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1sciated protein kinase C (PKC) was irreversibly inactivated by a brief (mun) incubation with ealphostin Cin the presence of light. This inactivation
required Ca® either in a mullimolar range in the absence of lipid activators or in a submicromolar range in the presence of lipid activators. In
addition, an cxygen atmosphere was required suggesuing the involvement of oxidation(s) in this inactivation process. Furthermore, PKC inactivation
might involve a site-specific oxwdauve modification of the enzyme al the Ca?"-nduced hydrophobic region. Physical quenchers of singlet oxyeen
such as lycopene, f-carotene, and a-locopherol all reduced the calphostin C-induced inactivation of PKC. In iniact cells treated with ealphostin
C, the inactivation of PKC was rapid 10 the membrane fraction compared 1o cytosol. This intracellular PKC inactivalion was also lound to be
irrgversible. Therefore, ealphostin € ean bring prolonged effects for several hours in cells treated for a shorl lime. Taken together these results
suggest that the calphostin Camediated inacuvation of PKC involves a site-specific and a “cage’ type oxidative modification of PKC.

Protemn kinuse C; Reactive oxygen species, Singlet oxygen; Calphostin C; Ouidative modifeation; Ca**=induced hydrophobie region

1. INTRODUCTION

Protein kinase C (PKC) has been implicated to play
a key role in signal transduction and also in tumor
promotion [1-3]). Terpenoid tumeor promoters such as
phorbol esters induce not only the activation of PKC by
direct binding to the enzyme but also the downregula-
tion of PKC by an indirect mechanism [1-5]. Oxidant
turmnor promoters either activate or inactivate PKC de-
pending on the extent of oxidaiive modification [6-8].
A selective oxidative modification of the regulatory do-
main results in a Ca®"/lipid-independent activation of
the kinase with a loss of phorbol ester binding [6]. Alter-
nately, a selective oxidative modification of the kinase
domain results in the generation of a modified form of
PKC which exhibits only phorbol ester binding [8].
Some oxidanis such as H.O, induce irreversible oxida-
tive modification [6], whereas others such as m-peri-
odate induce reversible oxidative medification [8). Fur-
thermore, PKC (the phorbol ester receptor) was shown
to be regulated by lipid peroxidation [9], redoxy cycling
quincnes [10], and oxidant-generating sysiems [11].
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Since reactive oxygen species have been implicated in
various disease states [12], PKC may be oxidatively reg-
ulated under these pathophysiological conditions.
Agents that selectively inhibit PKC are desirable tools
to assess the role of PKC in various cellular functions
and also as therapeutic agents. Furthermore, under-
standing the mechanism of action of such agents is im-
portant to design and develop more specific inhibitors.
There have been two types of PKC inhibitors reported:
one binds to the regulatory domain and the other binds
to the catalytic domain [13-15]. Calphostin C is a
perylenequinone metabolite isolated from the fungus
Cladosporium cladosporicides [16). It is one of the spe-
cific inhibitors of PKC and it inhibits both phorbol ester
binding and phosphotransferase activity of PKC pre-
sumahly by binding to the regulatory domain [16].
Moreover, the inhibition of PKC by calphostin C is
light dependent {17]. Although calphostin £ has been
extensively employed as a pharmacological tool, the
mechanism of its action is not elucidated. Tt is not
known whether the light-reaction products of cal-
phostin C induced a reversible inhibition by binding to
PK.C. Alternately, an irreversible inactivation may be
induced by either oxidative modification of the amino
acid residues within PKC, or by a covalent interaction
ol calphostin C with the enzyme. Since we have been
involved ip understanding the regulation of PKC by
oxidations, we have aitempted to determine the possible
involvement of oxidations in calphostin C-mediated in-
hibitions of PKC. Our results suggested that calphostin
C induced a site-specific oxidative modification of PKC
at the Ca*"-induced hydrophobic region. This resulted
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in an irreversible inactivation of PKC both in the iso-
lated form and in intact cells.

