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ABSTRACT: To study the activation process of protein kinase C (RKGve used a fluorescent probe,
FIM-1, a bis-indolylmaleimide derivative, which binds to the ATP-binding site on the catalytic domain
[Chen, C. S., and Poenie, M. (199B)Biol. Chem. 26815812]. This enabled us to directly observe the
microenvironment of the ATP-binding site in vitro during the activation process. The FIM-1 binding
affinity for PKCa (ECso between 6 and 10 nM) was affected neither by RK&tivating conditions nor

by enzyme proteolysis. The fluorescence yield of the BKEIM-1 complex depended on the PKC
activation state. This fluorescence yield was decreased upon proteolysis, which allowed us to study the
rate of PKC proteolysis by-calpain and its modification by cofactors. Two binding sites were also
observed for C& on the partially activated PKe& After phorbol ester (TPA) application, PKC activation

was characterized by biexponential kinetics, including a rapid phase completed within 5 min and a slow
phase lasting at least 30 min, which reflected several activation steps. Two different binding sites for
TPA were revealed on membrane-associated ®@KECso = 31 + 12 and 580+ 170 nM), and their
modulation by phosphatidylserine and?Cavas characterized. The high-affinity TPA binding site was
highly conserved, even on the soluble enzyme. Our study shows that binding of low concentrations of
TPA triggers conformational changes in the soluble BK@hich affect the microenvironment of its
catalytic domain.

Protein kinase C (PKQ)is involved in a wide range of  cysteine-rich sequences in the C1 domain have been identi-
signal transduction processes to be triggered by diacyl-fied as phorbol ester binding sited2j, although these
glycerol (DAG) production 1). Several groups of PKC  binding sites are not strictly equivalent to the DAG binding
isoenzymes are activated in different manners. For the full sites in the enzymel@, 14). A recent publication reported
activation, the conventional (i.e., €adependent) cPKC that phorbol ester binding sites on C1 are initially hindered
isoforms need to interact with phosphatidylserine (PS) and on soluble PK@, because of the clamping of the V1
C&" in addition to DAG @). DAG analogues such as pseudosubstrate into the active center of the enzyife (
phorbol esters can also activate these isofor)s ( This fixed conformation of C1 is unfavorable for phorbol

All the cPKC isoforms (PK@, -flI, -gll, and -) are ester binding but can be unlocked by releasing the pseu-
comprised of four conserved sequences: C1 and C2 in thedosubstrate V1 from the catalytic site. The binding of the
regulatory domain and C3 and C4 in the catalytic domain. C&" and PS cofactors to the C2 sequence, which is
The regulatory and catalytic domains are connected by aresponsible for Ca and phospholipid regulatiod), triggers
hinge sequence called V3)( The activity of PKC is kept ~ a conformational change in the C1 sequence. This change
low in a basal state by the V1 (variable pseudosubstrate) exposes both of the phorbol ester binding sites on the C1
sequence, which is localized at the N-terminus of PKC and sequencel(5). The role of C&" alone in the phorbol ester
binds to the active center of the catalytic domain of the PKCa interaction is controversial since several authors
enzyme. The C1 sequence, which is rich in cysteine residuesyeported that phorbol ester binding to P&GQvas C&"-
is responsible for the interaction of the enzyme with DAG dependentl0, 15, 16), while others suggested it was Ca
in the membrane or with added phorbol esté&s11). Two independentX7). The PS modulation of the PKk&phorbol
ester interaction is well-characterizelb( 18, 19). However,
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catalytic domain induces the proper protein alignment for
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of rat PKGo (amino acids 659672) were from Sigma (St.

the interaction of C2 sequences with the membrane, which Louis, MO). [y-32P]ATP was from New England Nuclear

precedes PKC activatior2Q—25). According to a recent
publication @5), the two domains must interact during
PKCA1 membrane binding since C-terminal residue 642 in
the catalytic part controls the €a affinity for the C2
sequence.

(Boston, MA). All other reagents were analytical grade.
Lipid Vesicle PreparationPS small unilamellar vesicles
(SUV, 30 nm) were prepared by dissolving pure PS in
chloroform. The solvent was removed under a stream of
argon. PS was then dispersed in 20 mM TRIS buffer (pH

Several fluorescent probes have been used to investigate’-4) containing 0.1 mM EGTA. PS SUV were formed by

the regulatory domain of the enzyme in vitro and in vivo
(14, 26—29), but few fluorescent probes attached or bound
to the catalytic domain were used to study the cofactor
activation process of the enzym29j. Hence, the possible

conformational change of the catalytic domain during
membrane binding and activation by DAG or phorbol ester

remained undetected. The development of fluorescent bis-

indoylmaleimide derivatives as specific PKC competitive
inhibitors at the ATP site30, 31) provides a tool by which
the conformational changes of the PKC catalytic domain

tip pulse sonicating (2 s 913 s pause) the solution for 3

30 s. The output of the tip was 50% of the maximum power
(Branson Sonic Power). This preparation was used to
maximize PK@ activity, which is modulated by vesicle
curvature 82).

SpectrofluorimetryFresh FIM-1 solutions were prepared
on the day of the experiment. FIM-1 was first solubilized in
DMSO (280uM stock solution) and then diluted in the
experimental buffer. The spectra were measured in TRIS
buffer (20 mM, pH 7.4) using a SLM 48000 or PTI

induced during the different activation processes can be AlphaScan spectrofluorimeters (excitation wavelength of 485

elucidated. Such a probe, FIM-B1), undergoes a 3-fold
fluorescence increase when it is bound to (-2etrade-
canoylphorbol 13-acetate (TPA)-activated RKCGHere we
report that changes in the regulatory domain influence the
microenvironment of the ATP site on PKCsince FIM-1
fluorescence intensity varies with the state of activation of
PKC by C&", PS, and TPA. We found that the ATP site on
the PKQx catalytic domain is unaffected during the activation
process by PS, G4, and TPA since the binding affinity of
FIM-1 was exceptionally stable. Even the proteolytic form
of PKC, called PKM, exhibited an unchanged FIM-1 binding
affinity.

This probe allowed us to test PKC under unique condi-
tions, when some of the activation cofactors were excluded,
inducing intermediate conformational changes of the partially
activated PKC. Two distinct Ca binding sites were identi-
fied on the membrane-bound but not-fully activated RKC
We also demonstrated that TPA can bind with soluble BKC
without binding of the protein to membrane lipids, and that
these interactions affect the catalytic domain conformation.
We identified a high-affinity TPA binding site on the soluble
enzyme and studied its modulation by *Caand PS.

nm, bandwidth of 2 nm). Emission spectra were recorded
between 500 and 650 nm (four to six spectra were averaged).
Typically, 0.25ug of purified PKGx was diluted in 1 mL
of TRIS buffer (containing different concentrations of?Ca
EGTA, TPA, and PS vesicles) at 2& in a micro quartz
cuvette with a path length of 1 cm. After spectral correction
of the contribution from the buffer, the light scattering effect,
and the slight artifact of the lipidFIM-1 interaction, the
resultant fluorescence spectra were deconvoluted with three
Gaussian peaks. Spectra were normalized with respect to a
reference spectrum, in most cases (unless otherwise stated)
that of PKGy, with 3 nM FIM-1 in TRIS buffer (containing
the given amount of PS vesicles in the series). The intensities
of the three calculated peaks were divided by that of the
corresponding peak in the reference spectrum. The conditions
with respect to FIM-1 and PKC concentrations were experi-
mentally adjusted to the optimal signal/noise ratio of the
measured fluorescence signal, taking into account the
instrumental limitations.

