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ABSTRACT

We have previously demonstrated that tamoxifen and related triphen-
ylethylene compounds are potent inhibitors of protein kinase C (PKQ.
The present study demonstrates that PKC binds specifically and revers-
ibly to the antiestrogen /V-didesmethyltamoxifen when the drug is coupled
to CNBr-activated agarose through its primary amine, in the absence of
lipid and other cofactors of the enzyme. PKC did not bind to 4-hydroxy-
tamoxifen, which had been immobilized on epoxy-activated Sepharose
through its hydroxyl moiety. This shows that the binding of PKC to
immobilized JV-didesmethyltamoxifen was not merely due to hydrophobic
interactions, since /V-didesmethyltamoxifen and 4-hydroxytamoxifen
have nearly identical hydrophobicities. These results demonstrate that
PKC has specific triphenylethylene-binding sites, which may mediate the
inhibition of PKC activity by these antiestrogens.

INTRODUCTION
Protein kinase C is a C'a2*- and phospholipid-dependent

protein kinase which binds tumor promoters such as 12-0-
tetradecanoylphorbol-13-acetate with high affinity and which
is activated by these tumor promoters (1, 2). Thus, PKC2 is

implicated as a critical target in the mediation of tumor pro
motion by phorbol esters and related agents (3). The importance
of PKC in the regulation of cellular growth is further suggested
by the evidence that PKC plays a role in growth factor action.
The binding of certain growth factors, such as platelet-derived
growth factor, to their receptors causes the production of di-
acylglycerol, an endogenous activator of PKC (4). Furthermore,
PKC can phosphorylate the epidermal growth factor receptor
(5) and the oncogene products pp60src and the ras M, 21,000

protein (6, 7).
The triphenylethylene tamoxifen is an antiestrogen which is

an effective antitumor agent in the treatment of human breast
cancer (8, 9). The mechanism of the antitumor action of
tamoxifen clearly involves its antiestrogen activity. However,
certain biological effects of tamoxifen cannot be accounted for
by its antiestrogen activity (10-12). We and others (13, 14)
have shown that tamoxifen inhibits PKC. In structure-activity
studies, we have demonstrated that the inhibitory potencies of
tamoxifen and its metabolites 4-hydroxytamoxifen and W-des-
methyltamoxifen against PKC correlate with their estrogen-
irreversible cytotoxic effects on the human breast cancer cell
line MCF-7 (15). Thus, the inhibition of PKC by tamoxifen
may play a role in the antitumor activity of tamoxifen in vivo.

Kinetic studies provide evidence that the inhibition of PKC
by tamoxifen involves nonspecific interactions between the
antiestrogen and the lipid cofactor (13-15). However, the pos
sibility that tamoxifen also has direct interactions with PKC
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has not been addressed prior to this report. Here we show that
PKC binds to an immobilized analogue of tamoxifen directly
and specifically. An understanding of the specific interactions
between tamoxifen and PKC may lead to the development of
even more effective antitumor agents for the treatment of breast
cancer.

MATERIALS AND METHODS

Materials. [f-32P]ATP was purchased from Amersham Corp. (Ar
lington Heights, IL). Hydrofluor was from National Diagnostics (So-
merville, NJ). Tris-HCl, bovine serum albumin, historio III-S, ATP,
PS, phenylmethylsulfonyl fluoride, Triton X-100, CNBr-activated
Sepharose 4B, and epoxy-activated Sepharose 6B were purchased from
Sigma Chemical Co. (St. Louis, MO). The Bio-Rad protein assay
solution was used for protein concentration determinations, using
bovine serum albumin as a standard. Leupeptin was a gift from the
United Statesâ€”Japan Cooperative Cancer Research Program. A^-Di-
desmethyltamoxifen, 4-hydroxytamoxifen, and cis-tamoxifen were gifts
from ICI (Cheshire, England).

Enzyme Assay. Rat brain PKC was purified to a specific activity of
230 nmol 32P/min/mg, as previously described (16). The activity of the
PKC preparation was enhanced 10- to 30-fold by 1 DIMC'ir* and 80 pg

PS/ml. PKC was assayed according to a previously described method,
which measures the Ca2+- and PS-dependent phosphotransferase reac
tion between [7-32P]ATP and histone III-S, in reaction mixtures con
taining 20 HIMTris-HCl at pH 7.5, 5 HIM2-mercaptoethanol, 10 mM
MgCl2, 1 mM CaCh (or 1 mM EGTA), 80 Â¿igPS/ml (or none), 70 Â¿tM
[>-32P]ATP (250-400 cpm/pmol), 0.67 mg histone IH-S/ml, and indi

cated amounts of PKC. All reactions were initiated by the addition of
enzyme and incubated for 10 min at 30'C, which is in the linear phase

of the time course. Reactions were terminated on phosphocellulose
paper, and the radioactivity incorporated into histone was measured as
previously described (17).