2. MATERIALS AND METHODS

2.1 Maierals

Cualphostin C wus purchased from the LC Services Corporation.
fB-Carotene and pL-a-locopherol were obiained from Fluka Lycopene
and N-acetyleysizine were supplied by the Siama Chemical Campany.
PRC fiom rat brain was purified 1o apparent homogenaity as de-
seribed previously [18] In some experiments partially punfied PKC
(approximately 600 unils/mg protem) was used. M-kinase was derived
from native PKC by limited proteolysis using ealpain IT as described
previously {a)].

22 PEC trearment with calphosiin C

Although PKC at various stages of purificalion exhibited sensitivity
to calphostin C-mediated inlibition, PKC in freshly purified prepary-
tions was completely inhibited by calphaostin C. Purified PKC (2 units)
was ineubdted with ealphostin C along with virious fuetors in a total
volume of 05 ml n polystyrene tubes 4t room Lemperature under
ordinary fuorescent light for 3 min Then, 25 4l of bovine serum
albumin solution {10 mg/ml) and 23 ul o' 0.1 M EDTA were udded.
Calphostin C and other low-moleculur-weaight compounds were re-
moved from the treated PKC samples by subjecting them to 4 *centr-
fuge column technique' [19].

2.3, Iselaiion of PKC from calphostin-tieated cells

The cytasolic and detergent-solubihzed membrane fractions were
prepared [rom control and calphostin C-treated cells as described
previousty [18]. These [ractions (2.5 mi) were applied 10 0.5-ml DEAE-
cellulose (DE-52) columns previcusly equilibrated with butfer A (20
mM Tris-HCl, pH 7.5/1 mM EDTA/Q0.1 mM DTT), After washung the
column with 2 ml of buffer A, the bound PKC was eluted with 1 25
ml of 0 1 M NaCi in bulfer A.

2.4 PRC assay and PDBu binding

Both PKC phosphotransferase activily and phorbol ester binding
were determined by using a rowltiwell plate filtration assay utilizing the
MuluSereen system (Millipore) as deseribed elsewhere [20], Brielly,
PKC reaction samples in a total voluine of 125 ul were incubited in
96-well plates with fitted fillration dises made of cellulose acetate
membranes (HA (ype). The histone HL was preeipitates and filtered
with 16% TCA dand the radioactivity associated with the filters waus
counted. Similarly, for the detenmination of PKC-associated phorbel
ester binding, both incubations and fltrations were carried out 1
multiwell plates Gtted with Gitration dises The samples were incu-
bated with [*Hiphiorbal 12,1 3«dibutyrate (PDBu) in the microwells, the
ligand-bound PKC was adsorbed onte REAE-Sephadex beads, and
the beads then were filtered and washed in the same multiwells. The
rachoaclivity associated with the DEAE-Sephadex beads retained on
the Rlier was counted, PRC activily was expressed as units, where one

unit of enzyme transfers 1 nmol of phosphate to histone HI per min
at 30°C,

3. RESULTS

In previous studies, caliphostin C was added directly
to the kinase assay or to the PDBu binding incubation
to determine its effect on PKC [15,16). Since the PKC
assay mixture contains various other components, it is
very difficult to determine the factors that influence the
action of calphostin C. Furthermore, iz is also difficult
to distinguish whether caiphostin C is inducing an inhi-

bition or a permanent inactivation of PKC. Therefore,
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Fig. 1. Ca¥ requirement for (nactivation of PKC by calphostin C.
Punlied PKC samples were treated with calphosun C (1 M) in the
presence of light. The indicated coneentrations of free Ca** weie main-
tained by using EGTA-CaCl, bulfer. To one set of samples {open
symbols) no hpid activators were added, whereas to the other set of
samples (filled symbals) 10 gg of phosphatidylsenne and 0.4 up of
diolein were added In the samples incubated with hipids there was a
need 10 add ATP (0.1 mM) and Mg®* (8 mM) to protect the enzyme,
Onee the enzyme was incubated with Ca** and lipids, it was converted
to a lipoprotein form which ne lenger required lurither uddition of
Ca® and lipids for expressmig the Kinase activity Thus lipid-treated
PKC when assayed in the absence of added Ca*™ and lipids, exlubited
nearly 60 10 80% of the optimal activity oblained by incubdting with
Ca* and Lipids. Henee the total activity observed wilth Ca* and lipids
was presented wilhoul subtracting Lhe Ca*/lipid-independent basal
aetivily. After separation ol calphostin C from the treaied PKC sam-
ples, both kindse acuvity and FDBu binding of PKC were determined
by multiwell filiration assays The vdlues represent medn of tlirce
replicate estimalions,