Kinetic Measurement3he limit of the best time resolution
was the scanning time of the whole fluorescence spectrum,
which was around 10 s. To improve the signal/noise ratio,

Furthermore, fluorescence measurements also allow rapidWe averaged between four and ten spectra when needed. The

kinetic studies starting at the addition of the activator, which
are not possible with biochemical methods. Here we report
that TPA binding to PK@ exhibits biexponential PS-
dependent kinetics, which has not been previously described

These results bring new important insights to the activation
and inactivation processes of conventional PKCs.

EXPERIMENTAL PROCEDURES

Materials. PKCa. was a purified recombinant protein
obtained from a rabbit clone expressed in a baculovirus
expression system and provided by Gibco Life Technologies
(Gaithersburg, MD). In some experiments, human recom-
binant PKGx from Calbiochem (San Diego, CA) was also
used. For proteolysis studies, rat brain PKC and PKM were
purchased from Gibco Life Technologies. FIM-1 potassium
salt was from Teflabs (Austin, TX) and Molecular Probes
(Eugene, OR)L-a-Phosphatidyl--serine (PS) from bovine
brain, TPA, staurosporine and histone H1 (type Ill), and the
polyclonal rabbit antibody against the C-terminal V5 region

intensities of the first peak were calculated by deconvoluting
the averaged spectra. The first data point for rapid TPA
binding kinetics was collected 10 s after TPA addition.

_ Biochemical Assay of PKECActivity. PKCa activity was

determined by the extent of histone phosphorylation. BKC
was mixed with different amounts of FIM-1 for the inhibitory
test or a fixed concentration (3 nM) for the TPA dependence
study. PKGx aliquots (0.1ug of purified protein) were
incubated for 20 min at 30C in 20 mM TRIS buffer (pH
7.4), containing 5 mM MgG| 1 mM EGTA, 2.5 mM CaGJ,

20 uM ATP, 2 mM PMSF, histone H1 (2 mg/mL), and
[y-32P]JATP (3 x 10° cpm, specific activity of 110 TBqg/
mmol), in a final volume of 10@L. This incubation solution
contained either 120 nM TPA (for the FIM-1 inhibitory test)
or a different amount of TPA (for the TPA dosessponse
assay). Aliquots (3@L) of the reaction mixture were then
dotted on cation exchange chromatography paper (P81,
Whatmann International, Maidstone, England). The paper
was subsequently washed three times with trichloroacetic
alcohol and then dried. Radioactivity was measured by the
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Cerenkov method using a SL-6000 scintillation counter ¢
(Beckman Instruments, Palo Alto, CA). The assay was A
performed in the absence (basal activity) or in the presence
of 170 ug/mL PS (inducible activity).

Proteolysis byu-Calpain, Assessed with Western Blots.
Proteolysis was carried out with activated PK@ «g/mL),
which was previously incubated with 125 nM TPA for 30
min at 25°C in 20 mM TRIS buffer (pH 7.4) containing 2 S 1 AN .

mM CaCl and 70uM PS vesicles (final volume of 1 mL). /\
By starting the proteolysis with the additionofcalpain (4.1 ‘ —
units) to the solution and mixing vigorously at 2&, we

could follow the process by taking out 36 aliquots at

given time intervals. To stop the proteolysis, samples were B
frozen in liquid nitrogen. Samples were analyzed by SDS
PAGE on 4 to 20% gradient gels (Miniprotean Ready Gels,
Bio-Rad), and the protein blotting was subsequently achieved
with PVDF membranes (Immobilon, Millipore). After block-

ing for 4 h in TRIS-buffered saline (pH 7.2) containing
0.01% Tween 20 and 1% BSA (TBST/BSA), the blots were
incubated overnight with a polyclonal antibody (1 ng/mL)
raised in rabbits against a synthetic peptide corresponding
to the N-terminus of the catalytic domain of a rat RKC 0o ‘ : : . ‘ ‘
isoform (Sigma). They were then washedx430 min) in 500 520 540 560 s 60 &0
TBST/BSA and incubated for 30 min with a goat anti-rabbit Wavelength (nm)
antibody conjugated to horseradish peroxidase (diluted 1/500, C
Sigma). After being washed (% 15 min in TBST), the
immunoblots were revealed using the Super Signal substrate
(Pierce, Rockford, IL) and ECL-Hyperfiim (Amersham,
Buckinghampshire, U.K.). A subsequent quantification of the
blots was performed using a computer image analyzer
(Starwise, Imstar, Paris, France). Blanks were obtained using
the primary antibody in the presence of the antigen peptide

(1 ug/mL). Western blotting, immunoreaction, and quanti-
fication were performed at least twice for each sample. The
linearity of the response was checked using a serially diluted 00+ - - - - AAE—— ”
homogenate. Wavelength (nm)

Determination of Free Ca ConcentrationsFree C&" FiIGURE 1: Spectral properties of FIM-1. (A) Effect of PKCand
concentrations were calculated by using a computer programTPA on the FIM-1 raw emission spectrum. FIM-1 (3 nM) was in-

written by J. L. Rodeau that takes into account pH anttCa  cubated in TRIS buffer (20 mM, pH 7.4) with 1.5 mM &an the

24+ K+ + i ; presence of PS small unilamellar vesicles 4M) (—), with PKCa
Mg?t, K*, Na", and EGTA concentrations. This program (1nM) (~ — —). and with PKG@ and 120 nM TPA - - - ). The

was based on the calculation of MCGP'ga” et ag)(We spectra were recorded Bt = 485+ 4 nm after incubation for 30
always refer to the free €aconcentrations. min. Note the prominent effect of TPA on FIM-1 fluorescence
Fit and Statistics. Deconvolution of multicomponent intensity. The inset shows the chemical structure of FIM-1. (B)

; ; ; ; _Deconvolution into three Gaussian components of the emission
spectra was accomplished by an iterative nonlinear least spectra of FIM-1 alone — —) or in the presence of PKE(—).

squares technique based on the Gadéswton method. The  Thisiiystrates the subtle spectral distortions, which can be revealed
normalized values were calculated for each sample, and theryy deconvolution. (C) Effect of staurosporine on FIM-1 fluorescence
the average and the standard deviation (SD) were calculatedneasured in the presence of P&Qleconvoluted emission spectra

from the experimental data set of the same batch of the PKCOf 3 M FIM-1 incubated with 1 nM PK@ in the same buffer as
described for panel A without TPA) and after incubation for an

enzyme. The final reported average values and errors (SD)additionaI 10 min after 200 nM staurosporine was added-(—).
were calculated from the average and standard deviation of

each series. The errors of the fitting calculations and of the =;\1_1 410ne in TRIS buffer exhibits a broad fluorescence
instrument were negligible cqmpared W"Fh the SD values. spectrum between 500 and 650 nm, with a maximum at 518
D_ose—responsg curves were fitted acpordmg to one- or two- ., upon excitation at 490 nm. Its extinction coefficient is
site models using thE test to determine the best model. 108 000 ML cm-t
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Fluorescence emission of the probe is slightly enhanced

