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ABSTRACT: The independently folding C2 domain motif serves as a Ca2+-dependent membrane docking
trigger in a large number of Ca2+ signaling pathways. A comparison was initiated between three closely
related C2 domains from the conventional protein kinase C subfamily (cPKC, isoformsR, â, andγ). The
results reveal that these C2 domain isoforms exhibit some similarities but are specialized in important
ways, including different Ca2+ stoichiometries. In the absence of membranes, Ca2+ affinities of the isolated
C2 domains are similar (2-fold difference) while Hill coefficients reveal cooperative Ca2+ binding for the
PKCâ C2 domain but not for the PKCR or PKCγ C2 domain (H ) 2.3 ( 0.1 for PKCâ, 0.9 ( 0.1 for
PKCR, and 0.9( 0.1 for PKCγ). When phosphatidylserine-containing membranes are present, Ca2+

affinities range from the sub-micromolar to the micromolar (7-fold difference) ([Ca2+]1/2 ) 0.7( 0.1µM
for PKCγ, 1.4 ( 0.1 µM for PKCR, and 5.0( 0.2 µM for PKCâ), and cooperative Ca2+ binding is
observed for all three C2 domains (Hill coefficients equal 1.8( 0.1 for PKCâ, 1.3( 0.1 for PKCR, and
1.4 ( 0.1 for PKCγ). The large effects of membranes are consistent with a coupled Ca2+ and membrane
binding equilibrium, and with a direct role of the phospholipid in stabilizing bound Ca2+. The net negative
charge of the phospholipid is more important to membrane affinity than its headgroup structure, although
a slight preference for phosphatidylserine is observed over other anionic phospholipids. The Ca2+

stoichiometries of the membrane-bound C2 domains are detectably different. PKCâ and PKCγ each bind
three Ca2+ ions in the membrane-associated state; membrane-bound PKCR binds two Ca2+ ions, and a
third binds weakly or not at all under physiological conditions. Overall, the results indicate that conventional
PKC C2 domains first bind a subset of the final Ca2+ ions in solution, and then associate weakly with the
membrane and bind additional Ca2+ ions to yield a stronger membrane interaction in the fully assembled
tertiary complex. The full complement of Ca2+ ions is needed for tight binding to the membrane. Thus,
even though the three C2 domains are 64% identical, differences in Ca2+ affinity, stoichiometry, and
cooperativity are observed, demonstrating that these closely related C2 domains are specialized for their
individual functions and contexts.

Calcium is a ubiquitous second messenger in eukaryotic
cells which regulates a wide variety of signaling pathways
such as fertilization, gene transcription, cell division, dif-
ferentiation, muscle contraction, neuronal signaling, inflam-
mation, and programmed cell death (1, 2). The Ca2+

transients responsible for transmitting information are pre-
cisely regulated in space, time, and concentration (1).
Together, these variables are optimized to create distinct Ca2+

signals which can coexist even in the same cell type, yet are
highly specialized for activation of different pathways. It
follows that the cytoplasmic proteins responsible for detect-
ing, interpreting, and propagating these Ca2+ signals should
be equally specialized. In particular, the Ca2+ binding and

activation parameters of a given protein should be “tuned”
to match the spatial and temporal properties of the appropri-
ate Ca2+ transient (3, 4).

The conserved C2 domain is a Ca2+-activated membrane
targeting motif present in a wide range of Ca2+-regulated
proteins (5, 6). Prototypical C2 domains bind multiple Ca2+

ions and then dock to specific intracellular membranes,
thereby allowing their associated domains to regulate an
important membrane signaling event (7). There are at least
five intracellular protein families which contain C2 do-
mains: (i) protein kinases that phosphorylate membrane-
associated targets, (ii) phospholipid-modifying enzymes that
activate or inactivate lipid-derived second messengers, (iii)
vesicle targeting and fusion proteins, (iv) GTPase-activating
proteins, and (v) ubiquitination enzymes that target mem-
brane proteins for degradation (5, 6). There are several C2
domains of known structure, including those from cytosolic
phospholipase A2 (8-10), synaptotagmin (11-13), phos-
pholipase Cδ (14, 15), protein kinase CâΙ (16), protein kinase
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CR (17), protein kinase Cδ (18), protein kinase Cε (19),
PTEN (20), and PI3K (21). They all share a canonicalâ
sandwich structure composed of two, four-stranded anti-
parallel â sheets, and the three interstrand loops generally
implicated in Ca2+ binding lie at one end of the motif. The
known tertiary structures are remarkably similar given the
low level of sequence similarity seen between C2 domains
(5). The primary structures and lengths of the Ca2+ binding
loops, as well as the number of Ca2+ binding sites, vary from
protein to protein as would be expected for related domains
specialized for different signaling applications. Previous work
has already characterized the dramatic specialization of C2
domains from different functional families (4).

