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ABSTRACT. Protein kinase @ (PKCa) has been shown to contain two discrete activator sites with differing
binding affinities for phorbol esters and diacylglycerols. The interaction of diacylglycerol with a low-
affinity phorbol ester binding site leads to enhanced high-affinity phorbol ester binding and to a potentiated
level of activity [Slater, S. J., Ho, C., Kelly, M. B., Larkin, J. D., Taddeo, F. J., Yeager, M. D., and
Stubbs, C. D. (1996). Biol. Chem. 27,14627-4631]. In this study, the mechanism of this enhancement
of activity was examined with respect to the?Cdependences of membrane association and accompanying
conformational changes that lead to activation. The association oftPKi@€ membranes containing
12-O-tetradecanoylphorbol 13-acetate (TPA) or 1,2-dioleoylglycerol (DAG), determined from tryptophan
to dansyl-PE resonance energy transfer (RET) measurements, was found to occur at relativeRflow Ca
levels <1 uM). However, PK@ was found to be inactive even though membrane association was complete
at these Cd levels and further titration of Cato a concentration of100uM was required for activation.

This increase in Ca concentration also led to a further increase in RET, which was due t*a Ca
induced activating conformational change, as verified by an accompanying increase in ihérakaphan
fluorescence anisotropy. Coaddition of DAG and TPA resulted in a reduction in tHel&¥als required

for both the conformational change and enzyme activation. Also, it was found that incubation of the
enzyme with TPA alone resulted in a time-dependent increase in thei@iependent PKE activity,

the rate and extent of which was further enhanced upon coaddition with A& results suggest that

the enhanced level of activity induced by coaddition of DAG and TPA involves both-@zpendent and
Ca"-independent activating conformational changes which result in active conformers of @KiGhct

from those formed by interaction with either activator separately.

Protein kinase C (PKC)consists of an extended family
of 11 isoforms which are centrally involved in diverse signal
transduction processed)( It has been shown in a wide

assumed to straightforwardly lead to the expression of
enzymatic activity. This rather oversimplistic view ignores
increasing evidence which shows that different activators
variety of cell types that the “conventional” PKC-I, -ll, such as diacylglycerol and phorbol esters interact quite
and « (cPKC) isoforms translocate from the cytosol to the differently with PKC @—4). Indeed, recent studies indicate
membrane as a response to an increase in the intracellulathat these two activators interact with two discrete binding
levels of C&" and diacylglycerol, an event that is often sites on PKC, alluding to fundamental features of the
mechanism of PKC activation that remain to be resohzd (
3, 5).

The phorbol ester binding activity of PKC resides within
the C1 domain, which is comprised of C1A and C1B
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jeflin.tju.edu. _ _ _ _ from this laboratory indicating that phorbol esters bind PKC
g 1|Abl?ﬂ|9VlatI0|n33 BPIS,P%?‘VEEE((?WthTOSpha)tldylf]%?r}e: DlAlG, 1|,2- with distinct high and low affinities would be consistent with
ioleoylglycerol; dansyl-PE\-[5-(dimethylamino)naphthalenyl-1-sul- . .
fonyl]-1,2-dihexadecanoysn-glycero-3-phosphocholine; M8O, di- the_se two S'te_s being the C1A and C1B domaﬁh§_(5, 8).
methyl sulfoxide; DTT, dithiothreitol; EGTA, ethylene glycol kis( This observation was recently extended to the isolated C1
aminoethyl etherN,N,N',N'-tetraacetic acid; N-Rho-PH-(lissamine domain of PK@: (5), in line with the observation that both
rhodamine-B-sulfonyl)dipalmitoyl-a-phosphatidylethanolamine; LUV, C1A and C1B are functionally active phorbol ester binding
domains 9—22). Studies in which the phorbol ester binding

large unilamellar vesicles; MBPy4, myelin basic protein peptide
substrate; PC, phosphatidylcholine; PiKGpI, -A11, and +, “conven-
tional” protein kinase C isoforms; POPC, 1-palmitoyl-2-oleoylphos- ability of either the C1A or C1B was removed in turn reveal

phatidylcholine; PS, phosphatidylserine; RET, resonance energy trans-g complex interplay between the two subdomains. Mutation

fer; SAPD, sapintoxin-D; SDS, sodium dodecyl sulfate; SLV, sucrose-
loaded vesicles; TPA,#12-O-tetradecanoylphorbol 13-acetate; TOE,
tryptophan octyl ester.