RESULTS _ s :
in the presence of soluble purified PikGFigure 1A). The
Spectral Characterization of FIM-1FIM-1 is a bis- probe was extremely sensitive to the activation state of PKC
indolylmaleimide derivative, which specifically binds near which is reflected by an almost 3-fold increase in the
the ATP site on the catalytic domain of PKCIt is fluorescence intensity when the membrane-bound enzyme

structurally related to staurosporine, a well-known kinase was fully activated by phorbol ester (Figure 1A,B). Since
inhibitor, which competes with FIM-1 for the ATP sit81). the emission spectrum was broad and complex, it suggested
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the existence of several emission peaks7&@t, which is 18
another bis-indolylmaleimide derivative similar to FIM-1 but

has no fluorophore attached to it, exhibits an emission
spectrum with a peak at 535 nm upon excitation at 490 nm
due to the indolyl residue (not shown). The fluorescein

marker itself has an emission peak around 518 nm at this
excitation wavelength. These two independent fluorophores
suggested that at least two peaks should contribute to the § -
measured emission spectrum. The mathematical analysis of:
our raw data showed that three Gaussians give the best §
relevant fit. The three significant peaks were at 518, 535,
and 580 nm (Figure 1B). This spectral analysis allowed a
more precise quantification of the signal since conformational 8
changes of the enzyme induced changes not only in the _
integral intensity but also in the shape of the emission [FIM-1] (nM)

Zafectru? of the probe. Eowe\_/er, since tr\:\.llo Fheakfhcan aClEF!GURE 2: Curves for FIM-1 binding to PK& in the presence of
irerently, €.9., one peak can increase while the Other Peax yitarent activation cofactors. FIM-1 at various concentrations was
decreases its intensity or shifts its maximum (Figure 1C), incubated in 20 mM TRIS buffer (pH 7.4) at 2& for 5 min in

their sum can mask these changes. The deconvolutionthe absence of PK&or in the presence of 3 nM PKCand various
enabled us to see fine modulations by following only one of cofactors. Fluorescence spectra were recorded between 500 and 650

the most sensitive peak changes. One of the best indicatord!™ at Ex = 485 = 4 nm and deconvoluted. For each FIM-1

. . - . . concentration, the emission intensity of the first Gaussian pgepk (
is the integrated intensity of the Gaussiafs lu—I3 were measured in the presence of FIM-1 alone was subtracted from the
used to determine the affinity of the FIM-1 binding site for |, values measured in the presence of BK@nd the various

PKCaoa. Identical behaviors of the first and third peakks (  cofactors (correcteti). The corrected, values were then normal-
and I5) were detected under most of the PKC stimulating 1zed with the correctet, value measured in the presence of 3 nM

ot . . . . FIM-1 and 3 nM PKG in the absence of cofactors (standard
conditions, but the third peak intensity varied between prObeSconditions). This peak intensity was taken as a unit. The recording

_coming from different batch_es. The_ s_econd pelak dcted experimental conditions were as follows: P&@lone @), PKCa
independently from the first, shifting to the longer- preincubated for 5 min with 128M PS vesicles M), PKCo with
wavelength region of the spectrum (as seen in panels B and1.5_m|M C?i; (m), PK((:E% E)rt)eincudbateglfor 5 mirg)witg fl,Bl\éloPS_
C of Figure 1). Thel; peak was the most prominent and Vvesicles and 1.5 mM Ca(v), and PKG preincubated for 30 min

. : : with 120 nM TPA in the presence of 18V PS vesicles and 1.5
fundamental peak, which had a .prac;tlcally stable maximal mM C&* (a). Data represent the average of two series of three
wavelength around 518 nm. To simplify the method, we use independent experiments SD.
only the integral intensity of this first pedk as one of the
indicators of the spectral changes. The following data are Taple 1: FIM-1 Affinities and Hill Coefficients

always referring td;. Ca

16

14

12}

10 -

rescence Intensity

Normali

Y . PS TPA EGo ("M) N
Characterization of the FIM-£PKCa Interaction.In the - - -
presence of 2 mM C4, the PKQ—FIM-1 interaction without - without - without - 8.72£ 0.9 2a%£ 018
occurred very rapidly as observed by a small but detectable with without  without 6.19+ 0.80  2.24f 0.21
fluorescence increase with a time constant<gf00 ms with with without 6.52+0.81  2.57+0.30
measured aE, = 518 + 4 nm with a rapid stop-flow with with with 6.46+1.06  1.98+0.20

apparatus £x = 485 4+ 4 nm). Steady-state spectral data  2FIM-1 (3 nM) fluorescence was measured in the presence of 3
showed that FIM-1 had a higher fluorescence yield when it "M PKCa after incubation for 5 min in TRIS buffer (20 mM, pH 7.4).
bound to lipid-associated PKC A 3-fold maximal increase \_plljhAenlgrct)asent, the concentration oCwas 1.5 mM, PS 1M, and
. . . . nM. These data are representative of four independent
in fluorescence was achieved with fully activated RKBY  experimentst SD.
TPA (it increased to more than 10-fold with the rat brain
PKC preparation from Gibco). When staurosporine was PKCa activation (Figure 2). To eliminate the possibility of
subsequently added to the mixture of FIM-1 and soluble any artifact, the probe fluorescence was measured in the
PKCao, it partially reversed the spectral changes of the FIM- presence of the different cofactors and in the absence of the
1-PKC complex by competing for the same binding site enzyme. FIM-1 had no direct interaction with either?Ca
(Figure 1C). or TPA at the concentrations used in this study (not
The fluorescence intensity of the probe dose-dependentlyillustrated). A slight quenching effect was observed when
increased with FIM-1 concentration in the presence of a fixed the experiment was performed in the presence of PS vesicles
PKCa concentration (Figure 2). The B&£value of FIM-1 at concentrations of 10 uM (Figure 2), indicating a slight
binding curves was unaffected or slightly modulated accord- but direct FIM-1 interaction with PS.
ing to the presence of PKLCactivators acting separately or To verify the specificity of FIM-1 binding to PK& as
together on the regulatory domain of the enzyme (Figure 2 measured by fluorescenc&ly, we also checked its inhibitory
and Table 1). The Hill coefficientn(;) for all the measured  effect on histone phosphorylation by PKC. We performed
dose-response curves was consistently around 2 (Table 1).biochemical measurements of PK@ctivity with 120 nM
The fluorescence intensity increased significantly whett Ca TPA and 2 mM C&' in the presence of PS vesicles with
and/or PS was added to the medium. The amplitude changevarying FIM-1 concentrations. As expected, FIM-1 inhibited
was maximal (an almost 3-fold increase) in the presence of PKCa phosphorylating activity (Figure 3) with an dgof
PS, Ca", and TPA, three agents which trigger complete 13.3 & 0.8 nM, a value closely consistent with those
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Ficure 3: Inhibition of PKGx phosphorylating activity by FIM-1.
PKCa (0.25ug/mL) was previously mixed with different amounts
of FIM-1 before performing the radioactive assay as described in
Experimental Procedures. 4= 13.3+ 0.8 nM. Data represent
the average of two series of two independent experim&ngD.
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FIGURE 4: C&™" concentration dependence of the fluorescence of
the PKC-FIM-1 complex. Human recombinant PKQ0.25 ug/
mL) was labeled with 3 nM FIM-1 and then incubated witlx
PS vesicles in 20 mM TRIS buffer at 2& with various C&" and
EGTA concentrations. The free €aconcentration ranged from
40 to 1200uM. The data are the average of four series of two
independent experiments SD.
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Ficure 5: Kinetics of the TPA-induced fluorescence increase of
FIM-1-labeled PK@ at various PS concentrations. P&G0.25
ug/mL) was labeled with 3 nM FIM-1 in TRIS buffer containing