Preparation of iY-Didesmethyltamoxifen-coupled Sepharose 4B.
Thirty-nine mg of A'-didesmethyltamoxifen were dissolved in 20 ml
methanol. This solution was added to 10 ml CNBr-activated Sepharose
4B, which had been washed with 600 ml 1 mM HC1 and then with 20
ml methanol. The mixture was rotated end-over-end for 20 h at room
temperature. Active groups remaining on the resin were then blocked
by mixing the resin end-over-end with 10 ml 0.2 M Tris-HCl at pH 8.0
for 2 h at room temperature. The resin was washed with 70 ml
methanol, 50 ml 0.1 M acetic acid, and 30 ml 0.2 M Tris-HCl at pH
8.0 and was stored in the Tris buffer with 0.02% sodium azide.

The coupling efficiency was determined spectroscopically to be 3.8
Â¿imolligand/ml gel, by suspending the coupled gel in glycerol and
measuring the absorbance at 280 and 310 nm. The molar extinction
coefficients used, which were those of uncoupled /V-didesmethyltamox-
ifen in methanol, were 11,600 and 4,200 at 280 and 310 nm, respec
tively. CNBr-activated resin which had been reacted only with 0.2 M
Tris-HCl at pH 8.0 was used as a blank.

Preparation of 4-Hydroxytamoxifen-coupled Epoxy-Sepharose 6B.
Forty-two mg of 4-hydroxytamoxifen were dissolved in 20 ml N,N-
dimethylformamide, and 15 ml 0.1 M NaHCO, at pH 9.0 was added
to the resultant solution. The pH was adjusted to 9.0 with l N NaOH.
This solution was added to 10 ml epoxy-Sepharose, which had been
washed with 300 ml deionized water. The mixture was rotated end-
over-end for 20 h at 37"C in the dark. The resin was washed successively

with 50 ml each of 0.1 M NaHCO3 (pH 9.0) containing 60% N,N-
dimethylforrnamide, 0.1 M NaHCOa at pH 9.0, and 0.1 M acetic acid.
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Active groups which remained on the resin were blocked by rotating
the resin with 0.2 M Tris-HCl at pH 8.0 for 2 h. The resin was stored
in the Tris buffer with 0.02% sodium azide. The coupling efficiency
was determined to be 3.0 Â¿imolligand/ml gel by the method of analysis
used to measure the coupling of .Y-didcsmethyltamoxifen, using the
molar extinction coefficients of uncoupled 4-hydroxytamoxifen in
methanol at 280 and 310 nm, which were 9030 and 8200, respectively.

Chromatograph}- of PKC on Triphenylethylene-coupled Resins. All
Chromatographie procedures were done at 4Â°C.A 1.5-ml column of

triphenylethylene-coupled resin was equilibrated with equilibration
buffer (20 HIM Tris-HCl, 4 mM EDTA, 4 mM EGTA, 15 HIM 2-
mercaptoethanol, 0.2 M KC1, 100 ^g/ml leupeptin, and 0.4 mM phenyl-
methylsulfonyl fluoride at pH 8.3). From 100 to 150 fig of the rat brain
PKC preparation were loaded onto the column, which was then washed
with 25 ml of equilibration buffer. Five-mi fractions were collected in
tubes containing 300 Â¡A80% glycerol. The bound PKC was then eluted
with equilibration buffer containing 0.2% Triton X-100 (v/v). We did
not use tamoxifen to elute PKC activity because we found that at
concentrations of tamoxifen which inhibit PKC activity, over 70% of
tamoxifen applied to the column remained bound, according to its
absorbance at 250 and 280 nm. This may be due to the Hydrophobie
nature of tamoxifen. Six-mi fractions were collected in tubes containing

300 /il 80% glycerol. The fractions were assayed for PKC activity, the
PKC-containing fractions were pooled, and the yield of PKC activity
was determined. In control experiments, we determined that the con
centration of Triton X-100 present in PKC assays of the detergent-
eluted fractions (0.017% Triton X-100, v/v) had no effect on PKC
activity. After the pooled fractions were concentrated about 10-fold by
ultrafiltration with a YM-30 membrane and then dialyzed to remove
detergent, the protein concentration was determined using the Bio-Rad
protein assay solution.