to understand the mechanism of the caiphostin C effeet
on PKC, initially PKC was treated with calphostin C
under defined conditions, and then calphostin C was
removed from the treated PKC sample, Thus, at a later
step during the determination of kinase activity and
PDBu binding, calphostin C was no longer present.

3.1, Ca™ requirement for BKC modification by cal-
phastin C

Initially PKC was incubated under laboratory fluo-
rescentt light with calphostin € {6,011 M) for 3 min
in the presence of 1 mM EGTA. After removing the
calphostin C, the treated PKC samples were analyzed,
and there was ne decrease in either kinase activily or
PDBu binding. On the contrary, when PKC was incu-
bated with calphostin C in the presence of Ca®, PKC
lost irreversibly both kinase activity and PDBu binding.
The optirnal concentration of Ca*" required was in the
range of 1-1.5 mM (Fig. 1). However, in the presence
of phesphatidylserine and diolein the Ca** required for
calohostin C-mediated inactivation was deereased 10 as
low as 1 M., Nonetheless, no inactivation was noted
with these lipids in the presence of 1 mM EGTA. Sini-
larly, TPA along with phosphatidylserine also de-
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Fig. 2 The oxygen 1equirement for PKC inacuvauon by calphosun
. These PKC modifications were carried out in the absence of lipids
in microfuge tubes fitted with rubber stoppers To Lwo sets of PKC
samples, imdicuted concentrations of culphostin C were added along
with | mM EGTA, One set of sumnples (open symbols) was left in
normal utmosphernic air, whereas m the other set of samples (closed
symbols) air was displaced with nitrogen gas. To imtiate PKC mocdifi-
cdtion, CaCl, was injecled 1o both sets of samples to obtain | mM free
€a?*, Then the samples were incubated {01 3 non in the presence of
light and EGTA was added to 4 final concentiation of 5 mM. Both
PKC uclivity and PDBu binding were determined in the ireaied sam-
ples.

creased the requirement of Ca** tor PKC inactivation.
PKC activity did not recover by subjecting the cal-
phostin C-inactivated PKC to exiensive dialysis, to hy-
drophobic chromatography, or to DEAE-cellulose
chromatography. Conceivably, the observed decrease in
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PKC activity was due to the irreversible modification of
PK.C induced by calphostin C.

3.2, Oxygen requirement for phota-inactivation

Since the calphostin C-mediated inactivation of PKC
was a light-dependent reaction, we tested whether any
oxidations were involved in this inactivation. As shown
in Fig. 2, although calphostin C inactivated PK.C in the
presence of normal atmospheric air (presence of oxy-
gen), under a complete nitrogen atmosphere (absenece of
oxygen) it failed to inactivate PKC even al a higher
concentration (1 #M). This suggested that calphostin
C-mediated inactivation of PKC involves oxidation(s).

3.3. The requirement of Ca® -induced accessible hydro-
phobic site

Based onour previous observations that Ca® induced
the hydrophobic reaction on PKC [21] and also Ca®*
was required for calphostin C-mediated PKC inactiva-
tion as shown in the present study, we assessed whether
the Ca*"-induced hydrophobic site may be required for
this inactivation. For this purpose we used two prepara-
tions of PKC that exhibited a differential sensitivity to
calphostin C-mediated inactivation. PKC in freshly pu-
rified preparations from rat brain was inactivated by
calphostin C above 95%, whereas the preparation of
PKC purified and stored for 3 months at —=20°C was
inactivated only 50-70% by calphostin C. PKC exhibits
two types of binding to phenyl-Sepharose: one isa Ca**-
independent weak hydrophobic binding which requires
a high ionic strength (0.5 M NaCl), whereas the later
type is a Ca”"-induced binding, which is stronger and