of a single consensus proline in the binding loop of either
the C1A or the C1B of PK@, which has been shown to
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markedly reduce the level of phorbol ester binding to the absence of lipids by interaction with the arginine-rich
isolated domains1(0), was found to result in a relatively  substrate, protamine sulfate, resulted in relative insensitivity
small effect on the phorbol ester desesponse curve for  to proteolytic cleavage at the hinge region compared to that
PKC translocation in Swiss 3T3 cell23). However, associated with lipids3Q). Furthermore, a recent mutagenesis
mutation of both proline residues in both zinc finger domains study showed that the C2 domain of P&@ay contain two
was found to cause a relatively large increase in the phorboldiscrete C&'-binding sites, one of which may mediate the
ester concentration requirement for translocation. While it association of this isoform with membranes and the other
was concluded from this that the C1A and C1B domains of which may induce a conformational change that results
are nonequivalent, these findings also point to an interplay in activation @3).
between these domains, an observation consistent with the While the membrane association and activation of cPKC
findings of earlier studies1@). isoforms induced by diacylglycerols have been shown to
The nonequivalence of the two zinc finger domains and display an absolute requirement for Zathe effects of
the interplay between them are in keeping with studies from phorbol esters on these processes appear to differ in being
this laboratory which show that low-affinity phorbol ester relatively insensitive to inhibition by C& chelation 84, 35).
binding can be displaced by DAG, resulting in an increase This difference between the activators has been suggested
in the level of high-affinity phorbol ester binding and an to result from the relatively high affinity of PKC for phorbol
elevation of enzyme activity beyond that which can be esters compared to that of diacylglycerdd,(36). However,
achieved by either activator alon2, @). The importance of ~ the C&" independence of phorbol ester-induced membrane
this observation is that this type of effect is likely to occur association and activation may also result from the relatively
quite commonly in both experimental and physiological slow formation of an irreversibly membrane-bound, consti-
paradigms. For example, it may occur in cells in which DAG tutively active form of PKC 4, 34, 35, 37). Diacylglycerols
production is instigated and where phorbol esters are presentwere found to be relatively ineffective at generating this
The various compounds that interact with the low- and high- C&*-independent form of the enzyme compared to phorbol
affinity phorbol ester binding sites may do so with asym- esters 4), which is in keeping with the reported existence
metric or opposing affinities. For example, the potent of two distinct activator binding sites on PKQ+5).
antitumor agent, bryostatin-1, competes primarily for binding ~ The aim of this study was to determine the role of Ga
to the high-affinity site, while the “inactive” phorbol ester, induced and Ca-independent membrane binding events and
4a-12-O-tetradecanoylphorbol 13-acetatex(F4PA), binds activating conformational changes in the mechanism by
to the low-affinity site 8). Further, the low-affinity phorbol ~ which interaction of diacylglycerol with the low-affinity
ester binding site was shown to constitute a hydrophobic site phorbol ester binding site, combined with occupancy of the
for n-alkanols and anesthetics, which, like diacylglycerol, high-affinity site by phorbol ester, results in a synergistic
were also found to interact with and enhance high-affinity enhancement of cPKC activity2(3, 5). It was found for
phorbol ester binding and the level of PKC activig; 23). PKCa, -gl, and « that the enhanced level of activity
On the basis of these results, a model for PKC activation resulting from coaddition of phorbol ester and diacylglycerol
was proposed in which interaction of a ligand with the low- may proceed by simultaneous Talependent and C&
affinity phorbol ester binding site leads to an enhanced level independent mechanisms. Thus, coaddition of the two
of binding of either the same or a second ligand to the high- activators resulted in both an increased level of*€a
affinity phorbol ester binding site, and consequently to an independent membrane association and activation and a
elevated level of PKC activity3; 8). decreased Ca concentration requirement for these pro-
The parallel but independent interactions of diacylglycerol cesses. Evidence is provided supporting the contention that
or the tumor-promoting phorbol esters with the C1 domain the active cPKC conformer arising from simultaneous
and that of C&" with the second conserved (C2) domain interaction of phorbol ester and diacylglycerol with the low-
result in an apparent “cooperative” enhancement of mem- and high-affinity phorbol ester binding sites may be distinct
brane binding affinity and activation of cPKC isoforn2i{- from those formed by the interaction of either phorbol ester
26). However, the CH concentrations required to induce or diacylglycerol individually.
the association of these isoforms with membranes containing
diacylglycerol or phorbol ester have been shown to be lower MATERIALS AND METHODS
than those required to induce activity, suggesting the Materials.A peptide substrate corresponding to the PKC
possibility that membrane association and activation may be phosphorylation site of myelin basic protein (QKRPSQR-
functionally distinct processe21—31). Evidence supporting  SKYL, MBP,_14) was custom synthesized by the Jefferson
this contention has been provided recently by the finding Cancer Institute peptide synthesis facility. Lipids were from
that diacylglycerol selectively induces a high-affinity interac- Avanti Polar Lipids, Inc. (Alabaster, AL), except-[5-
tion of PKCBIl with phosphatidylserine/detergent mixed (dimethylamino)naphthalenyl-1-sulfonyl]-1,2-dihexadecanoyl-
micelles at C&" concentrations lower than that required to sn-glycero-3-phosphocholine (dansyl-PE) which was from
induce activity 81). It was suggested that the diacylglycerol- Molecular Probes (Eugene, OR). Sapintoxin-D (SAPD) was
induced association of PKZIl with membranes and the  from Calbiochem (La Jolla, CA) or Alexis Biochemicals (San
ensuing activation may be accompanied by distinct confor- Diego, CA). TPA, tryptophan octyl ester (TOE), and trypsin
mational changes, the former resulting in the exposure of were from Sigma (St. Louis, MO). AdenosinetBphosphate
the V3-hinge region to proteolysis and the latter in the (ATP) was from Boehringer Mannheim (Indianapolis, IN),
removal of the pseudosubstrate from the substrate bindingand [y-*?P]JATP was from New England Nuclear (Boston,
site. Consistent with this, another study showed that inducing MA). All other chemicals were of analytical grade and were
the activating conformational change in PRIC in the obtained from Fisher Scientific (Pittsburgh, PA).
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Assay of C& -Dependent cPKC Aciity. Recombinant measured in the presence of all assay components, except
cPKC isoforms PK@, -A1, and ¥ (rat brain) were prepared Ca&". Potential effects of Ca on the dansyl-PE to cPKC
using the baculovirus-insect cell expression systg@dh &nd tryptophan RET signal arising from the restructuring of
purified as previously described)( The activities of cPKC ~ membrane lipids were ruled out by determining the effect
isoforms were determined using MBR, as a substrate, as of C&" on RET from dansyl-PE to TOE. This compound
previously described3@). Briefly, large unilamellar vesicles ~ was assumed to be located at the surface of the membrane
(LUV) 100 nm in diameter, prepared as described elsewhereand randomly distributed within the bilayer, allowing its
(40), consisted of 1-palmitoyl-2-oleoylphosphatidylcholine presence in the same lipid domains as the cPKC isoforms.
(POPC) and bovine brain phosphatidylserine (BPS) at a 4:1 While assays of cPKC activity contained ATP and MBR,
molar ratio. The assay system (#b) consisted of 50 mM the omission of these substrates from this and other assays
Tris-HCI (pH 7.40) containing 0.1 mM EGTA, 5aM of membrane association affected neither the affinities nor
MBP,4-14, and LUV (150uM) containing TPA (0.3 mol %)  the maximal extent of Ca-induced association with vesicles
or DAG (4 mol %) or both activators, as indicated. Finally, (results not shown).

Ce&" was added at a level calculated to yield the required  Determination of C&-Dependent SAPD Binding to cPKC
concentration when buffered by EGTAL). After thermal Phorbol ester binding to cPKC was quantified on the basis
equilibration to 30°C, assays were initiated by the simul- of RET from cPKC tryptophans to the 2{methylamino)-
taneous addition of PK& PKCSI, or PKCy (0.3 nM) along benzoyl fluorophore of the phorbol ester, SAPD, as previ-
with a solution containing 5 mM Mg, 15uM ATP, and ously describedq). Briefly, the fluorescence intensities at
0.3uCi of [y-32P]ATP (3000 Ci/mmol) and terminated after the emission maxima of PKC tryptophans and SAPD (340
30 min with 100uL of 175 mM phosphoric acid. Following  and 425 nm, respectively), obtained upon excitation of the
this, a 100uL aliquot was transferred to P81 filter papers, tryptophan fluorophore at 290 nm, were determined using a
which were then washed three times in 75 mM phosphoric PTI Alphascan spectrofluorimeter. The assay consisted of
acid. The amount of phosphorylated peptide was determined50 mM Tris-HCI (pH 7.40), 0.1 mM EGTA, 150M BPS/

by scintillation counting. POPC LUV (1:4 molar ratio), 5 mM Mg, 1 uM SAPD

Assay of C&'-Independent cPKC Aciity. Time-depend- added from a 0.5 mM M&SO stock, and cPKC (04M) in
ent effects of TPA or DAG, either separately or together, a total volume of 2 mL in a quartz cuvette. After thermal
on C&"-independent PK@& activity were investigated using  equilibration was allowed (30C), C&* was titrated into
a procedure identical to that used for measurements®&fCa the assay system, as described above for dansyl-PE RET
dependent activity, except that the enzyme was preincubatedneasurements, and after equilibrium was attained, the
at 30 °C in the assay mixture containing either 0.1 mM emission fluorescence intensities at 425 and 340 nm were
EGTA or 0.1 mM C&* for the indicated time periods. The measured. The contribution of RET to the observed signal

assay was then initiated with the addition of 48l ATP, was isolated by subtracting the fluorescence intensity mea-
0.3uCi of [y-32P]ATP (3000 Ci/mmol), and 5 mM Mg in sured in the presence of all assay components, excépt Ca
50 mM Tris-HCI (pH 7.40). Determination of C&'-Induced cPKC Membrane Associa-