2 mM C&" and preincubated with different amounts of PS vesicles
for 5 min at 25 °C before the addition of 620 nM (final
concentration) TPA. After deconvolution of the spectyantensities
were normalized by; (t = 0 s) and plotted vs time. The phorbol
ester-induced fluorescence incredsgWas time-dependent. Kinet-

ics recorded in the presence different PS concentrations are
presented: PS, 56 nMB); PS, 70uM (a); and PS, 14&M (O).

The rate and the amplitude of the fluorescence change induced by
the TPA-PKCu interaction depend on the PS concentration. Data
represent the average of four series of two independent experiments.

Characterization of TPAPKCa Interactions and Their
Modulation by PSThe interaction of the phorbol ester TPA
with PKCa was assessed in the presence of 2 m¥i"@éth
or without PS. PS concentrations of 56 nM, @, and 140
uM were used to give a wide range of PS concentrations
that would completely saturate the PS binding sites on PKC
(16). We first estimated the time required for the effect of
the addition of 70uM PS to the PK@—FIM-1 complex
(without TPA). A monoexponential increase in FIM-1
fluorescence was measured with a time constant of 69
s (not shown). This weak (2%) increase represented the
PKC—PS interaction since a direct effect of PS on FIM-1
resulted in quenching of the fluorescence (see above). Hence,
to assess the TPA interaction with PECwe used equili-

determined by the fluorescence method (Table 1). In this brated PS vesicles associated with PKC in the presence of

case, theny value was close to 1.5.
Characterization of the Ca—PKCao. Interaction. We

FIM-1 after preincubation for 600 s before adding TPA to
the medium.

addressed two questions: does the inactivated or slightly Binding of TPA to soluble or membrane-associated BKC

activated form of PK@. exhibit any detectable conforma-
tional change during G4 binding, and if so how many Ca

induced a FIM-1 emission intensity increase, which was not
complete after 30 min (Figure 5). In the absence of PS

binding sites participate in this change? We investigated thevesicles, the interaction of 100 nM TPA with 3 nM soluble

C&" dependence of the fluorescence increase using FIM-

1-labeled human recombinant PKE3 nM) (Calbiochem).
To minimize the direct interaction of FIM-1 with PS lipid
vesicles, we lowered the PS concentration taM. We
measured the Ca dose dependency in the absence of
phorbol ester activator. A clear €adose-dependent fluo-
rescence increase (Figure 4) for’Caoncentrations ranging
from 40 to 1200uM was observed. The dose-dependent
curve suggested that two distinct®&inding sites on PK&
initiated the observed fluorescence changes (L0~ when
compared to a one-site model with thetest) with EGq
values of 65+ 23 and 531+ 30uM (n = 5). C&" binding
affected the catalytic domain of the partially membrane-

PKC induced a slow and weak (5%) increase in FIM-1
fluorescence with a single exponentiak 546+ 27 s, not
illustrated). This slow time constant indicates that the binding
site on the soluble PKC cannot be easily accessed by TPA.
The presence of PS changed the TPA-induced binding
kinetics to biphasic. Even a very low PS vesicle concentration
(56 nM) resulted in the appearance of a second, faster
component, the graph now exhibiting at least two exponen-
tials with distinct rates for the fluorescence increase (Figure
5). The fast rate kinetics became evident with high PS
concentrations (Figure 5). Not only was the amplitude of
this fast kinetic response enhanced with higher PS concentra-
tions, but the time constant was also dramatically decreased,

bound enzyme, suggesting a global conformational changeindicating the dominant PS involvement in this kinetic

of the protein.

scheme (Table 2). In contrast, the PS concentration did not
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Table 2: PS Dependence of the Time Constants and Amplitudes of 2z
the TPA-PKC Interactiof ol

[PS] M) 71 (S) amplitude 72 (S) amplitude s
0.056  113+34 0.15£0.09 1002+101 0.25+0.04 ¥

70 45+8  0.39+0.05 734+80 1.11+0.02 4

140 13+5 0.47+0.04 708+98 1.29+0.0 g 2

aThe PKGr— FIM-1 complex was equilibrated with the given I ol

amount of PS vesicles [in 20 mM TRIS-HCI buffer (pH 7.4) with 2 E

mM C&*] 300 s before adding 620 nM TPA. The fluorescence spectra 2

were recorded immediately after TPA addition. The average of four A o 000
series of two independent experiments was analyzed. [TPA] (nM)

3.0

-
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Normalized Incorporated
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10 100
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Ficure 7: Dose-dependent TPA fluorescence increase of the
: ‘ ‘ PKCo—FIM-1 complex. (A) Two TPA binding sites on PKC

0 500 1000 1500 2000 bound to lipid vesiclesSteady-state fluorescence spectra were
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FIGURE 6: Kinetics of the TPA-triggered fluorescence increase of in the presence of PS-equilibrated Pi(D.25ug/mL) labeled with
FIM-1-labeled PK@ in the presence of different TPA concentra- 3 NM FIM-1, in 20 mM TRIS buffer (pH 7.4) at 25C containing
tions. FIM-1 (3 nM) was mixed with PK& (0.25ug/mL) and 2 PS vesicles (7&M) and 2 mM C&". The graph represents two
mM C&" [in 20 mM TRIS-HCI buffer (pH 7.4)] and incubated at ~ Series of three independent experiments performed withoPi@n

25 °C with 70 uM PS vesicles for 5 min prior to TPA addition.  two different sources [Gibco Life Technologieg)(and Calbiochem
Various TPA concentrations such as #),(100 @), and 620 nM (O)] Errors bars represent the SD. (B) Comparison of high-affinity
(W) were added at time zero to the incubation medium. Spectra TPA binding on FIM-1-labeled PK& using fluorescence measure-
were then recorded at the indicated times. The kinetics are presentednents (dashed line anal) or phosphorylating activity (solid line
and fitted with two exponential(< 10-4). Both time constant and®). The fluorescence measurements were performed under the
values are dependent upon TPA concentration. Data are the averagéame_conditions described for panel A, except that the buffer

of five series of two independent experimettsSD. contained a lower PS concentration (A PS vesicles). Normal-
ization was performed fronh, recorded in the absence of TPA.

