ppar_e_nt contradiction,
Figure 6 and a second analysis (not showh), values were calculated ~ We analyzed the mechanism of PKC inhibition by resveratrol.
as described for Figure 5, i.e., by extrapolating the sigmoidal curves We found that the potency of resveratrol against purified
generated by nonlinear regression analysis oMhersusSdata points  PKC depended on the nature of the substrate and the cofactor
Eﬁea%’r‘;gggfn‘éﬁ']‘aeﬁ'iI:"F')'l'octgemc'e”ts were calculated as the slopes of yanendence of the phosphotransferase reaction. Furthermore,

' the range of inhibitory potencies observed against purified

PKC overlapped with the reported potency of resveratrol

(Table 2) indicates that the inhibitory mechanism is not against cellular PKC.
competitive with respect to protamine sulfate. Resveratrol \ye first established that resveratrol weakly inhibits the
al_so caused a 2-fold reduction in theT Hill coefficient obtained ~z+/ps-stimulated [Ser25]PKC(:B1) kinase activity of
W|th_p_rotam|_ne sulfate as the varlgd substratg (Table 2), 5 purified rat brain PKC isozyme mixture ¢€= 90 uM)
providing evidence that resveratrol interferes with the func- by competition with ATP K; = 55 uM). The previous
tion of protamine sulfate as a PKC activator. observation that resveratrol also weakly inhibits the protein

Bazzi and Nelsestuer2® have shown that PKC phos- tyrosine kinase Lck (16 = 260uM) (1), which is distantly
phorylation of conventional lipid-dependent substrates occursrelated to PKC in the protein kinase superfami4)
in association with substrate-induced aggregation of the lipid together with our observation that resveratrol is similarly
cofactor and the resultant formation of large complexes of €ffective against members of each PKC isozyme subfamily
substrate, lipid, and PKC. In addition, they have demonstrated(CPKC, nPKC, and aPKC) suggest that resveratrol may be
that PKC-catalyzed protamine sulfate phosphorylation is Weakly inhibitory against a broad spectrum of protein
associated with complex formation between PKC and self- kKinases. Our kinetic results further suggest that, at least in
aggregated protamine sulfate. We investigated whetherthe case of protein kinases closely refated to PKC, this may
resveratrol could interfere with the formation of large €ntail binding of resveratrol at the nucleotide-substrate
complexes of PKC and protamine sulfate, using an estab-Pinding site. However, because these weakly inhibitory
lished method that measures sedimentation of PK®ta- effects require resveratrol concentrations that are nonspe-
mine sulfate aggregate&5, 23). In these studies, rat brain C|f|cally toxic to mam”?a"a” cells25; Stewart and OBrian,
PKC (160 ng) was incubated with 25@y/mL protamine unpublished opservaﬂons) and therefore not rele\_/ant to the
sulfate+ 20 uM resveratrol in 20 mM Tris-HCI, pH 7.5, chemopre_ve_ntlve proper_tles_ of resveratrg), (we did not
containing 1 mg/mL BSA for 5 min at 3€C (total volume pursue this line of investigation. Instggd, we focused on the
= 320uL), and the samples were centrifuged at 14901 que_stlotn ?r]: wr:ether r?slglsgtrolt ?Xh'%'ts en?ancetcri] ptOten%/
5 min at 4°C to sediment PKEprotamine sulfate ag- against ofher ypes o ~catalyzed reactions that cou

gregates. The PKC activity remaining in the supernatant Waspotentlally cor]trlbute io s _chemopreventlve ac_tlon. .
measured in assay mixtures (120Q) containing 0.6 mg/ A fully active, C&"/PS-independent catalytic-domain

mL protamine sulfate as substrate and /10 of sample fragment (CDF) is produced from PKC by limited proteolysis

supernatant, in order that the contribution of protamine sulfate |(r‘11h|t?t)|o:1no?ucp§psg gfsgrlfr:ull(jartfggﬁ\édaecrlﬁ/?t tri]:;::?if/\ée-;?tg?l
in the sample supernatant to the final substrate concentration;. y RO
in the assay mixture was negligible%). Resveratrol had directed, we found that resveratrol was an effective inhibitor

: ; of [Ser25]PKC(19-31) phosphorylation by the CDF pro-
no protamine sulfate-independent effect on the recovery Ofduced from purified rat brain PKC. The apparent inhibitory
PKC activity in the sample supernatant in this system. In

| . | and lacki . potency of resveratrol was 3-fold greater against the CDF
samples containing 2a\ resver_a'_tro andlacking protgmme compared with PKC. The properties of resveratrol revealed
sulfate, 99%+ 4% of the activity was recovered in the

. : in the CDF analysis along with its uncharged aromatic
supernatant (average result of two experiments). Consistentyiyctyre distinguish it from numerous PKC inhibitors that

with previous observationd$, 23), protamine sulfate caused 5] into the class of cationic amphiphiles, e.g., tamoxifen,
substantial PKC activity loss from the supernatant. Only 57% melittin, sphingosine, and trifluoperazinéd 26—28). In