Determination of C&"-Induced cPKC Membrane Associa- tion Based on Dansyl-PE Steady State Anisotrbpigraction
tion Based on cPKC Tryptophan to Dansyl-PE RHhe of cPKC isoforms with vesicles was also determined on the
interaction of cPKC isoforms with vesicles containing TPA, basis of the measurements of the increase in dansyl-PE
DAG, or both activators together was quantified using RET, anisotropy, which results from the hindrance of the motional
as previously describedt?2—45). The increase in dansyl- freedom of the headgroup fluorophore due to the proximity
PE fluorescence and quenching of cPKC tryptophan fluo- of membrane-associated cPKC. Values of dansyl-PE aniso-
rescence, which resulted after excitation at a wavelengthtropy were determined according to a previously described
corresponding to the excitation maximum of the tryptophans method 46). The extent of membrane association of cPKC
(290 nm), was measured at wavelengths corresponding toinduced by TPA or DAG alone, or by both activators in
the emission maxima for dansyl-PE (520 nm) using a PTI combination, was determined by measuring dansyl-PE ani-
Alphascan dual-emission fluorescence spectrofluorimeter in sotropy as a function of Ga concentration using an assay
T-format (Photon Technology International, Inc., Princeton, system identical to that described for RET determinations
NJ). The assay components were Tris-HCI (50 mM, pH (see above).

7.40), 5 mM Mdg", 0.1 mM EGTA, LUV comprised of Determination of C&"-Induced cPKC Membrane Associa-
POPC, BPS, and dansyl-PE (3.75:1:0.25 molar ratio) at ation Based on a Centrifugation Methodhe extent of
total lipid concentration of 150M, and cPKC (0.1«M) in association of cPKC isozymes with membranes was also

2 mL in a quartz cuvette. Also included were 0.3 mol % determined by centrifugal separation of free cPKC from that
TPA [added from a 0.5 mM dimethyl sulfoxide (V&O) bound to sucrose-loaded vesicles (SLV) essentially as
stock] and DAG (4 mol % of the total lipid concentration), described previously but with minor modificatior29( 47).
added either separately or together in the same assay. AfteBriefly, SLV were prepared by evaporating the required
thermal equilibration was allowed (3C), C&" was titrated volumes of chloroform solutions of BPS and POPC to
into the assay system as Ca@om standard solutions so  dryness under nitrogen to give a lipid molar ratio of 1:4 and
that each C# addition yielded the required calculated free a total lipid concentration of 3 mM. Following this, 1 mL
C&" concentration when buffered by 0.1 mM EGTAI]. of Tris-HCI buffer (50 mM, pH 7.40) containing 170 mM
After each C&" addition, equilibrium was again established sucrose was placed on top of the dried lipid film, and after
and the emission fluorescence intensity at 520 nm was hydration was allowed for 10 min at room temperature, the
recorded. The contribution of RET to the observed signal mixture was vortexed for 1 min to form multilamellar
was determined by subtracting the fluorescence intensity vesicles. To promote the incorporation of sucrose into these
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vesicles, the preparation was first frozen in liquid nitrogen of cPKC due to thermal denaturation was determined from
and then thawed to room temperature and the processmeasurements of activity at each time point.

repeated five times. SLV were produced by extrusion through  Conformational differences in cPKC isoforms induced by
100 nm filters using a Liposofast extruder (Avestin, Inc., 0.3 mol % TPA, 4 mol % DAG, or both activators together
Ottawa, ON), as previously describetf]. To remove excess  were also determined from measurements of steady-state
sucrose external to the SLV, the vesicles were diluted 5-fold tryptophan anisotropy, as described elsewhd® {n an

with Tris-HCI (50 mM, pH 7.40) and centrifuged for 30 min  assay system identical to that used for determinations of
at 10000@. The supernatant was then discarded and the SLV activity except that the enzyme concentration wasML
pellet resuspended in 2 mL of Tris-HCI buffer (50 mM, pH and the total volume was 2 mL.

7.40) to give a final lipid concentration of 750 (assuming

100% lipid recovery). To determine losses of lipid during RESULTS

the manufacturing of SLV, the fluorescent phospholipid, ) ) ) )
N-(lissamine rhodamine-B-sulfonyl)dipalmitoyko-phos- The aim of this study was to investigate the role of Ca

phatidylethanolamine (N-Rho-PE), was codispersed with the dePendent and Caindependent membrane-binding events
lipids at a level of 0.25 mol % of the total lipid concentration. @nd conformational changes in the synergistic enhancement

Corrections required for losses of lipid were calculated on ©f CPKC activity that results from coaddition of phorbol
the basis of a comparison of the N-Rho-PE emission esters and DAGZ(_3)._T0 investigate this, the C&induced
fluorescence intensity, measured at 530 nm upon excitationMeémbrane association and activity of PGPKGSI, and

at 480 nm, for the phospholipid dispersion formed prior to PKCy were determined in the presence of TPA at concentra-
extrusion with that of the final product. tions which have been shown previously to be sufficient to

induce a maximal level of activity in each case.