X - - The extent of32P incorporation in histone | was measured by
Table 3: TPA Dependence of the Time Constants and Amplitudes incubating the PK@—FIM-1 complex at 30°C for 20 min as

of the TPA-PKC Interactiof described in Experimental Procedures. The graph depicts data from
[TPA] T1lT2 four series of two separate experimentsSD.

. . ;
(M) u(s) amplitude 72 (s) amplitude  10° versus TPA concentrations. Both curves showed the involve-

%8 850 ‘1‘600 8-8% 8-8; ﬁg(& % 8-%& 8-820 g-féi (1)2 ment of two TPA-PKC binding sites (not shown). Since
100 655+5.0 0.18+002 799+ 141 0.61+ 005 82+ 16  DOth rates were TPA concentration-dependent, the most
620 43.0+ 14.0 0.48+ 0.04 570+ 75 1.13+0.04 7.5+ 2.6 probable contributing steps were the TPA binding to BKC

aF|M-1 (3 nM) was mixed with PK@ (0.25 ug/mL) and 2 mM and/or the following conformational changes of the protein
Ca* [in 20 mM TRIS-HCI buffer (pH 7.4)] and preincubated at 25 complex (Table 3).
with 70M PS vesicles for 5 min before adding TPA to the preparation. ~ TPA Binding Affinities and the Effect of PS and?Ca
Data are the average of five series of two independent measurementsSince not only the rates but also the amplitudes of the

fluorescence signal were sensitive to TPA concentration, we

significantly affect the second, slow kinetic rate, although have chosen the change in the amplitude to study the TPA
its amplitude was enhanced by high PS concentrations (Tabledependence. Furthermore, the enzyme stability limited the
2). duration of our experimental protocol, and our period of

TPA Concentration Dependence of Biexponential Kinetics. observation for the TPA-induced fluorescence change was
Several TPA concentrations were used to study the TPA- not longer than 300 s. Due to this period of observation, the
triggered kinetics as shown in Figure 6. The changes of therelative contribution of faster rate kinetics was prominent
fluorescence intensities were best fitted with two exponen- compared to the additional signal of the slow kinetics. We
tials. The two time constants differed by more than 1 order used this condition as a pseudo “equilibrium”. This equi-
of magnitude (Table 3). They were both similarly affected librium assumption was justified by the fact that the ratio of
by TPA since their ratio remained nearly constant, when the the two rates was not sensitive to the change in TPA
TPA concentration varied from 10 to 620, suggesting that a concentrations, so their proportional contribution to the
similar reaction sequence or a common step modified both measured signal was steady. (Table 3). The effect of TPA
rates (Table 3). To gain some clue about the steps contribut-concentration on PK&—FIM-1 complex was measured in
ing to the observed rates, the two rate values were plottedthe range of 41200 nM at 25°C in the presence of 70M
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Table 4
(A) Effect of C&" Concentration on TPA Affinity and FIM-1 Fluorescence Intensity
[Ce™] (uM) ECso (M) amplitude
0 359+ 1.2 0.05+ 0.01
125 355+2.4 0.11+ 0.02
500 55.5+ 3.1 0.21+ 0.02
(B) Effect of PS Concentration on TPA Affinity and FIM-1 Fluorescence Increase
TPA
[PS] (M) [Cazt] (uM) ECso* (NM) amplitude EGso” (NM) amplitude
0.3 1000 3LE5 0.21+ 0.02 - -
0.5 1000 34+ 3 0.27+ 0.02 - -
1 1000 38t 4 0.33+0.02 - -
15 1000 44+ 3 0.7+£0.1 101.0+£ 4.0 0.2+ 0.05
15 500 33t 3 0.3+£0.1 85.0+ 27.0 0.14+ 0.05
7 2000 65+ 2 0.8+ 0.1° 531+ 3¢° 244+ 0.2

aFIM-1 (3 nM) fluorescence was measured in the presence of 3 nMoP&@r preincubation for 5 min with PS and then incubation for 300
s in the presence of TPA (“steady state” protocol), the TPA concentration ranging from 10 to 1360 nM.?Theff€zt was first studied in the
absence of PS (A). Under these conditions, the best fit was obtained with a one-site model. When high amounts of PS were present in the medium
(B), the dose-response curves were best fitted with a two-site model{*0p < 1079). ® These data are representative of two independent sources
of PKCa . PKCa enzymes from Gibco and Calbiochem were assessed in three and two independent experiments, respectively, and the values are
averagest SD.

PS and 2 mM C&. We identified two TPA binding siteg( this method. By adding different FIM-1 concentrations (O,
< 10~*when compared to a single-binding site model with 3, and 7 nM) to PK@. before the histone | phosphorylation,
theF test) with EGp values of 704+ 14 and 652+ 106 nM we also verified that the high-affinity binding site was not
(Figure 7A). altered (not shown).

The PS concentration dependence of these two binding Proteolysis by:-Calpain.Most of the FIM-1 fluorescence
sites was studied, and we found that underndb PS the changes described here were obtained from activation
amplitude of the fluorescence change of the lower-affinity cofactors acting on the regulatory domain of RK@ was
binding site was under our measurement limit (Table 4). therefore interesting to check whether we could observe a
Therefore, we focused on the high-affinity binding site to fluorescence modification in the absence of the regulatory
measure its distinct PS dependence. The TPAyEGlues domain of the enzyme. We characterized the binding affinity
for this high-affinity site did not change in the range of 8.3  of FIM-1 on the TPA-activated rat brain PKC and its
70uM PS, but a clear 3-fold enhancement of the fluorescence corresponding purified trypsin-digested product, PKM. The
amplitude was observed. Surprisingly, this high-affinity bind- two EGs values (EGo-pkc = 12.0+ 0.4 nM and EGy—pxm
ing site remained unchanged on the soluble BK@ the = 12.8 £ 0.5 nM) were notably similar with the same
absence of PS vesicles), showing a pre-existing and remark-cooperativity, suggesting an unaltered binding site of FIM-1
ably steady binding site for TPA on the enzyme (Table 4). on both proteins. Moreover, the emission intensity of the

The C&" concentration dependence (in the range 6f 0  FIM-1—PKM complex decreased by 30% compared with that
1000uM) of a high-affinity binding site was tested on both of the original FIM-1-PKC, showing that the regulatory
soluble and PS-bound PKC(Table 4). No modulation of  domain had an enhancing influence on the fluorescence yield
the EGo value was observed. However, the amplitude of the of the probe (Figure 8A).
fluorescence increase greatly depended on the presence of Active PKCa is rapidly hydrolyzed by Cd-dependent
C&" in the medium (9-fold increase in the absence of PS). proteases such ascalpain 82). The sites of hydrolysis are

In conclusion, neither membrane association nor PS orat the hinge (V3) between the regulatory domain and the
Ca&" concentrations significantly altered the &®alue for catalytic site, the extent of hydrolysis being strongly de-
TPA (Table 4) on this high-affinity site, but they both en- pendent on the protein conformati®5f. Therefore, we used
hanced the corresponding amplitude of the fluorescenceexperimental conditions described by Cressman et3&). (
change. to generate PKM, the constitutively activated PKC catalytic