To elucidate the features of the C2 domain that are
specialized within a single functional family, a comparison
of C2 domains from the same family, known to share similar
primary and tertiary structures, would be useful. There are
three subfamilies and at least 10 isoforms of PKC. The
conventional protein kinase C (cPKC)1 subfamily includes
isoformsR, â, and γ, which are suitable candidates for a
comparison of functionally homologous C2 domains. In vitro,
the R, â, andγ isoforms of cPKC phosphorylate the same
natural target peptides to a similar degree (22); however,
the accumulating in vivo evidence indicates a larger degree
of functional specialization (for a review of PKC regulation,
see ref23). The normal expression levels of cPKCs give
some indication of specialization since PKCR is found in
all cell types, PKCâ is found in a subset of cell types, and
PKCγ is found only in the brain (24). Overexpression of
PKCR is believed to contribute to the transformation and
proliferation of malignancies, while PKCâ is used as a
marker for certain types of cancer, and its overexpression
has been implicated in heart failure and diabetic cardiovas-
cular complications (25-28). Moreover, PKCγ has been
implicated in the development of injury-induced persistent
pain (29, 30). (for a review of the different roles of PKC

isoforms in cancers, see ref31). Another indication that in
vivo specialization exists for these isoforms comes from a
study which determined that the primary cPKC isoform
activated by angiotensin II changed amongR, â, and γ
depending of the age of the rat (32). Some degree of
specialization may come from protein interactions between
PKCs and receptor-activated C kinases or RACKs (33). Two
RACKs have been identified thus far, RACK 1 andâ′-COP
(34, 35), which have been found to bind to PKCâ and PKCε,
respectively. A binding site for RACKs on PKCâ has been
localized to Ca2+ binding loops 1 and 2 and strand 4 using
peptides based on those regions (36). The V5 region has also
been implicated in binding to RACKs (37).

The C2 domains of cPKC isoformsR, â, andγ are 64%
identical in their primary amino acid sequences (Figure 1)
(38-40). Moreover, the known crystal structures of the
PKCR and PKCâ C2 domains exhibit an only 0.43 Å rms
deviation between the equivalent CR atoms (Figure 2) (16,
17). Interestingly, the PKCR C2 domain has been cocrys-
tallized with two different short chain phosphatidylserine (PS)
lipid analogues (17, 41), revealing that lipid oxygens directly
coordinate one or more of the bound Ca2+ ions and thus can
play an important role in Ca2+ binding. It is notable that the
available structures exhibit variability in the number of bound
Ca2+ ions, ranging from two to three for PKCR and three
for PKCâ, and that the relevant Ca2+ stoichiometry for PKC
C2 domain docking to membranes remains unclear (16, 17,
41). Moreover, specific interactions between bound Ca2+ ions
and lipid headgroups on the membrane surface are supple-
mented by nonspecific electrostatic interactions that help
stabilize the membrane-docked state of the protein-Ca2+

complex (42). Although no structural information is available
for PKCγ, the high level of sequence identity indicates that
the PKCγ C2 domain possesses a structure similar to that
of C2 domains from other conventional PKCs. In particular,
the PKCγ C2 domain is 73 and 67% identical to the PKCR
and PKCâ C2 domains, respectively (38-40).

In the study presented here, a comparison was initiated
between the C2 domains of conventional PKC isoformsR,
â, andγ to determine if these closely related C2 domains

1 Abbreviations: PKC, protein kinase C; PC, phosphatidylcholine;
PS, phosphatidylserine; dPE,N-[5-(dimethylamino)naphthalene-1-sul-
fonyl]-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; GST,
glutathioneS-tranferase; FRET, fluorescence resonance energy transfer;
DTT, dithiothreitol; HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid; EDTA, ethylenediaminetetraacetic acid.