The assay components used for determinations of cPKC Effects of the Coaddition of DXG and TPA on the?Ca
binding to SLV were identical to those used for RET ependence of cPKCI IAoti Concentration response
measurements (see above), except that the assay volume Wgcgurf)/es for C& -induced PKG{I B, and activitp are
100 L. Briefly, cPKC (0.1uM) was preincubated in the shown in Figure 1. Increasin ,é’fale,vels inj':he absgnce of
presence of the required free €aoncentration (buffered . 9 i 9 . -
by EGTA) with the remaining assay components at'@0 either TPA or DAG r_esulted in mar_gmal ef_fects on activity
for 15 min. This was followed by centrifugation for 30 min (®). For e_ach CPKC. isoform, |nclu§|on of either T_Pl)(;r
at 100009, Following this, 10uL of the supernatant was DAG (a) in the vesicles resulted in a decrease in thé"Ca

removed and the cPKC activity determined in the presence\c\?g:'éﬁgnseer:ssjg:] ?ﬁgntﬁam&ggnrﬁeEt-?f;[‘li(r)l%/()fh-[)t)t?olu:;ir
of protamine sulfate according to a previously described 9 P

method B). The concentration of free cPKC in each binding Q 3, 8). The presence of TPA, but not DAG
T S resulted in a small increase in the level of cPKC activity
supernatant was expressed as a specific activity.

o ) obtained in the absence of €a in keeping with the
Determination of C&-Induced cPKC Membrane Associa- previously reported resistance of phorbol ester-induced
tion Based on Changes in the Susceptibility to Protealysis activity to C&" chelation 84, 36). The effects of adding
The extent Of interaCtiOI’l Of cPKC W|th membranes was TPA and DAG Simultaneous|y in the same assay were both
determined on the basis of the corresponding changes in thesnhancement of the activities of each cPKC isoform in a
susceptibility to trypsin-catalyzed proteolysis, as previously cz+-independent manner and reduction of the*'Ceon-
described 44, 48, 49). The assay system used was like that centration required for half-maximal activation (&by ~5-
described above for the RET measurements, except that theo|d for PKCa and PK@I and ~10-fold for PKCy (see the
cPKC concentration was 40 nM and the total volume was |egend of Figure 1 for Eg Va|ue5)_ |mp0rtant|y’ the level
80 uL. After incubation of the assay at 3@ for 5 min, of activity induced by coaddition of TPA and DAG in the
proteolysis was initiated by the addition of 0.016 unit of presence of maximal Galevels (>1001u|\/|) was found to
trypsin. After 10 min, a 4%L aliquot was removed and  exceed that induced by either activator separately, suggesting
proteolysis halted by addition to 3@ of 0.6 M Tris-HCI that the corresponding activating conformational changes
(pH 6.8) containing 50% (w/v) sucrose, 20% sodium dodecyl may be distinct.
sulfate (SDS), 0.5% bromophenol blue, and 250 MM gfects of the Coaddition of DAG and TPA on cPKC
dithiothreitol .(DTT). After being placeq in a boiling water  nembrane Interactions Based on a RET Binding Assay
bath for 5 min followed by cooling, aliquots were loaded petermination of RET between the tryptophans of proteins
onto a 10% polyacrylamide gel and the proteins visualized {h4; associate with membranes and fluorophores attached to
by silver staining. PKC was quantified by measuring band |i5ids has frequently been used as the basis for the measure-
densities using a _Pharmama Image Master 1D systemmant of proteir-membrane binding4@, 43, 45, 50). The
(Pharmacia LKB, Piscataway, NJ). Cca&* dependence of the interaction of PKC-AI, and +
Determinations of Conformational Differences in cPKC with membranes containing TPA, quantified by measuring
Different PKGx and PK@I conformers resulting from  RET from cPKC tryptophans to dansyl-PE, is shown in
interaction with TPA or DAG individually or both together  Figure 2. Titration of C& in the absence of activators
were distinguished by measuring the intrinsic stability of each resulted in an increase in fluorescence intensity due to RET,
cPKC conformer to thermal denaturation. The activity of although this was negligible except at very higi¥ Clevels
cPKC induced by TPA (0.3 mol %), DAG (4 mol %), or (®). Thus, at low C& levels 1 uM), the extent of
the activator pair was measured as a function of time at eitherassociation of cPKC isoforms with vesicles in the absence
30 or 45°C in an assay system identical to that described of activators was marginal which is in keeping with the low
above for determinations of €adependent activity. Loss level of C&™-induced activity observed under similar condi-
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FiIGURE 1: C&*" requirements for cPKCof, 31, andy) activity induced by TPA or DAG separately, or by both activators together. Specific
activities of PKGQy, -Al, and v isoforms were determined in the presence of POPC/BPS LUV (4:1 molar ratipM @tal lipid concentration)

as a function of free Ca concentration in the absence of activat®) or in the presence of 0.3 mol % TPM) or 4 mol % DAG ()
separately, or with both activators togethe€r)( Solid curves correspond to fits of data to a modified Hill equati).(The calculated
values of EGy (micromolar) were as follows for PK&C 10 &+ 2 (TPA), 17+ 5 (DAG), and 2.0+ 0.5 (TPA and DAG). They were as
follows for PKCGSI: 23 £+ 12 (TPA), 18+ 4 (DAG), and 2.1+ 1.0 (TPA and DAG). They were as follows for PKC 52 + 13 (TPA),

49 + 2 (DAG), and 15.2+ 1 (TPA and DAG). Data represent the means of triplicate determinatiostandard deviation (SD). Other
details are described in Materials and Methods.
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FIGURE 2: C&" requirements for membrane association of cPKC induced by TPA or DAG separately, or by both TPA and DAG together,
determined from measurements of dansyl-PE RET. Fluorescence intensities corresponding to RET from cPKC tryptophans to dansyl-PE
were measured as a function of free?Ceoncentration in the presence of POPC/BPS LUV (4:1 molar ratioudb6btal lipid concentration)
containing 5 mol % dansyl-PE in the absence of activat@swith either 0.3 mol % TPAM), 4 mol % DAG (), or both activators

together ). Also shown are data corresponding to RET between TOE and dansyl-PE determined in the presence of POPC/BPS LUV
containing 0.3 mol % TPAY). Solid curves correspond to fits of data to a modified Hill equation assuming a single 4#s® fwo

classes of Cd-binding sites 8), as required. The calculated values ofsE& SD (micromolar) were as follows for PKC 0.05+ 0.10

and 144+ 6 (TPA) and 0.04+ 0.10 and 12+ 5 (DAG). They were as follows for PKgl: 25 + 5 (TPA), 21+ 5 (DAG), and 0.5+ 0.2

(TPA and DAG). They were as follows for PKC 95 4+ 35 (TPA), 98+ 32 (DAG), and 7+ 5 (TPA and DAG). Data are representative

of triplicate determinations. Other details are described in Materials and Methods.