RESULTS

A partially purified rat brain PKC preparation (specific activ
ity, 230 nmol 32P/min/mg) was chromatographed on W-dides-
methyltamoxifen coupled to Sepharose. On this resin, the tri-
phenylethylene was coupled to Sepharose through its primary
amine, thereby converting it to a secondary amine. Thus, the
coupled tamoxifen analogue structurally resembles .\'-des-

methyltamoxifen, the most potent triphenylethylene PKC in
hibitor known (15). Fig. 1 illustrates the binding of PKC to N-
didesmethyltamoxifen-coupled Sepharose, in the absence of
lipid and other PKC cofactors. It is apparent that all of the

enzyme activity was retained by the column, which was washed
with 10 column volumes of equilibration buffer. PKC was eluted
from the column with 0.2% Triton X-100, resulting in a 67 Â±
4% (SE) yield of PKC activity and a 7.2-fold purification of the
enzyme. The phosphotransferase activity of the enzyme was
completely dependent on Ca2+ and PS, as shown in Table 1.

Using similar Chromatographie procedures, we have previously
shown (18) that there are no detectable binding interactions
between PKC and the matrix of the resin. Here we also tested
whether PKC could bind to a CNBr-activated resin which had
been reacted with 0.2 M Tris-HCl at pH 8.0, since Tris-HCl
was used to block remaining active groups after ,-V-dides-
methyltamoxifen coupling (see "Materials and Methods").

When PKC was loaded onto this column according to the
protocol used with the W-didesmethyltamoxifen column, over
90% of the loaded activity appeared in the first fraction of the
wash, and negligible activity appeared elsewhere. Therefore, the
binding of PKC to A'-didesniethyl tamox ifen-coupled Sepharose

demonstrates direct interactions between PKC and the triphen
ylethylene PKC inhibitor. The specificity of the direct binding
interactions between PKC and the immobilized W-didesmethyl-
tamoxifen was demonstrated by the severalfold (7.2-fold) puri
fication of the enzyme activity obtained on this column.

We also examined the ability of PKC to bind to a column in
which 4-hydroxytamoxifen had been coupled to epoxy-Sepha-
rose through its hydroxyl moiety, using the same Chromato
graphie procedure as was used with immobilized W-dides-
methyltamoxifen. The elution profile illustrated in Fig. 2 shows
that PKC did not bind to the 4-hydroxytamoxifen-coupled
resin. Eighty-two Â±8% of the enzyme activity applied to this
column was recovered in the wash, and insignificant levels of

Table 1 Co2* and PS dependence of PKC activity eluted from
A'-didesmethyltamoxifen-coupled Sepharose

PKC activity was assayed as described in "Materials and Methods."

PKCactivators1
mM Ca2*, 80 /ig/ml PS

80 jig/ml PS
1 mM Ca2*

NoneChelatorNone

1 mM EGTA
None
1 mM EGTAActivity

(pmol/min)Â°13.0

Â±1.0*

1.2 Â±0.2
0.9 Â±0.1
1.5 Â±0.5

' 32P(pmol) transferred from [-|-32P]ATP to histone III-S/min.
*Mean Â±SE.

10 20 30 40 50 60 70

ml.

Fig. 1. Chromatography of PKC on /V-didesmethyltamoxifen-coupled Sepha
rose. Partially purified rat brain PKC was chromatographed on a l.S-ml column
of iV-didesmethyltamoxifen-coupled Sepharose as described in the text. PKC
activity was eluted with 0.2% Triton X-100 (v/v). â€¢,total protein kinase activity
observed in the presence of Ca2* and PS; O, Ca2*- and PS-independent protein

kinase activity.
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Fig. 2. Chromatography of PKC on 4-hydroxytamoxifen-coupled Sepharose.
Partially purified rat brain PKC was chromatographed on a 1.5-ml column of 4-
hydroxytamoxifen-coupled Sepharose as described in the text. The majority of
the PKC activity passed through the column wash, and minor amounts of enzyme
activity were eluted with 0.2% Triton X-100 (v/v). â€¢.total protein kinase activity
observed in the presence of Ca2* and PS; O, Ca2*- and PS-independent protein

kinase activity.
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PKC activity were eluted with 0.2% Triton X-100. The fact
that PKC did not bind to immobilized 4-hydroxytamoxifen
shows that the binding of PKC to yV-didesmethyltamoxifen-
coupled Sepharose was not merely through hydrophobic inter
actions, since the ./V-didesmethyltamoxifen and 4-hydroxy-
tamoxifen ligands have nearly identical hydrophobicities.