FIGURE 1: Primary amino acid sequence alignment for the isolated C2 domains of PKCR, PKCâ, and PKCγ. Loops andâ sheets are
assigned according to the designations of the PKCR and PKCâ crystal structures (16, 17). Light gray boxes indicate homologous residues;
open boxes denote identical residues, and the coordinating residues of the PKCR and PKCâ crystal structures are underlined.
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exhibit functional specializations, and to determine their Ca2+

stoichiometries in the membrane-docked state. Using steady
state fluorescence, fluorescence resonance energy transfer
(FRET), and stopped flow methods, the equilibrium and
kinetic features of Ca2+ and membrane binding were
analyzed for each isolated domain. The results demonstrate
that even closely related C2 domains can exhibit specialized
Ca2+ activation parameters.

MATERIALS AND METHODS

Reagents. The lipids that were used were 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (phosphatidylcholine,
PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (phos-
phatidylserine, PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol (phosphatidylglycerol, PG), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoinositol (phosphatidylinositol, PI), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (phos-
phatidylethanolamine, PE), all from Avanti Polar Lipids.
Magnesium green, Quin-2, andN-[5-(dimethylamino)naph-
thalene-1-sulfonyl]-1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine (dansyl-PE or dPE) were from Molecular
Probes. Small unilamellar phospholipid vesicles were pre-
pared by sonication. Solutions and plasticware were decalci-
fied as described previously (43).

Purification of C2 Domains. The C2 domain of PKCâ was
expressed as a glutathioneS-transferase (GST) fusion protein
and isolated on a glutathione affinity column prior to
cleavage with thrombin and elution of the free C2 domain
(16). The C2 domains of PKCR and PKCγ were expressed
with a His tag and isolated using a nickel affinity column
prior to cleavage with thrombin and removal of the free His
tag via a second nickel column (17). Protein concentrations
were determined by tryptophan absorbance, the BCA assay,
and SDS-PAGE gels (44-46).

Equilibrium Fluorescence Experiments. Equilibrium fluo-
rescence experiments were carried out on an SLM 48000S
fluorescence spectrometer at 25°C in standard assay buffer
composed of 20 mMN-(2-hydroxyethyl)piperazine-N′-2-

ethanesulfonic acid (HEPES) (pH 7.4) with KOH, 100 mM
KCl, and 5 mM dithiothreitol (DTT). The excitation and
emission slit widths were 4 and 8 nm, respectively, for all
equilibrium fluorescence experiments.

To determine domain stability, C2 domain (0.5µM) in
the absence of vesicles and calcium was titrated with a
concentrated stock of urea in standard assay buffer. The
intrinsic tryptophan fluorescence was monitored using ex-
citation (λex) and emission (λem) wavelengths of 284 and 340
nm, respectively. Data were fit with the following equation:

whereFN represents the fluorescence of the native protein,
FD represents the fluorescence of the denatured protein,Ko

represents the equilibrium constant for unfolding extrapolated
to zero urea,c represents a proportionality constant, andx
is the urea concentration (47). The free energy of unfolding
in the absence of urea was then calculated as∆GD

H2O )
-RT ln Ko.

To monitor Ca2+ binding to the free C2 domain, a
concentrated Ca2+ stock in standard buffer was titrated into
a sample containing the C2 domain (0.5µM) in standard
buffer lacking vesicles. The intrinsic tryptophan fluorescence
was monitored using the same excitation and emission
wavelengths indicated above. To control for tryptophan
quenching, a separate cuvette with the C2 domain alone was
monitored. The control was subtracted from the Ca2+ titration
data following correction for dilution. The maximum fluo-
rescence was normalized to 1.