The question arose as to whether this high-affinity TPA domain, byu-calpain hydrolysis of PKC. The fully activated
binding and the corresponding conformational change re- enzyme [5 nM rat brain PKC, with zM TPA, 14 uM PS,
vealed by FIM-1 fluorescence in our experimental conditions and 2.0 mM C&" in 20 mM TRIS buffer (pH 7.4) at 25C]
were actually modulating the PKC activity. This was was incubated with 4.1 units gi-calpain. The emission
subsequently verified by measuring PKC phosphorylating intensity decreased (Figure 8B), again suggesting the forma-
activity, keeping as close as possible the conditions used withtion of another enzymeprobe complex with a lower
the two methods. We added FIM-1 (3 nM) to PKC and quantum yield, possibly FIM-2PKM. To verify whether
measured the extent of TPA-dependent histone | phospho-there was no further degradation of the PKM dyalpain
rylation by PKGx after incubation for 20 min at 30C during the incubation period, we incubated (under experi-
(Figure 7B). The Eg was 32.4 nM for the high-affinity = mental conditions similar to those mentioned above) purified
site in the presence of 70M PS and 2 mM C#, a value rat brain PKM with 4.1 units ofu-calpain and found no
close to that obtained above by FIM-1 fluorescence measure-change even after a relatively long 50 min incubation (Figure
ments. The low-affinity binding site was not studied with 8B). Only a fraction of the PKC was hydrolyzed by
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Ficure 9: Comparison of the fluorescence decay of FIM-1-labeled
PKCa induced by two different-calpain concentrations. A similar
proteolysis procedure like that described in the legend of Figure 8
was used. Different amounts @fcalpain were mixed into the
observation cuvette at 28C. Full fluorescence spectra were
recorded at given times and deconvoluted. The normalization factor
was performed with thé; value measured at time zero in each
experiment. The addition gf-calpain [4.1 @) or 6.15 units ©)]
induced a fluorescence decay with a time constant depending on
the protease concentration. Data points are the average of two series
of two separate experiments.

w

Normalized Fluorescence Intensity

Table &
0 ‘ ‘ ‘ ' . ‘ : ‘ [u-calpain] [TPA] [PS] FIM-1 fluorescence decay
480 500 520 540 560 580 600 620 640 660 (units/mL) (nM) (uM) (time constant, min)
Wavelength (nmj) 4.1 125 70 35.5£ 0.5
FIGURE 8: FIM-1 binding to PKM and PK@. (A) FIM-1 binding 2-15 1205 778 191((3’-% 1620
affinities on rat brain PKG and its trypsin-digested PKM form. 41 620 70 51407
FIM-1 at various concentrations was incubated in 20 mM TRIS 41 125 140 Ze05

buffer (pH 7.4) containing 14M PS, 1.5 mM C&", and 1uM
TPA at 25°C for 5 min in the presence of 5 nM rat brain PKC a PKCa (0.25ug/mL) and FIM-1 (3 nM) were incubated for 30 min
(solid line and®) or 5 nM rat brain trypsin-digested PKM (dashed at 25 °C with different amounts of TPA in 20 mM TRIS buffer
line and®). For subsequent normalization, thevalues determined containing 2 mM C& and 70 or 14QuM PS vesicles. Then 4.1 or

for 3 nM FIM-1 were used. E& for PKCo was 12.0+ 0.4 nM, 6.15 units/mLu-calpain was added directly to the solution. Spectra
and for PKM 12.8+ 0.5 nM. (B) Emission spectra gf-calpain- were recorded and then analyzed. Time constants were calculated from
hydrolyzed PK@ and purified trypsin-digested PKC(PKMa) the average of three independent series of two experiments.

labeled with FIM-1. Rat brain PK& (3 nM) was preincubated with

3 nM FIM-1 and 1uM TPA for 30 min at 23°C in 20 mM TRIS ; i
buffer (pH 7.4) containing 1 mM Caghnd 144M PS vesicles. Parallel measurements using the Western blot technique

Then 4.1 units ofu-calpain was added for the proteolysis. The Showed that the addition g-calpain (4.1 units) to 3 nM
emission spectra were recorded beferealpain addition+) and PKCa (in the presence of 78M PS, 125 nM TPA, and 2
when no more spectral change occurred (e.g., 53 minzaitetpain mM C&" at 25°C) induced PKC hydrolysis with a time
addition;--+). As a control, the FIM-1 spectrum was also recorded cgnstant of 2136- 234 s and simultaneous PKM formation

I(n_ the_gr:,?g g%emc:fn Zf@? tiﬂe“;ﬁd?{'i"é?,eg,féﬁg;ﬁig (.)L.w_'():a,l\ﬁ’gtig with the same rate (Figure 9A,B). This indicated that under

that these latter two spectra were virtually identical, indicating that OUr measurement conditions 4.1 unitsgetalpain hydro-
PKMa. was resistant ta-calpain hydrolysis under our measurement lyzed PKGx only at the hinge between the catalytic site and
conditions. the regulatory domain, and no further degradation of PKM
was observed. The similarity of PKChydrolysis rates
u-calpain. In this case, the spectrum recorded after 50 mindetermined by the Western blot technique and FIM-1
indicated a mixed population of both enzymes (e.g., around fluorescence validates the idea that the extent of PKC
65% PKC and 35% PKM; see Figure 8B). hydrolysis can be measured by the fluorescence technique.
The effect ofu-calpain on the FIM-+PKCa complex was Since it has been suggested that the hinge region is more
measured so the rate of proteolysis could be studied. FIM-1sensitive to proteolysis when PKC is in a fully activated
(3 nM) and PKGx (3 nM) were mixed in the presence of 2 conformation 84), we measured the-calpain-induced
mM Ce&t and 125 nM TPA and incubated with ZM PS fluorescence decrease with different TPA concentrations
vesicles at 25C for 30 min. Upon addition of 4.1 units of  (absent or at 125 or 620 nM). A very slow decay rate was
u-calpain, the fluorescence intensity decreased (Figure 9)observed in the absence of TPA (Table 5), reflecting a rather
with a time constant of 213& 20 s This rate was strongly =~ weak proteolysis of PKC. Considering that the high con-
sensitive tqu-calpain concentration. Increasing the concen- centrations of C& and PS alone without phorbol ester can
tration of u-calpain (6.15 units) increased the rate of induce a partially activated conformation of PEKCwhere
fluorescence decrease, giving a new time constant of#637 the hinge is freely accessible for the cleavage, we can assume
74 s (Figure 9 and Table 5). that the observed fluorescence decay reflects the rate of
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Ficure 10: PKGu proteolysis byu-calpain. (A) Western blot of g
PKCa during proteolysis by:-calpain. PK@ (0.25ug/mL) was z

preincubated with 125 nM TPA for 30 min at 2& in 20 mM oo 1000 2000

TRIS buffer (pH 7.4) containing 2 mM Caghnd 70uM PS Time (s)

vesicles. Then 4.1 units ofi-calpain was added to start the )