tions. For PK@, the presence of either 0.3 mol % TPH)( observed increases in tryptophan to dansyl-PE RET may have
or 4 mol % DAG (a) separately resulted in two separate resulted from an effect of €& on the bulk distribution of
increases in RET. For both activators, these increasesdansyl-PE within the bilayer was ruled out by the finding
occurred within similar Cd concentration ranges, indicating that RET to dansyl-PE from the tryptophan of TOE was
that the presence of 0.3 mol % TPA and 4 mol % DAG had unaffected within the Ca concentration range usew)
equipotent effects on membrane binding affinity. The second In a previous study from this laboratory, it was shown
rise in the RET signal occurred within €aconcentration that the level of RET from PKC tryptophans to the
ranges similar to those required to induce activation. In fluorescent phorbol ester SAPD increases upon membrane
contrast to that for PK@, the C&*-dependent RET curves association). The C&" dependencies of the increases in
for PKCSI and PKG’ obtained in the presence of TPA or the SAPD RET signal for each cPKC isoform, a function of
DAG only showed an increase in RET at highe?Clavels, the extent of membrane binding, are shown in Figure 3. The
corresponding again to the level of Larequired for results confirm that PK& associates with membranes at
activation. For each cPKC isoform, the coaddition of TPA C&" levels that are lower than those required for activity.
and DAG resulted in both an increase in the level of the Thus, similar to the results obtained from measurements of
RET signal observed in the absence offCand also a tryptophan to dansyl-PE RET shown in Figure 2 for RKC
decrease in the €aconcentration requirement for the second the PKGx tryptophan to SAPD RET data show that there
rise in RET relative to that observed in the presence of TPA are two C&" binding events at distinct low and high €a

or DAG alone ). However, the maximal level of RET levels. Further, as with the cPKC tryptophan to dansyl-PE
attained at the highest €aconcentrations was unaffected RET measurements, the second increase in cPKC tryptophan
by coaddition of the two activators. The possibility that the to SAPD RET corresponded to the aconcentration
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Ficure 3: Extent of membrane association determined from th& @guirements for the interaction of the phorbol ester, SAPD, with
cPKC isoforms. The level of binding of SAPD to cPKC, determined from the fluorescence intensity increase accompanying cPKC tryptophan
to SAPD RET, was measured as a function of‘Ceoncentration in the presence of LUV comprised of POPC/BPS (4:1 molar ratio, 150
uM total lipid concentration). The effect of €aon the fluorescence signal was measured in the pres@cer (@bsence®) of cPKC.

Solid curves correspond to fits of data to a modified Hill equation assuming a single 448 {wo classes of Ca-binding sites 8), as

required. The calculated values of &G SD (micromolar) were as follows for PKC 0.03+ 0.10 and 10t 2. They were as follows

for PKCGSI and PKGy: 30 + 15 and 35+ 20, respectively. Data are representative of triplicate determinations. Other details are described
in Materials and Methods.
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Ficure 4: C&" dependence of the interaction of cPKC isoforms with membranes in the presence of TPA determined from measurements
of dansyl-PE steady-state anisotropy. Dansyl-PE steady-state anisotropy, which is proportional to the motional freedom of the dansyl
fluorophore, was measured as a function ot'Gaoncentration in the presence of LUV identical to those used for tryptophan to dansyl-PE
RET determinations (see the legend of Figure 2) incorporating 0.3 mol % TPA. Solid curves correspond to fits of data to a modified Hill
equation 44). The calculated values of EE&+ SD (micromolar) were as follows for PKG PKCG3I, and PKG: 0.1+ 0.1, 43+ 16, and

50 + 32, respectively. Data are representative of triplicate determinations. See Materials and Methods for other details.

requirement for activation, shown in Figure 1. By contrast, with vesicles were determined. This was achieved using
PKCAI and + did not appear to associate with membranes measurements of dansyl-PE fluorescence anisotropy, changes
at low C&* levels, corresponding to the lack of activity of in the susceptibility of cPKC isoforms to proteolysi4(
these isoforms under similar conditions. TheéZCeoncentra- 48, 49), and centrifugal separatio9, 47).
tion—response curves for the interaction of SAPD with  Determination of the Extent of Membrane Association from
PKCSI and & were again similar to those for the €a Measurements of Dansyl-PE Steady-State Anisotropg
induced association of these isoforms with vesicles derived dansyl fluorophore of dansyl-PE is located within the
from measurements of RET from PKC tryptophans to the headgroup region of the vesicle lipid bilayers used for RET
fluorophore of dansyl-PE (Figure 2). The SAPD fluorescence determinations (see above), where its motional freedom is
signal was unaffected by increasing concentrations éf Ca rendered susceptible to hindrance upon binding of cPKC to
determined in the absence of cPKC isoforms, ruling out the the bilayer surface. Measuring this effect in terms of a steady-
possibility that either of the Ca-induced events may have state fluorescence anisotropy of the dansyl fluorophore as a
arisen from effects on SAPD fluorescence due to structural function of C&" concentration gives a further method for
perturbations of the vesicles (Figure @). assessing cPKC membrane association, as shown in Figure
Since RET is directly proportional to the distance between 4. For PKQx, the midpoint of the C& concentration curve,
participating dansyl-PE or bound SAPD and cPKC tryp- obtained in the presence of TPA, was similar to that observed
tophan fluorophores, the magnitude of the observed increasdor the low-C&" concentration-dependent increase in tryp-
in RET may have corresponded to both?Ganduced tophan to dansyl-PE or SAPD RET and wag orders of
membrane association and a conformational change in themagnitude lower than that required for activity (Figure 1).
membrane-bound form of the enzyme. To separate theBy contrast, for PK@I and PKCy, the midpoints of the
contribution of membrane association from conformational anisotropy versus Caconcentration curves obtained in the
changes to the observed RET signals, th& €ancentration presence of TPA were similar to those obtained for the
dependencies of the physical interaction of cPKC isoforms activation of these isoforms. These data also confirm that
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Ficure 5: Ca&* dependence of the interaction of cPKC isoforms with membranes in the presence of TPA determined from susceptibilities
to proteolysis. The disappearance of full-length cPKC due to proteolysis, the susceptibility to which increases upon membrane association,
was measured from the corresponding decrease in silver stain band density as a functininfti@apresence of POPC/BPS LUV (4:1

molar ratio, 15QuM total lipid concentration) incorporating 0.3 mol % TPA (see the representative gels). Solid curves correspond to fits

of data to a modified Hill equatiordd). The calculated values of E&+ SD (micromolar) were as follows for PKG PKCpI1, and PKG:

0.2+ 0.1, 21+ 15, and 22+ 15, respectively. Experiments were repeated in triplicate with essentially similar results. Other details are
described in Materials and Methods.
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Ficure 6: C&" dependence of the interaction of cPKC isoforms with membranes in the presence of TPA determined from centrifugal
separation. The association of cPKC isoforms with sucrose-loaded vesicles (SLV) composed of POPC/BPS (4:1 molarubtitotab0

lipid concentration) incorporating 0.3 mol % TPA was measured as a function of fiégec@acentration by centrifugal separation of free
enzyme from bound enzyme. The concentration of free cPKC is expressed as the specific activity of each isoform remaining in the supernatant.
Solid curves correspond to fits of data to a modified Hill equati®f).(The calculated values of E&+ SD (micromolar) were as follows

for PKCo, PKCSI, and PKG: 0.1+ 0.2, 46+ 36, and 40+ 30, respectively. Data are representative of triplicate determinations. Other
details are described in Materials and Methods.