To monitor the Ca2+ dependence of C2 domain docking
to membrane, tryptophan quenching due to protein-to-
membrane fluorescence resonance energy transfer (FRET)
was monitored in the presence of a fluorescent chelator,
magnesium green (MAG), which quantitated the free Ca2+

concentration. Details of this method have been previously
described (48-50). C2 domain (0.5µM) in standard buffer
was titrated with a concentrated Ca2+ stock in standard buffer
in the presence of PC, PS, and dPE (47.5%:47.5%:5% mole
percent, 250µM total phospholipid) and MAG (0.5µM).
Trp quenching was monitored using excitation (λex) and
emission (λem) wavelengths of 284 and 340 nm, respectively.
Free Ca2+ was monitored via the MAG fluorescence gener-
ated by excitation (λex) and emission (λem) wavelengths of
506 and 532 nm, respectively. TheKD for Ca2+ binding to
MAG was determined experimentally by titrating MAG in
standard buffer with Ca2+, enabling quantitation of free Ca2+

in the protein sample using the following equation:

whereF is the fluorescence at a given Ca2+ concentration,
Fmin is the minimum fluorescence observed in the titration,
and Fmax is the maximum fluorescence observed in the
titration (50).

Phospholipid headgroup specificity experiments were
carried out by titrating each C2 domain with vesicles
composed of PC, PX, and dPE (72.5%:22.5%:5% mole
percent), where PX was PS, PG, PI, or PE. The titrations

FIGURE 2: Available X-ray crystal structures. (A) PKCR (17) and
(B) PKCâ (16) isolated C2 domains. The PKCR structure was
cocrystallized in the presence of the short chain lipid 1,2-dicaproyl-
sn-phosphatidyl-L-serine (DCPS) shown in green. A coordinating
phosphate oxygen from the DCPS is shown in red. Ca2+ ions are
shown in yellow.

∆F )
FN + FDKoe

-cx

1 + Koe
-cx

(1)

[Ca2+]free ) KD(F - Fmin

Fmax - F) (2)
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were first carried out using PC and dPE (95%:5% mole
percent), and no appreciable binding was observed. C2
domain (0.5µM) was premixed with 1 mM EDTA and 2
mM Ca2+ (net 1 mM free Ca2+) in standard assay buffer.
Sonicated lipids were titrated in, and the protein-to-membrane
FRET was monitored from the dPE emission using excitation
(λex) and emission (λem) wavelengths of 284 and 520 nm,
respectively. The titration of phospholipid into buffer lacking
protein was used to control for the increasing background
emission arising from direct dPE excitation. For each C2
domain, the affinity for a standard mixture of PC, PS, and
dPE (47.5%:47.5%:5% mole percent) was also determined
using the same conditions described above, to enable direct
comparisons with the other equilibrium and kinetic param-
eters determined using this standard lipid mixture. All total
lipid concentrations in lipid affinity measurements are divided
by 2 to take into account the inaccessibility of one leaflet to
protein, due to the sealed nature of the bilamellar sonicated
vesicles.

The dependence of protein docking on PS density was
determined by varying the mole percent of PS in a mixture
with PC and dPE. The following mole percents were used:
95%:5% PS/dPE, 76%:19%:5% PS/PC/dPE, 57%:38%:5%
PS/PC/dPE, 38%:57%:5% PS/PC/dPE, 28.5%:66.5%:5% PS/
PC/dPE, 19%:76%:5% PS/PC/dPE, and 9.5%:85.5%:5% PS/
PC/dPE mixtures. Protein-to-membrane FRET was moni-
tored via dPE emission using the same conditions described
above. All total lipid concentrations were divided by 2 to
take into account the inaccessibility of one leaflet to protein.

All equilibrium binding data were subjected to a nonlinear,
least-squares analysis using either the single-independent site
equation (eq 3) or the Hill equation (eq 4). In particular, all
lipid titrations were analyzed by the single-independent site
equation (eq 3), while Ca2+ titrations often exhibited positive
cooperativity and thus were analyzed by the Hill equation
(eq 4):

where∆Fmax represents the calculated maximal fluorescence
change,x represents either the free Ca2+ concentration (for
Ca2+ titrations) or the phospholipid concentration corrected
for the leaflet effect (for phospholipid titrations),KD repre-
sents the macroscopic equilibrium dissociation constant for
lipid binding, and [Ca2+]1/2 represents the Ca2+ concentration
that yields half-maximal binding. Nonlinear least-squares
analysis was used to determine the best fit of each equation
to the experimental data, yielding the apparentKD or [Ca2+]1/2

and, in the case of eq 4, the Hill coefficient (H).
To estimate the number of PS molecules interacting with