+ 8% of the PKC activity was recovered in the supernatant contrast with resveratrol, the inhibitory potencies of cationic
of samples containing 2508g/mL protamine sulfate, and  amphiphiles against PKC primarily reflect interactions with
inclusion of 20uM resveratrol in protamine sulfate-contain-  the phospholipid cofactorl@, 26—28). As a result, cationic
ing samples resulted in the recovery of 53%410% of the  amphiphiles are typically severalfold more potent in the
PKC activity in the supernatant (average results of two inhibition of PKC compared with the lipid-independent CDF,
experiments). Thus, resveratrol was without measurablewhere their comparatively weak inhibitory interactions with
effect on either protamine sulfate self-aggregation or PKC the enzyme itself are revealed9( 28). Furthermore, the
binding to aggregated protamine sulfate, at a concentrationinhibitory potency of cationic amphiphilic PKC inhibitors
that potently inhibited PKC-catalyzed protamine sulfate falls sharply as the phospholipid cofactor concentration is
phosphorylation (Figure 2). increased, due to lipid sequestration of the inhibig)(In
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contrast, the potency of resveratrol against the CDF was sulfate and the synthetic peptide ARP (RRRRYGSRRRRRY)
virtually unaffected by the cofactors 0.2 mM Caand 30 is consistent with our kinetic evidence that resveratrol
ug/mL PS. Thus, the potency of resveratrol against PKC is inhibition of PKC-catalyzed protamine sulfate phosphor-
predicted to be relatively independent of the lipid microen- ylation does not involve competition with protamine sulfate
vironment of the cell. In contrast, the lipid microenvironment at the substrate binding site. The structural dissimilarity also
exerts a major influence over the ability of cationic am- suggests that resveratrol does not compete with protamine
phiphiles to inhibit PKC 26—28). sulfate at the allosteric binding site that is responsible for
The enhanced potency of resveratrol against the CDF protamine sulfate activation of PKC. It is more likely that
compared with either C&/PS- or TPA/PS-activated forms  resveratrol interacts with hydrophobic site(s) in PKC that
of PKC provided evidence that structural features of the are exposed upon PKC activatio®?f. These hydrophobic
regulatory domain of PKC impede inhibitory interactions of site(s) have been identified on the basis of the induction of
resveratrol with PKC, even when the enzyme is fully nonpolar binding interactions between cPkGnd fluores-
activated by lipid-dependent mechanisms. This left open the cent probes, concomitant with isozyme activation by ARP
possibility that resveratrol might exhibit improved potency (22). The hydrophobic site(s) are hypothesized to mediate
against PKC when the enzyme is activated by lipid- the binding of activated PKC to biological membran2g)(
independent mechanisms. Protamine sulfate is a polybasidn fact, ARP does induce binding interactions between
PKC substrate that activates the enzyme by a lipid- cPKC-o and lipid vesicles, in association with cPKLC-
independent mechanism. Protamine sulfate binds an allosteriactivation 2). However, our results indicate that resveratrol
site of PKC with high affinity independently of activating inhibition of PKC is lipid-independent, and it remains to be
cofactors and MgATP1(5). Engagement of the allosteric site  determined whether the hydrophobic site(s) detected by
by protamine sulfate induces autophosphorylation of PKC fluorescent probe®@) can mediate inhibitory effects against
as well as phosphorylation of active-site-bound protamine PKC in the absence of the lipid cofactor.
sulfate (5). Furthermore, structural studies provide evidence  Based on the presence of PKC isozymes at the cytoskel-
that an activated conformation of PKC can be induced by eton, focal adhesion plaques, and nuclei of cells, and on the
both protamine sulfate and ARP, which is a cofactor- polybasic nature of protamine sulfate and certain cytoskeletal
independent, Arg-rich synthetic peptide substrate of PKC thatand nuclear proteins, Leventhal and Bertics)( have
corresponds to a phosphorylation site in protamine sulfate proposed that some polybasic cytoskeletal and nuclear
(16, 22). proteins may activate PKC in cells by the same mechanism
We found that resveratrol was in fact-9-fold more as protamine sulfate, i.e., independently of receptor-mediated
effective against PKC-catalyzed protamine sulfate phospho-lipid hydrolysis. In fact, a recent report showed that the
rylation (IGso = 10 uM) compared with lipid-dependent proteoglycan syndecan 4 colocalizes to focal adhesion
PKC-catalyzed [Ser25]PKC(3%8B1) phosphorylation (16 plaques with cPKGx and that syndecan 4 activates purified
= 90uM) and histone phosphorylation (= 91 «uM) and cPKCuo independently of lipid and other activating cofactors
with lipid-independent CDF catalysis ({6= 30 uM). The by the binding of a Lys-rich sequence in the cytoplasmic
kinetic mechanism of resveratrol inhibition of protamine domain of syndecan 4 to the catalytic domain of cPKC
sulfate phosphorylation by PKC was distinct from the purely (29). Thus, receptor-mediated, lipid-dependent cPiC-
competitive mechanism with respect to ATP that character- activation and colocalization of the isozyme with syndecan
ized resveratrol inhibition of Ca/PS-stimulated PKC activ- 4 at focal adhesion plaques may be followed by syndecan
ity. This was evident from the substantial reduction of the 4-dependent activation of cPKGcatalyzed phosphorylation
Vmax for protamine sulfate phosphorylation caused by res- of other focal adhesion componen29). Our results provide
veratrol when ATP was the variable substrate. Likewise, evidence that resveratrol inhibition of the latter type of PKC-
kinetic analysis with protamine sulfate as the variable catalyzed reaction may be responsible for the observed
substrate ruled out competition with the phosphoacceptor efficacy of the tumor-promotion antagonist against cellular
substrate as the inhibitory mechanism. The positive coop- PKC.
erativity of protamine sulfate phosphorylation by PKC
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