B. PKC stored (3 months)
0.5 M NaCl

{

20T

1 mM CaClz 5 mM EGTA

1.5

1.0

0.5

0.0
10

Fraction number

Fig. 3 Effect of calphostn € on the punfied PKC thai Ca®"~dependently retaned on the phenyl-Sepharose solumnn. (A) Purificd PKC used within

two days afler isolation from fresh rat brains, (B) Purified PKC preparation stosed for 3 months at ~20°C PKC samples (2 ml) were zpplied to

& | ml phenyl-Sephurose column previousty equilibrated with buffer A eontaining 0.5 M NuCl and zllowed 1o Ca*-independently bind o tlie resin

by washing with the same buffer. Then the column was washed with buffer A contamning | mM CaCi, in place of 1 mM EDTA. Then the

Cu’"-dependently bound PKC was eluted with 5 mM EGTA Fractions of 1 mil were collected, and subdivided into two portions. One set of

subfiactions were treaied with calphostin C. Then PKC activity present in all these subfractions was determined afler remowving ealphostin C. (@—a)
PRC activity in sublraciions not treated with calphostin C; (0—¢) PRC activity in subfracuions treated with ealphostin C.
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Fig. 4. Inactivation of PKC in intact cells treated with calphosun C.
Confluent C6 glioma cells were treated with calphostin C (0.5 M) for
the indicated time periods., Then both the cytosclic and detergent-
solubilized membrane fractions were prepared and PKC aclivily was
determined after 1solation by DEAE-cellulose chromatography.

can occur even in a low-ionic-strength buffer (without
salt), The Ca*-induced hydrophobic region on PKC in
both fresh and stored preparations was evaluated by
Cu?*-dependent retention of PKC on phenyl-Sepharose
in a low-ionic-strength buffer. PKC activity present in
both preparations was completely bound Ca**-inde-
pendently to phenyl-Sepharose at a high-ionic-strength
buffer (0.5 M NaCl). Furthermore, most of the (25%)
activity of freshly purified PKC was Ca’"-dependently
retained on the phenyl-Sepharose when the bound en-
zyme was washed with a low-ionic-strength buffer con-
taining 1 mM CacCl; (Fig. 3A), while with the siored
enzyme, only 55% of the activity was retained under
these conditions (Fig. 3B). Approximaltely 40% of the
stored PKC, although it had both kinase activity and
PDBu binding, did not retain Ca* -dependently with
phenyl-Sepharose when the column was washed with a
low-ionic-strength buifer with CaCl,. Thus, the Ca**-
independent weak hydrophobic region on PKC was not
alTected by storage, while a fraction (40%) of the PKC
meolecules in the stored preparation -t the ability to
expose the strong hydrophobic site in the presence of
Ca®*, Only the fraction of PKC exhibiting the Ca®-
induced hydrophobic site was inactivated by calphostin
C, whereas the fracticn of PKC that did not exhibit a
Ca**-induced hydrophobic site was resistant to cal-
phostin C inactivation. Moreover, the calpzin-digested
PK.C (M-kinase) that lacked the Ca* -induced hydro-
phobic region was not inactivated by calphosiin C.
Some proteins, such as hemoglobin, have been shown
Lo underzo fragmeniaiion upon exposure to oxidants
[22]. However, calphostin C-treated PK.C showed no
decrease in melecular weight as judged by SDS/poly-
acrylamide electrophoresis. Nongtheless, the inac-
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tivated PKC failed to bind phenyl-8epharose in a low-
ionic-strength buffer when it was monitored by im»
munoblotting. This suggests that the Ca* -induced hy-
drophobic region on PKC is required to mediate and is
also affected by a calphostin C-induced modification of
PK.C. Whether there was any formation of' covalent
adducts of calphostin C with PK.C during photoexcita-
tion was evaluated. Since calphostin C is a bright red
compound, the visible absorption spectrum of the cal-
phostin C-treated PKC (0.8 ing, 10 nmol) was deter-
mined. There was no detectable amount of chromogenic
material associated with the calphostin C-ireated PKC
after it was subjected to a centrifuge column technique.
This suggested that if there was any low (nonstoichiom-
¢tric) amount of calphostin C covalently associated with
PKC below the limits of detection (<! nmol), it was
urilikely to be responsible for the observed total loss of
PKC activity.