each membrane-bound C2 domain, protein was titrated into
vesicle samples containing 1 mM free Ca2+ in standard
buffer. The lipid mixtures that were chosen utilized a low
PS mole percent to minimize protein crowding, but the
vesicle concentration was high enough to ensure that
approximately 80% of the protein that was added was bound
to the membrane. Protein was added until the maximal

protein-to-membrane FRET signal was achieved, indicating
saturation of the available lipid binding sites. Two different
PC/PS/dPE mixtures were used to ensure the reproducibility
of the data and to control for any protein crowding on the
vesicle surface: 73.5%:22.5%:5% at 200µM total lipid and
83.5%:11.5%:5% at 380µM total lipid. For the data analysis,
the total PS concentration was divided by 2 to take into
account the inaccessibility of one leaflet, yielding the
accessible PS concentration. The total concentration of
protein was then divided by the available PS concentration
to yield the protein:PS mole ratio. The protein-to-membrane
FRET signal was plotted against this ratio, and the minimal
ratio at which the FRET signal reached a plateau was
determined. To estimate the number of PS molecules per
C2 domain, the reciprocal of the plateau protein:PS ratio was
calculated.

The effect of ionic strength on protein docking to the
membrane was tested by titrating NaCl into samples contain-
ing the ternary complex of the C2 domain (0.5µM), Ca2+

(1 mM free), and vesicles (250µM total PC, PS, and dPE,
47.5%:47.5%:5% mole percent). The buffer that was used
was standard buffer lacking KCl. The decreasing FRET
signal was monitored. The contribution of the hydrophobic
effect to docking was analyzed using the chaotropic salt
Na2SO4, which enhances the hydrophobic effect (51, 52).
Na2SO4 was titrated into a mixture of the apo-C2 domain
and vesicles (PC/PS/dPE, 47.5%:47.5%:5% mole percent)
in standard buffer in the absence of free Ca2+, and membrane
docking was monitored by protein-to-membrane FRET. As
a positive control, the isolated C2 domain of cytosolic
phospholipase A2 was monitored; this domain utilizes a
hydrophobic docking mechanism and is stimulated by
Na2SO4 to bind to vesicles in the absence of Ca2+ (51).

Kinetic Fluorescence Experiments. All kinetic experiments
were carried out on an Applied Photophysics SX.17 stopped
flow fluorescence instrument at 25°C in standard buffer
unless otherwise noted. The dead time of the instrument was
0.9( 0.1 ms; thus, all data before 1 ms were removed prior
to analysis. The slit width on the excitation monochromator
was 3 nm for all kinetic experiments, while filters were used
to select the detected wavelengths of emitted light.

To determine the rate constant of membrane docking, two
different experiments were performed. First, the C2 domain
(1 µM) was premixed with saturating Ca2+ (1 mM free) and
then rapidly mixed with vesicles (500µM total PC, PS, and
dPE, 47.5%:47.5%:5% mole percent). The development of
protein-to-membrane FRET was observed by exciting the
sample with aλex of 284 nm light while monitoring dPE
emission using a 475 nm long pass filter. The resulting time
course was fit with a single-exponential equation (4). In the
second experiment, the Ca2+ and vesicles were premixed,
and then the reaction was started by mixing with the C2
domain (all concentrations as for the first experiment).

To determine the rate constant for dissociation of the C2
domain from the membrane following removal of free Ca2+,
the experiment began with the preformed ternary complex
of the C2 domain (1µM), Ca2+ (1 mM free), and PC/PS/
dPE vesicles (47.5%:47.5%:5% mole percent) in standard
buffer. At time zero, the ternary complex was rapidly mixed
with 10 mM EDTA to chelate all free Ca2+. As a result, the
membrane dissociation reaction became irreversible since
there was no free Ca2+ to drive redocking to the membrane.

∆F ) ∆Fmax( x
KD + x) (3)

∆F ) ∆Fmax( xH

[Ca2+]1/2
H + xH) (4)

11414 Biochemistry, Vol. 41, No. 38, 2002 Kohout et al.



The resulting decrease in the protein-to-membrane FRET
signal, measured as described above for the kinetic analysis
of membrane association, was fit with a single-exponential
equation.