We have previously shown (18) that PKC can bind specifically
to immobilized 2-chloro-10-(3-aminopropyl)phenothiazine (a
chlorpromazine analogue) and also to the naphthalenesulfon-
amide W7. Both of these drugs are PKC inhibitors that are
structurally and pharmacologically related to tamoxifen (18).
Like the immobilized Ar-didesmethyltamoxifen, these immobi

lized PKC inhibitors were coupled to resin matrices through
their cationic head groups, whereas the immobilized 4-hydrox
ytamoxifen, which does not bind PKC, was coupled to the resin
through its 4-hydroxyl moiety, which is in the neutral domain
of the molecule. These results show that the binding of PKC to
immobilized cationic amphiphilic inhibitors of the enzyme is
markedly affected by the site on the inhibitor which is coupled
to the resin. The attachment of these drugs to the resin matrix
through their cationic head groups does not interfere with PKC
binding whereas the results obtained with 4-hydroxytamoxifen
suggest that the neutral domain of these drugs plays a critical
role in their interactions with the enzyme.

In order to further define the mechanism of inhibition of
PKC by triphenylethylenes, we tested the ability of cis-tamoxi-
fen to inhibit PKC. We found that e/s-tamoxifen inhibited PKC
with a potency which was similar to that of the trans isomer of
tamoxifen. We observed 62 Â±1% inhibition of PKC by 100 /IM
cw-tamoxifen (Table 2), which is the inhibitor concentration at
which we observed 50% inhibition of PKC activity by trans-
tamoxifen (13). These results demonstrate that the inhibitory
mechanism of the triphenylethylenes is nonstereoselective.

DISCUSSION

Several PKC inhibitors, including the triphenylethylene
tamoxifen (13-15), the phenothiazine chlorpromazine (19), the
naphthalenesulfonamide W7 (20), and the anthracycline Adri-
amycin (21) are cationic amphiphiles which have a reduced
inhibitory potency against PKC activity at elevated lipid cofac-
tor concentrations. Based on their reduced efficacies in inhib
iting PKC at elevated lipid concentrations and their known
capacities to interact with lipids, it has been suggested that they
inhibit PKC merely by their nonspecific interactions with lipids
(13-15, 19-21). Such a mechanism would clearly preclude the
development of specific PKC inhibitors from these agents.

In this report we show that PKC interacts specifically and
directly with an immobilized triphenylethylene which structur
ally resembles the potent PKC inhibitor W-desmethyltamoxifen.

Table 2 Inhibition of PKC by cis-tamoxifen
PKC activity was measured by the procedure described in "Materials and

Methods" in the presence of 1 HIM Ca2* (or 1 HIM EGTA), 20 jig/ml PS (or
none), 5% dimethyl sulfoxide, and the indicated concentrations of c/j-tamoxifen.
PKC activity represents the incorporation of '-I' into histone III-S observed in
the presence of ( ;r ' and PS minus the incorporation observed in the absence of
these cofactors. One hundred % activity was 13 pmol 32P/min in this experiment.
This experiment was reproducible in its entirety.

ciÃ®-TamoxifenconcentrationC*M)12550100%ofinhibition2

Â±0.1Â°6
Â±0.414Â±262

Â±1
â€¢Mean Â±SE.

Previously we have shown that PKC specifically binds immo
bilized VV7and an immobilized phenothiazine which resembles
the PKC inhibitor chlorpromazine (18). Our results show that
PKC binds specifically and directly to representatives of three
structural classes of PKC inhibitors, all of which belong to the
general class of cationic amphiphilic inhibitors of PKC. The
fact that these structurally distinct agents all bind PKC in a
specific manner strongly suggests that their mechanisms of
inhibition of this enzyme require that the inhibitors bind di
rectly to PKC. Our observation that the cis and trans isomers
of tamoxifen inhibit the enzyme with similar efficacies suggests
that the inhibitor-binding sites on PKC are nonstereoselective.
Rat brain PKC preparations contain a mixture of closely related
PKC isozymes (22, 23). Our results suggest that specific PKC
antagonists can be developed from tamoxifen and related
agents, based on an understanding of their interactions with
inhibitor-binding sites on PKC isozymes. Thus, these results
may be relevant to the development of new chemotherapeutic
agents, since specific PKC antagonists could provide a novel
strategy in cancer therapy (3, 13, 15).
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