the C&" levels required for the association of PKICand of bands corresponding to the full-length isozymes, which

PKCy with membranes are 2 orders of magnitude higher is consistent with Cd-induced membrane association

than those required for the membrane association of®KC (Figure 5). Trypsin activity was unaffected by Tawithin
Determination of the Extent of Membrane Association from the concentration range used, as shown in a separate

Proteolysis Proteolysis of PKC initially results in the experiment usingN-benzoylt-arginine ethyl ester as a

formation of three major breakdown products corresponding substrate (results not shown). Using this method, 8K@s

to the catalytic and regulatory domains, arising from cleavage found to associate with LUV containing TPA within aTa

of the V3-hinge region and a “nicked” form of the enzyme concentration range similar to that required for the low‘Ca

resulting from the loss of the pseudosubstré® @2, 44, concentration-dependent increase in tryptophan to dansyl-

48, 49, 51). Recent studies have shown that the association PE or SAPD RET and-2 orders of magnitude lower than

of PKC with Triton X-100 micelles containing phosphati- that required for activity (Figure 1). Further, membrane

dylserine and diacylglycerol results in a large increase in association of PK@ occurred within C&" levels~2 orders

the susceptibility of the enzyme to proteolytic cleavage at of magnitude lower than for the membrane association of

both the hinge and pseudosubstrate regidfis On the basis  either PKQI or PKCy.

of these findings, the Carequirements for the membrane Determination of the Extent of Membrane Association by

association of cPKC isoforms were determined by measuring Centrifugal SeparationTo obtain further confirmation of

the rate of disappearance of the intact enzyme resulting fromthe membrane association data, the extent of cPKC

proteolysis, as shown in Figure 5. membrane binding was also determined by direct separation
Increasing C& concentrations in the presence of TPA of membrane-bound enzyme from free enzyme (Figure 6).

were found to result in an increase in the degree of In this case, sucrose loading of the vesicles (SLV) was

proteolysis, determined from the decrease in the densitiesrequired to facilitate separation of unbound from vesicle-
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Ficure 7: Coaddition of TPA and DAG induces the formation of
PKCo and PK@I conformers distinct from those induced by either
activator separately. PkiCand PK@I conformers induced by
interaction with 4 mol % DAG @), 0.3 mol % TPA ®), or both
activators togethera) in the presence of 0.1 mM €a were
distinguished by measuring the corresponding decrease of activity
(IMBP4-14—POs?"]/time) as a function of time due to thermal
denaturation. For PK&, activities were measured at 30 (A) and
45 °C (B), while PK@I activities were determined at 30 (C) and
43 °C (D). The assay system used was as described for the
determination of C&-dependent cPKC activity (see the legend of
Figure 1). Data are representative of triplicate determinations. Other
details are described in Materials and Methods.

bound cPKC by centrifugation. The specific activity of
PKCu, -A1, and ¥ remaining in the supernatant, determined
using a protamine sulfate assay, was found to decrease as
function of C&" concentration, consistent with the enzyme
being bound to the SLV, as shown in Figure 6. Again, it
was found that PK@ associated with SLV containing TPA
at C&" concentrations-2 orders of magnitude lower than
those required for the interaction of either PR@r PKCy
with these vesicles, which were similar in this respect. The
activities of the cPKC isoforms were found to be unaffected
by sucrose loading of vesicles (results not shown). Com-
parison of the curve obtained for PkGwith the binding
isotherm obtained from tryptophan to dansyl-PE or SAPD

Biochemistry, Vol. 38, No. 12, 1998811

Table 1. C&"™-Dependent Effects of 4 mol % DAG and 0.3 mol %

TPA in POPC/BPS LUV (4:1 molar ratio) on the Steady-State

Anisotropy of PKGx Tryptophan3

[Ca?']

(M)
0

DAG and TPA
0.198+ 0.004

basal DAG TPA

0.182+ 0.004 0.196+ 0.003 0.20H 0.003
1 0.185£0.002 0.21H-0.002 0.214+0.003 0.232+0.002
100 0.201+ 0.005 0.256+ 0.002 0.254+-0.002 0.26A 0.003

aSee Materials and Methods for details. Data are averages of
triplicate determinations:= SD.

chosen such that for both measurements of thermal stability
and anisotropy, membrane association of each isoform was
complete.

Plots of activity as a function of time, determined at 30
°C for PKCo. or PKG3I induced by either DAG or TPA alone
or by both activators together, were linear and had negligible
slope, indicating thermal stability (Figure 7A,C). By contrast,
the corresponding curves obtained at elevated temperatures
of 45°C for PKCo and 43°C for PKC3I deviated markedly
from linearity, indicating a decrease in PK@ctivity as a
function time due to thermal denaturation (Figure 7B,D).
Importantly, for both PK@ and PK@3I, the initial rate of
loss of activity in the presence of DAG and TPA together
was lower than that observed with either activator separately,
suggesting that interaction with both activators may result
in the formation of a distinct active cPKC conformer.

In the presence of DAG or TPA alone, the steady-state
anisotropy of PK@. tryptophans shown in Table 1 was found
to increase within a Ga concentration range corresponding
to the membrane association of this isoform-(QuM). This
& consistent with a concomitant decrease in the average
motional freedom of the PK& tryptophans. The data also
show that the tryptophans of membrane-bound but inactive
PKCa (1 uM Ca?") are less hindered compared to those in
the membrane-bound and active form of the enzyme (100
uM Ca&"). These data are consistent with the second rise in
PKCa tryptophan to dansyl-PE or SAPD RET induced by
high C&" concentrations for PK& being due to a Ca-
dependent activating conformational change. The steady-state
anisotropy of PK@ tryptophans were found to be increased
upon coaddition of TPA and DAG to a higher value

RET measurements suggests that the association of thisompared to that observed with either TPA or DAG

isoform with the membrane occurs within €alevels

separately, again suggesting a distinct enzyme conformation

corresponding to the first increase in fluorescence observed(Table 1). Interestingly, the anisotropy of PRLCiryptophans

in Figures 2 and 3. Furthermore, comparisons of these
binding isotherms with those obtained for TPA-induced
activity indicate that the Cé levels required to induce PKC
activity were ~2 orders of magnitude greater than those
required for interaction of this isoform with LUV. By contrast
for PKCSI and PKCy, the binding isotherms were found to
coincide with the corresponding €ainduced activity curves
(Figure 1).