3.4, Possible involvement of singlet oxygen n the site-
specific oxidative inactivation of PKC by calphostin
C

Since photoexcitation of perylenequinones was
shown to generate singlet oxygen [23], the possible in-
volvement of singlet oxygen in PKC inactivation was
evaluated. Initially the calphostin C alene was exposed
to light and then light-treated calphostin C was added
to PKC in the dark. This two-step treatment did not
produce any inactivation of PKC. Simultaneous expo-
sure of PK.C and calphostin C to light was required to
induce the inactivation of PKC. Then, both physical
and chemical quenchers of singlet oxygen [24] were
tested to inhibit calphostin C-mediated inactivation of
PE.C. Hydrophobic physical quenchers of singlet oxy-
gen such as lycopene (10 gM), S-carotene (10 M), and
a-tocopherol {50 4M) substantially (80-909) decreased
the inactivation of PKC by calphosiin C (Table 1).
However, hydrophilic chemical quenchers_such as N-
acctylcysteine, 2-mercaptoethanol or dithiothreitol

Table I

Effect of physical and chemical quenchers of singlet oxygen on the
calphostin C-medialed inactivation of PKC

Treatment PKC aclivity PDBu binding
(units) (pmol)
Control untredied 196 242
Calphosun C (1 gM) alone 0.29 3l
Calphostin C (1 4M) along with
quenchers of singlet oxygen
Lycopene {10 uM) 174 2]1.2
f-Carotene (10 M) 1.67 20.8
o=Tocopherol (50 #M) 1.64 19.9
N-Acelyleysieine (5 mM) 0.27 238
2-Mercapteethanosl (5 mM) 0236 24
Dithuothreitol (5 mM) 0.24 2.2

These ealphostin C-mediated PRC modificalions were carried out in
ihe presence of 1 mM free € and in the absence of lipids.
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failed to inhibit the inactivation of PKC by calphostin
Ceven ata very high (8§ mM) concentration. The protec-
tion offered by carotenoids and tocopherol was unlikely
due to the competition of these hydrophobic agents with
calphestin C for the binding site on PKC, since the
nonspecific bydrophobic agents such as adriamycin
(100 M), phosphatidylserine and other phospholipids
(20 pg/mb) failed to protect PKC from calphostin C-
mediated inactivation,

Calphostin C at a 100-500-fold higher (20-100 g4M)
concentration inactivated PKC in a Ca**-independent
manner. This inactivation of PK.C at higher concentra-
tions of calphostin C was prevented by water-soluble
thiol agents as well as hydrophobic singlet oxygen
quenchers. It is possible that at fow (nanomolar) con-
centrations of calphestin C, the amounts of reactive
oxygen species formed may be too low to induce the
oxidative modification of PKC. Mevertheless, in the
presence of Ca?", calphostin C may bind initially to the
Ca*".induced hydrophobic site. Then the reactive oxy-
gen species generated from this protein-bound cal-
phostin C by a ligh reaction may selectively modify the
oxidation susceptible amino aeid residue(s) present
within the vicinity. Since such an oxidative modification
is a ‘cage’ type reaction, the externally added thiol
agents eannot gquench the oxidant formed from the pro-
tein-bound ligand. However, the hydrophobic quench-
ers of singlet oxygen (carotenoids and tocopherol) may
bind to a hydrophobic site in the near vicinity of the
calphostin C-binding region and thereby have the aceess
to trap reactive oxygen species formed. On the contrary,
at higher concentrations (4«M) of calphostin C, the con-
centration of reactive oxygen species generated may be
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Fig. 5, Effect of TPA pretreatment eon the <alphostin C-mediated
inactir ation of PKC in inlact eells. Confluent CG glioma cells were
treated imitally with TPA (100 aM) for 30 pun 1o induce 4 cytosol 1o
membrane trunslocation of PKC Then both conirel and TPA-reated
cells were incubated with calphostin € (0.5 M) in the presence of light
lor indicated time perieds. Then, total PKC {cytosol and membrane)
was extracled {rom the gells with a buffer containing delergent and
PKC activity was determined as described 1 section 2.
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high enough to induce nonspecific modifications in the
PKC molecule resulting in the inactivation of the en-
zyme in a manner simitar to that observed with H,0O,
and N-chlorosuccinimide [6,7]. Since under these condi-
tions the oxidants are generated externally to the pro-
tein, both water-soluble ard hydrophobic quenchers
could prevent the oxidative modification of PKC.