proteolysis. Aliquots were taken at given intervals and quickly FIGURE 11: TPA and PS concentration dependence of &KC
frozen at—23 °C. The samples were analyzed by SEFAGE. proteolysis byu-calpain. (A) PKG (0.25ug/mL) and FIM-1 (3
Western blots were obtained as described in Experimental Condi- M) were incubated for 30 min at Z& with different amounts of
tions: lane 1, 1.5 min; lane 2, 7.5 min; lane 3, 15 min; lane 4, 27 TPA [0 (¥), 125 @), and 620 nM )] in 20 mM TRIS buffer
min; lane 5, 45 min; and lane 6, 8.5 h. PK@nd PKMx bands containing 2 mM C#&" and 70uM PS vesicles. Then 4.1 units of
are denoted with white and black arrows, respectively. (B) Western #-calpain was mixed directly into the solution. Spectra were
blot quantification of PK@ proteolysis @) and simultaneous PKM  recorded at given times and analyzed. The calculatealues were
formation () upon u-calpain cleavage. The optical density was normalized by thel, value determined at time zero in each

measured by computer image analysis. Data points are the averag€xperiment. Incubation with various concentrations of TPA gave
of four experimentst SD. very different startingl, values, which cannot be seen after

normalization. Data points are the average of three independent
hydrolysis by calpain. An increased TPA concentration, &t 0 . W concentration was
which induces a full actlvathn of PK& sped considerably . fixed at 125 nM while the concentration of PS vesicles in the
the observed decay and exhibited a strong TPA concentrationpcubation buffer was either 7@} or 140uM (O). The normaliza-
dependence (Figure 11A and Table 5). tion was performed as described for panel A. Data points are the
PKC activation by PS also plays an important role in average of three separate experiments performed in duplicate.

controlling PKC proteolysis by-calpain 35). Doubling the

PS concentration from 70 to 140M induced a huge 5-fold 4t the probe for the enzyme were unchanged under conditions
changg in the time constant, from 35t50.5 to 7.0+ 0.5 where PKC was not activated (e.g., PK@ TRIS buffer
min (Figure 11B and Table 5). alone), partially activated (in the presence of?Cand/or
PS), or fully activated (TPA in the presence of?Cand/or

DISCUSSION PS). The observations presented here also agree with a

FIM-1 Characterization. As expected from previous previous reportZ5) showing that the ATP binding site is
studies 81, 36), FIM-1 interacts with PK@.. We show that stable and cannot be perturbed by membrane association of
this interaction induces an increase in FIM-1 fluorescence the enzyme. Interestingly enough, the quantum yield of the
intensity, which is partially reversed after subsequent addition probe when bound to the enzyme depends on the activation
of staurosporine, a competitive PKC inhibitor at the ATP state of the enzyme. The fluorescence intensity increase was
binding site. The binding affinity of FIM-1 for PK& maximal in the presence of all the cofactors, PSCand
remained rather steady when the measurement was performed@PA, which are fully activating the enzyme. This fluores-
under different activating conditions of PKC (Figure 2). Such cence increase shows that FIM-1, which binds reversibly on
a stable affinity has been previously described for stauro- the catalytic domain, is sensitive to different activation states
sporine B87). More recently, Edwards and Newto25 of the enzyme and its microenvironment can be perturbed
described only a weak shift in the ATP affinity for PIRC by the conformation changes of the regulatory half of KC
upon phosphorylation of the protein, which triggers the PKC We can thus conclude that FIM-1 is a powerful probe for
activation. The Eg values which reflect the binding affinity ~ showing the difference in PK& activation steps.
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Our data analysis shows an apparently stable affinity of bimolecular step by this fluorescence measurement. Hence,
binding sites of FIM-1 for PK@, whatever the measurement several reaction steps must contribute to the complex
conditions are. A similar affinity was obtained by measuring fluorescence signal, including the conformational changes
an almost complete inhibition of the PKC phosphorylating of the enzyme complex after TPA binding. We can only
activity in the presence of FIM-1. In the case of direct assess the most likely dominating steps and have a qualitative
fluorescence measurements, the Hill coefficient was aroundapproach to this problem without elaborated calculation of
2 (see Table 2), which might indicate an allosteric effect the different models. Both rates, which describe the changes
between different sites. This observation agrees with Huangin the observed fluorescence signal, are TPA-dependent.
(38), who reported that there are two ATP-binding consensus Hence, the reaction step, which most likely triggers the
sites in the C3 and C4 domains of PKCand PK@ observed kinetics, should be either the binding of TPA to
isoforms. These two sites exhibit the same affinity for ATP the regulatory domain of the enzyme or the following
(38). The ny value observed here, however, was close to conformational changes induced by this binding. Since the
1.5 when measured by the extent of FIM-1 inhibition of FIM-1 probe binds to the catalytic domain of the enzyme,
PKCa activity. This slight discrepancy between the two the observed fluorescence change caused by TPA binding
measurements also reflects contradiction in the literature cannot be directly detected unless it causes a global confor-
since according to Miyazaki et al37), who performed mational change of the protein.
binding experiments with?H]staurosporine, there is a single Mosior and Newton6) also reported double-exponential
ATP site on PKC. Hence, two possibilities could explain kinetics for the TPA-PKCAII interaction. The authord 6)
our findings: (i) as for ATP, there are two FIM-1 binding used a binding assay, which did not allow them to measure
sites on PK@, which have a positive allosteric interaction data points before 19 min, while the fluorescence label
in agreement with Huan@®), or (ii) there is a dimeric form  technique enabled us to start to record within 10 s. This
of PKCa under our experimental conditions. We observed allowed us to detect a “rapid” component of the fluorescence
dimeric bands in our Western blot experiments despite change, which is completed within 5 min and therefore
performing the experiments under denaturing conditions. undetectable for biochemical binding assays. Thus, very
However, the similar cooperativity observed for FIM-1 likely, the two newly observed kinetic components described
binding to PKC and to PKM makes this last hypothesis very here are the resolution of the first binding kinetics previously
unlikely. reported by Mosior and Newtori).

Effect of Cd&" on the PKC ConformationAlthough The rate of the “rapid component” depended on TPA
previous studies reported a single?Chinding site on PKC  concentration and was strongly modulated by PS, indicating
(39, 40), structural studies4(l) described two Ca binding that membrane association is an important factor in this
sites on the C2 PKC domain. Moreover, biochemical studies process. The large effect of PS on the kinetic rates suggests
suggested different physiological effects on PKC activation that FIM-1-PKC fluorescence changes are dominated not
for these sites23). Our results agree with these findings just by TPA binding to the enzyme but also by a PS
since we determined two apparent sites fo?"Claom our interaction with the newly formed enzyme complex after the
dose-response curve. Thpap, value for C&" has been  first TPA binding. These PS-dependent fast kinetics can also
reported to be largely shifted toward higher values upon reflect a conformational change of the C1 sequence induced
reduction of the phospholipid concentratia22(39). Our by the modified PS binding site on the C2 domain of PKC,
experimental conditions with low PS vesicle concentrations which makes the second TPA binding site on C1 sequence
revealed two distinct Ga binding sites with rather low  more accessiblelf). We observed an almost 1 order of
affinities. These two binding sites, which had been previously magnitude difference between the two rates. The small rate
suggested when PKC was lipid-bound and activated by value of the slow kinetics may arise from the difference of
phorbol ester and/or DAG2@), are detectable even on the two or several rates. Since this rate is also TPA- and PS-
partially activated PK@ since neither DAG nor phorbol ester dependent, we can assume that the contributing steps are
was used in our experiments. The soluble PKC and membraneTPA binding or consecutive conformational changes driven
bound PKC exhibit very different affinities for €a (40). by TPA binding on the membrane-associated enzyme.
This implies that the Ca affinity for PKC is strongly Additional information was obtained as the amplitudes of
modulated by the conformational status of the protein kinase. the observed fluorescence changes were both TPA concen-