Comparison of C&-Dependent Conformations of PKC
and PK@3I Induced by DAG or TPA Separately or Together
Differing conformers of PK@ and PK@I induced by
interaction with DAG and TPA together were distinguished

was found to be unaffected by levels ofZ€aufficient for
the membrane association and activation of this isoform
(results not shown). This does not preclude &'@ependent
conformational change in PKET but may be either due to
the tryptophan(s) which senses the conformational change
in PKCo not being conserved in PKST or because the
activating conformational changes in these two isoforms
differ such that there is no net change in the environment of
the PKQ3I tryptophans.

Effects of the Coaddition of DAG and TPA on?%GCa
Independent PK& Activity and Membrane Interactions
Inspection of the data shown in Figure 1 indicates that

from those induced by each activator separately on the basiscoaddition of TPA and DAG results not only in a decrease

of measurements of the thermal stability, shown in Figure
7, and the steady-state anisotropy of cPKC tryptophans,
shown in Table 1. The concentrations of TPA (0.3 mol %),

DAG (4 mol %), C&" (0.1 mM), and PS (20 mol %) were

in the C&" concentration requirements for cPKC activation
but also in an increase in the level of Tandependent

activity. Phorbol esters have been reported to differ from
DAG in inducing an increase in “chelator-resistant” activity
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Ficure 8: Effects of the coaddition of DAG and TPA on €andependent PKE activity and membrane interactions. (A) The rate of
generation of Cd-independent PK& activity was determined in the presence of 0.1 mM EGTA after preincubation of the isozyme for
fixed time intervals with POPC/BPS (4:1 molar ratio, 150 total lipid concentration) LUV containing 4 mol % DAGD), 0.3 mol %

TPA (d), or both activators togethen] in the presence of 0.1 mM EGTA. The corresponding'@ependent activity induced by 4 mol

% DAG (@), 0.3 mol % TPA W), or DAG together with TPA 4) was determined by an identical procedure, except that the enzyme was
preincubated and assayed with 0.1 mM*C4B) The time dependence of &aindependent association of PkGvith POPC/BPS LUV
containing 4 mol % DAG ©), 0.3 mol % TPA {), or both activators togethei{ in the presence of 0.1 mM EGTA. The extent of
Ca&"-dependent association of Pk@vith LUV induced by DAG @), TPA (), or both activators&) was determined in the presence of

0.1 mM Ca&*. Other assay conditions were identical to those used for determinations of activity. Data are representative of triplicate
determinations. For other details, see Materials and Methods.

which has been suggested to result from a time-dependentPKCa, induced by TPA and DAG added separately or
irreversible conformational changet, (34, 35, 37), or together, or in the presence or absence of*Geere each
alternatively may be due to the relatively high-affinity similar. Importantly, the rate of C&independent membrane
interaction of PKC with membranes containing phorbol esters association was found to be relatively fast compared with
compared with those containing DA@4, 36). To investigate  the slow evolution of C&-independent activity (Figure 8A).
the contribution of these factors to the elevated level 6f Ca

independent cPKC activity induced by coaddition of DAG DISCUSSION

and TPA, the time dependencies of the appearance %t Ca ) )

independent activity induced by DAG or TPA separately or  In this study, the Cd dependencies of membrane as-
by both activators together were compared with the corre- Sociation and activation of cPKC isoforms have been
sponding rates of membrane association (Figure 8). Consis-determined as a function of the presence of TPA or DAG
tent with the results of previous studied, (34, 35), and in the presence of _bo_th activators together. It was found
preincubating PK@, used as a representative cPKC isoform, that membrane association of P@ccurred at a much
with EGTA and vesicles containing TPA for increasing 'ower C&" concentration compared to that required for
periods of time prior to measuring activity again in the activity, whereas for PKGI and y, both membrane as-
presence of EGTA resulted in a time-dependent increase insociation and activation occurred at the same level 8f Ca

Ca*-independent activity (Figure 8A). By contrast, P&C  that was required for activation. The €aconcentration-
activity induced by DAG remained completely Tade- dependent membrane association and activation of cPKC