3.5, Inactivaiion of PKC n intact cells

Treatment of C6 glioma cells with calphostin C (0.1
and 1 M) in the presence of light resulted in a loss of
both kinase activity and PDBu binding. This inactiva-
tion of PKC was rapid in the membrane fraction com-
pared to cytosel (Fig. 4). Furthermore, prior treatment
with TPA (100 nM} to induce membrane association of
PKC resulied in a more rapid inactivation of PKC com-
pared to that of cells treated with calphostin C alone
(Fig. 5). In all these cases the PKC aclivity was not
recovered by an incubation with 5§ mM DTT. We then
tested whether the rernoval of calphestin C {rom the
treated cells could result in the recovery of PKC to an
active form. C6 glioma cells were initially treated with
calphostin C (0.1 uM) for 2 h and then the treated cells
were washed twice with Hank’s balanced salt solution
and twice with DMEM medium. The washed cells were
kept in fresh medium with no calphostin C. Similarly
treated and washed cells were left in a medium with
cycloheximide (10 g/ml) to prevent protein synthesis. In
the cells where protein synuthesis was allowed, PKC was
returned to the control level within 12 h. However, in
the cells where protein synthesis was inhibited by cyclo-
heximide, no recovery of PKC activity was observed
(data not shown). This suggested that PKC was inac-
tivated irreversibly in the cells and the PKC protein was
not repaired by any intracellular mechanisins operating
in the cell.

4. DISCUSSION

The currently characterized oxidative modification of
PKC induced by calphosiin C is different from our
previously revealed PKC modifications induced by oxi-
dant tumor promoters such as H.O, and m-periodate
[6-8] in at least four aspects. First, the inactivation of
PKC induced by calphostin C at nanomolar concentra-
tions is stricly a Ca?*-dependent process, whereas the
medifications induced by H,0, and ri-periodate are not
strictly Ca*"~-dependent. which however are enhanced
by Ca?'. Second, there is no transient formation of an
oxidatively activated Ca*'/lipid-independent form of
PKC during modification by calphestin C. Third, m-
periodate and H.Q, require bigher (M to mM) coneen-
trations to induce oxidative modification of PKC. How-
ever, calphostin C, by initially binding o the Ca**-in-
duced hydrophobic site on PKC. and then undergoing
photo-oxidation can induce a site-specific modification
even at lower (nanomolar) eoncentrations, Finally, the

133



Yolume 314, number 2

muodifications of PKC induced by externally added oxi-
dants are inhibited by thiol agents, whereas the modifi-
cation of PKC induced by calphostin C is not inhibited
by thiol agenis.

Ca**-induced accessible hydrophobic sites are also
present in other proteins such as calmedulin, calpains,
$-100 protein, troponin C and other related Ca* -regu-
iated proteins [21,25,26). It would be interesting to
know whether calphostin C also could aifTect these pro-
teins. Although calphostin C is often referred to as an
inhibitor of PKC, to distinguish it from other inhibitors
i ¥R suen a3 M7, sianrospohine, sndepyvinthineg and
sphingosine, which bind to and reversibly inhibit PKC,
it should be treated as an irreversible inactivator of
PKC. The irreversible wactivatior of PKC may bring
prolonged effects (hours) on the cells treated with cal-
phostin C for a limited time. This information on irre-
versible inactivation may further help in experimental
despns nHme taPnosin T as a Prarmacooned) 100
W SN AT fovase ARt appinrthans, 3nnee d
oxhahve MachHvanon of PRT repuires NEML, apenis
such as calphostin C may be useful in photodynamic
therapy.
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