PKC—TPA InteractionFIM-1-labeled PK@ added to PS  tration-dependent. We determined two distinct changes,
vesicles in the presence of €aexhibited a weak but fast  which can indicate two distinct binding sites for TPA on
(in the minute range) monoexponential fluorescence increase PKCa.. The calculated E& values of TPA are very close to
Labeled and soluble PKC exhibited a weak and 10-fold the binding affinities reported by Slater et al4( 18), who
slower monoexponential fluorescence increase after additiondescribed two phorbol ester binding sites using a phorbol-
of TPA in the presence of CGaand without PS vesicles. derived fluorescent probe and biochemical measurements
We observed that TPA addition in the presence of bothf Ca Molecular studies have described two cysteine-rich sequences
and PS triggered a rise in fluorescence intensity beston the regulatory domain of PKC8{12), giving the
described by double-exponential kinetics (with time constants possibility of two TPA binding sites.
of 40—90 and 576-1300 s, respectively). In this case, the  We found that the high-affinity binding site is remarkably
amplitude of the fluorescence change was dramatically stable upon PS and €amodulation. Even on soluble PKC
enhanced and TPA concentration-dependent. this binding site was determined to have similar high affinity.

Since the observed fluorescence signal results from theThis shows that, although membrane association of ®@KC
combination of the different states of the fluorescently labeled is not an absolute requirement for phorbol ester bindi@, (
enzyme, we are not able to detect directly a simple the kinetic rates of TPA binding can be modified by these



13326 Biochemistry, Vol. 38, No. 40, 1999 Janoshazi and de Barry

interactions. Furthermore, our results suggest that neitherconformations of the enzyme. The difference between these
C&" nor PS affected the high-affinity binding site of TPA two activated conformations probably involves the hinge
on soluble or membrane-associated enzymes. However, theegion since they are differentially sensitive to proteolysis.
amplification of the fluorescence amplitude by these cofactors Thus, FIM-1 appears to be an essential tool in structural

shows their involvement in a TPA-induced mechanism.
We observed a Cé-independent high-affinity phorbol
ester binding site, in agreement with the results of Quest
and Bell (L0). C&" insensitivity of the TPA high-affinity
binding site does not imply that there are no*Gimduced
small conformation changes, which can affect the PKC
activity. However, there is indirect evidence of such &'ca
independent activation of classical PKC isoforms by phorbol
esters since numerous authors reported that Claelation
in the presence of phorbol esters only induced a partial PKC
inactivation @6, 27, 42—45). Quest and Bell also reported

studies of PKC hydrolysis since it allows temporal analysis
of these processes with a great resolution, which was not
yet available with classical biochemical methods. This tool
will be used to study the process of calpain activation, and
the sensitivity of the different PKC isoforms to hydrolysis.
In summary, the change in the PKEFIM-1 complex
fluorescence upon activation of the enzyme appears to be
specifically related to an interaction between the regulatory
domain and the catalytic site of the protein. The probe
exhibits a constant affinity for PK&, whatever the incuba-
tion conditions are, suggesting a highly stable affinity of the

that low-affinity phorbol ester binding could only be detected ATP site on the enzyme. Our results also suggest the
in the presence of the C2 calcium-binding domain on the presence of two phorbol ester binding sites on the enzyme
protein. This might correspond to the low-affinity TPA and a global conformational change of the enzyme. TPA

binding site described here since Pi@ncludes the C2
domain. Our results on this site already support this last
report since we observed a modulation of the low-affinity
site by either C& or PS. This hypothesis however has to
be confirmed with similar studies on &aindependent PKC
isoforms.

Effect of u-Calpain. We have shown that the FIM-1
fluorescence yield is greatly affected by the conformation
of the PKQGx regulatory domain since it is indirectly sensitive
to C&", PS, and TPA, three agents regulating PKC activation
states. It was therefore interesting to test the effect of
u-calpain since this protease hydrolyzes PKC at the hinge
region between the catalytic domain and the regulatory region
(34). Usingu-calpain, it was thus possible to generate RKM
a kinase depleted from its regulatory domain and constitu-
tively active B4, 35). Although PKGx has been reported to
be less sensitive tp-calpain activity than other classical
isoforms @4), we could observe a significant fluorescence
decrease in the presencestalpain. The PKMi—FIM-1
complex has a lower quantum yield than RKEFIM-1. We
also observed that PKM was not further degraded by
u-calpain, which shows it is a substrate poorer than BKC
Surprisingly, PKM exhibited the same affinity for the probe
as PKC, suggesting a highly stable binding site, which was
preserved after cleavage of the regulatory domain of the
enzyme. Since Western blot experiments show paralleldKC
hydrolysis and PKM. formation, we could use our experi-
mental conditions to study the process of hydrolysis of PKC
by u-calpain.

PKC hydrolysis byu-calpain is of great physiological
importance, and still there is scarce information about its
kinetic properties and its modulation by DAG, phorbol esters,
or PS. Our experiments show that the rate of K drol-
ysis byu-calpain depends on the activated conformation of
PKC itself. Numerous reports have been published on this
topic (13, 46—50). Using 125 nM TPA for PKC activation,
we saturated the high-affinity binding site of TPA on P&KC
Increasing the TPA concentration 5-fold, we started to cause
the low-affinity binding site to be occupied, and we were
able to observe that the occupancy of this site modulates
the conformation and the hydrolysis of PECThis change
in TPA concentration induced a 2-fold change in the
observed fluorescence decay rate. It implies that low-affinity
and high-affinity binding sites induce distinct and active

binding on the regulatory domain also affects the conforma-
tion of the catalytic domain. The high-affinity TPA binding
was remarkably stable and not perturbed by membrane
association of the enzyme. As shown here, the occupancy
of these two binding sites corresponds to different protein
conformations according to TPA doseesponse curves and
hydrolysis experiments. We also show that the FHRKC
interaction can be well described by biexponential kinetics
with independent amplitudes. The rapid component of the
TPA binding mainly reflects a PSPKC—TPA interaction

and should bring more insights to signal transduction studies.
The rate of PK@ proteolysis by-calpain, which is strongly
magnified by PS, indicates a dominant role for membrane
association. To test the general importance of membrane
association of PKC in the activation and proteolytic pro-
cesses, other isoforms of PKC have to be studied. FIM-1
appears to be a powerful probe, which can detect discrete
and/or minor PKC conformational changes and is able to
reveal interactions between the regulatory and the catalytic
domains of the enzyme.
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