pendent irrespective of incubation time. The effect of the Were associated with distinct conformations of the enzyme.
coaddition of DAG along with TPA was to increase both Furthermore, the additive levels of activation achieved by
the rate and the maximal level of €aindependent activity ~ the coaddition of DAG and TPA resulted from Ta
compared to that obtained with TPA alone. By contrast to dependent and Caindependent conformational changes that
effects on C&-independent activity, Figure 8A shows that !ed to the formatlon of_cPKC conformers distinct from those
a maximal level of C&-dependent PK@ activity induced ~ induced by either activator alone.
by TPA or DAG or both was rapidly attained (i.e., within The tryptophan to dansyl-PE or SAPD RET data for BKC
the first time point), after which the level of activity remained showed a biphasic aconcentration response curve. While
independent of preincubation time. Also, the level ofGa  the activity data shown in Figure 1 indicate thafCkevels
dependent activity induced by either TPA alone or in between 1 and 100M were required for activation by DAG
combination with DAG was in each case greater than the or TPA, the first increase in RET was observed to ocedr
corresponding level of Ca-independent activity. orders of magnitude lower than this. Measurements of the
The rates of association of Pi&@with vesicles containing  increase in dansyl-PE anisotropy, sensitivity to proteolysis,
DAG or TPA compared to those with both activators and degree of centrifugal separation of free enzyme from
together, determined from measurements of BKiG/p- membrane-bound enzyme as a function of th&"@ancen-
tophan to dansyl-PE RET, are shown in Figure 8B. Addition tration indicated that membrane association was complete
of PKCa. in the absence of Cato vesicles containing TPA  for PKCa. at a C&" level corresponding to that required to
resulted in a low level of membrane association relative to induce the first increase in the RET signal. This suggests
that observed in the presence of?Cawhile under similar that the second increase in RET was due to a conformational
conditions, the enzyme did not interact with vesicles contain- change in the membrane-associated enzyme that corresponds
ing DAG. The maximal rates of membrane association of to activation. Other possibilities for the observed increase
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in fluorescence, such as a change in the quantum yield ofchange or via a time-dependent,’Gindependent process,
either fluorophore by increasing &adevels, were ruled out  which is not available to cPKC associated with DAG alone,
in separate measurements (results not shown), leaving an keeping with previous findings4( 34, 35, 37). This
change in the average distance between the RET tryptopharchelator-resistant activity has been suggested to result from
donors and the dansyl acceptors as the likely explanation.the relatively high-affinity interaction of the enzyme with
This could only occur if the PK& conformation was membranes containing phorbol este2d, (36). The finding
modified, and since enzyme activation was found to occur that the level of C&-independent PK& activity induced
within the same Cd concentration range, this process is by TPA increased over a relatively long time period
suggested to correspond to an activating conformational compared to the rate of association with vesicles containing
change. However, since dansyl-PE anisotropy was observedhe same surface concentration of the phorbol ester is
to be a monophasic function of €aconcentration, detecting  consistent with a rate-limiting phorbol ester-induced activat-
only the association of the enzyme with the membrane, this ing conformational change, as proposed to occur in a number
conformational change apparently does not lead to a changeof previous studies/( 34, 35, 37). However, the observation
in the average environment of dansyl-PE molecules that arethat the maximal level of Ca-independent PK& activity
located in vicinity of the PK@ molecule. induced by TPA was lower than that attained in the presence
Support for a C&-induced conformational change in of Ca&*, and that level of CH-induced activity was
PKCa was provided by the finding that increasing the level unaffected by preincubation with TPA (Figure 8A), suggests
of C&* from 1 uM, sufficient for maximal TPA- or DAG- that the corresponding €adependent and €aindependent
induced membrane association but lower than that requiredactivating conformational changes may be distinct.
for activation, to 10Q«M, sufficient for maximal activation, It appears that occupation of the low-affinity phorbol ester
resulted in an increase in tryptophan anisotropy. Consistentbinding site on PK@. by DAG results in a slight increase
with this, a recent mutagenesis study showed that one ofin the extent of C&-independent membrane binding and
two discrete C&-binding sites identified within the C2  also a time-dependent, &aindependent activating confor-
domain of PK@ may mediate a conformational change that mational change, the rate and extent of which are enhanced
leads to the exposure of two tryptophan residues to the compared to that induced by phorbol ester alone. Consistent
membrane bilayer interior3@). For PKGx, the C&t- with this, recent studies from this laboratory indicate that
dependent conformational change that accompanies memsihe activity of C&"-independent recombinant PIGs also
brane association and which results in the exposure of theenhanced in the presence of TPA and DAG together
hinge region to proteolysis appears to be physically distinct compared to that induced by either activator separately,
from that resulting in activation, in keeping with other studies although the magnitude of this effect appears to be reduced
(31, 32). On the basis of the results presented here, it is not compared to that with the cPKC isoforms (F. J. Taddeo, C.
possible to distinguish between the membrane associationHo, S. J. Slater, and C. D. Stubbs, unpublished observations).
and activation of PK@I and PKC/ since these processes Also, Blumberg and co-workers proposed that the appearance
were observed to occur within similar €aconcentration of this chelator-resistant form of PKCmay be regulated
ranges. by a distinct site on the enzyme with relatively low phorbol
In a previous study from this laboratory, it was proposed ester binding affinity compared to that which mediates the
that the synergistic enhancement of phorbol ester-inducedreversible, C&-dependent membrane interaction and activa-
PKCa activity results from an increase in the level of high- tion (4).
affinity phorbol ester binding induced by the interaction of  The observation of two separate Zanduced increases
DAG with the low-affinity phorbol ester binding site3) in the level of the tryptophan to dansyl-PE or SAPD RET
On the basis of the observations presented here, it wouldsignal is consistent with the existence of two distinct
appear that one of the effects of the interaction of DAG with “classes” of C&"-binding sites on PK@ with high and low
the low-affinity phorbol ester binding site on cPKC is to affinities, respectively. In keeping with this possibility, it was
decrease the Gaconcentration dependence for activity. The shown in a previous study that PiGs capable of binding
observation that at maximal &aconcentrationsX 100.M) Gd*t, commonly used as a probe for&dinding, with high
the level of cPKC activity induced by coaddition of phorbol and low levels of binding, respectivel$Z, 53). Also, it was
ester and DAG remained greater than that which could be reported that PKE (I or Il) differs from PKCa in containing
achieved with by either activator separately suggests that theonly a single class of low-affinity Gd-binding sites,
interaction of DAG with the low-affinity phorbol ester consistent with the observation in this study that thé'€a
binding site may induce the formation of cPKC conformers induced increase in RET for PKELwas monophasic. This
distinct from those induced by interaction with either difference between PK& and PK@ (I or II) was also
activator separately. Support for this came from the observa-observed in another study where the activities of both
tion that the activated forms of PKCand PK@3I resulting isoforms, induced in the presence of short chain phospholipid
from interaction with both DAG and TPA together displayed micelles, were entirely Ca- and phospholipid-dependent,
greater thermal stability compared to either activator alone. while PKCo was shown to have an extra Taequirement
Further evidence for this was obtained for RK@om the that did not involve phospholipid interactioris4j. However,
observation that the coaddition of DAG and TPA resulted the stoichiometry of Cd binding to PK@I remains unclear.
in an increase in the steady-state anisotropy of 8KC Thus, while one study provided evidence for a single high-
tryptophans. affinity Ca?"-binding site within a GST fusion protein
On the basis of the observations presented here, cPKCcontaining the entire regulatory region of PBIQ55, 56),
bound to membranes containing phorbol esters may becomeanother study reported that the isolated C2 domain of this
active either via a Ca-dependent activating conformational isoform may cooperatively bind two €aions G7). Multiple
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C&" binding sites have also been identified within the C2
domains of synaptotagmi®®), phospholipase €1 (59, 60),

and cytosolic phospholipase, A61—-63), all of which are
appreciably homologous with respect to sequeGeg. On

the basis of the observed similarity of the binding isotherms
for PKCAI and PKCy from the RET, dansyl-PE anisotropy,
centrifugation, and proteolysis measurements of this study,

the membrane association and activation of these isoforms

may involve either a single class of €&binding site or two
classes of sites with similar €abinding affinities.

In conclusion, this study provides evidence that the
synergistic enhancement of cPKC activity induced by phorbol
ester in combination with DAG proceeds by two distinct
mechanisms, involving both €adependent and C&
independent membrane binding events and distinct activating
conformational changes. (a) The cPKC isoforms, which are
inactive in solution due to the occupation of the active site

by the pseudosubstrate, may translocate to the membrane

surface by interaction with Ga (b) The C&"-dependent
membrane association of PlgCGapparently occurs at €a
levels lower than those required for activation, resulting in
an “inactive” membrane-bound form of this isozyme, whereas
for PKCSlI and PKC, translocation and the activating
conformational change occur within similar &aoncentra-
tion ranges. (c) Increasing the level of Tdurther results

in an activating conformational change in each cPKC isoform
(involving the release of the pseudosubstrate from the active
site). (d) The combined interaction of DAG together with
phorbol ester with cPKC results in a €adependent
activating conformational change leading to a form of cPKC
which is distinct from that induced by interaction with either
phorbol ester or diacylglycerol alone. (e) Translocation of
cPKC to membranes may also occur in the absence 8f Ca
by interaction with phorbol ester which results in an inactive
cPKC form that may then undergo a time-dependent,
chelator-resistant activating conformational change. (f) The
interaction of DAG with the low-affinity phorbol ester
binding site induces a time-dependent activating conforma-
tional change that again leads to a form of cPKC which is
distinct from that induced by interaction with phorbol ester
alone.
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