To determine the Ca2+ stoichiometry and Ca2+ dissociation
rate constant of the membrane-bound ternary complex, the
fluorescent Ca2+ chelator Quin-2 was used. This chelator was
used to count the number of free Ca2+ ions released from
the protein into solution by using excess chelator at Ca2+

concentrations well over theKD for Ca2+ binding to Quin-2.
Details of the method have been previously described (4,
53, 54). The preformed ternary complex [2µM C2 domain,
100 µM Ca2+, and 500µM PC and PS (50%:50% mole
percent)] was rapidly mixed with excess Quin-2 (200µM),
while Quin-2 fluorescence was excited at aλex of 335 nm
and monitored with a 475 nm long pass filter. The resulting
Ca2+-Quin-2 fluorescence increase was fit with a single-
exponential equation. In a parallel experiment, a standard
curve was constructed by mixing a range of free Ca2+

concentrations (60-140µM) with Quin-2 (200µM) and then
plotting the resulting fluorescence changes from baseline (0
µM Ca2+) versus the concentration of free Ca2+. The slope
of the best fit straight line represents the fluorescence change
per micromolar Ca2+ released. Finally, the fluorescence
change observed for Ca2+ release from the ternary complex
was interpolated on this standard curve to determine the
concentration of released Ca2+, and then compared to the
concentration of the C2 domain to calculate the Ca2+

stoichiometry of the ternary complex.

RESULTS

Preparation and Stabilities of the Isolated PKCR, PKCâΙ,
and PKCγ C2 Domains. The isolated C2 domains from
PKCR, PKCâΙ, and PKCγ were expressed inEscherichia
coli and purified to homogeneity. The affinity tags used to
purify the C2 domains (His tag for PKCR and PKCγ and
GST fusion for PKCâ) were removed via thrombin cleavage,
followed by an additional chromatography step to remove
the free affinity tag and protease. The buffer used for C2
domain storage, unless otherwise specified, was 20 mM
HEPES (pH 7.4), 100 mM KCl, and 5 mM DTT, and all
experiments were conducted at 25°C.

The stability of the isolated C2 domains toward unfolding
by a chemical denaturant was examined to confirm that each
domain was folded, and to compare their relative intrinsic
stabilities in the absence of Ca2+ and membranes. Unfolding
was detected utilizing the decrease in intrinsic tryptophan
fluorescence that occurred as urea was titrated into a sample
of each domain, as illustrated in Figure 3. The data were
best fit with a two-state unfolding model (eq 1 in Materials
and Methods), allowing determination of the equilibrium
constant for unfolding at zero urea (47). In turn, this
equilibrium constant was converted to the free energy of
unfolding at zero urea as summarized in Table 1. All three
domains were stably folded, exhibiting a cooperative urea
denaturation profile. The PKCγ C2 domain is the most stable
of the three C2 domains, yielding a free energy of unfolding
that is 10 kJ/mol higher than that of the PKCR C2 domain,
which was the least stable. Since the primary sequences of
the three C2 domains are 62% identical, the contrasting
stabilities must arise from a limited group of unconserved
residues.

Calcium Binding to the Free C2 Domains in the Absence
of Membranes.To determine the Ca2+ binding affinities of
the three C2 domains in the absence of membranes, their
intrinsic tryptophan fluorescences were tested and found to
undergo emission changes upon Ca2+ binding. Each C2
domain was titrated with Ca2+, and the resulting fluorescence
curves were subjected to best fitting with both the single-
independent site model and the Hill multisite model. The
model which provided the superior fit was determined by
ø2 (Figure 4A). The data for PKCR were fitted best by the
single-independent site model with an observed [Ca2+]1/2 of
35 ( 4 µM, indicating that this Ca2+ binding event is not
cooperative. When fitted with the Hill model, the [Ca2+]1/2

was unchanged and the Hill coefficient was 0.9( 0.1, again
indicating a lack of cooperativity. The data for PKCâ were
fitted best by the Hill model with an observed [Ca2+]1/2 of
42 ( 2 µM and a Hill coefficient of 2.3( 0.1. The results
for PKCγ were similar to those for PKCR in that no
cooperativity was observed, while the [Ca2+]1/2 was lowered
to 18( 2 µM. The lack of cooperativity for the free PKCR
and PKCγ C2 domains suggests that Ca2+ binding to these
domains is dominated by a single, independent Ca2+ ion,
while the free PKCâ C2 domain binds multiple Ca2+ ions
with positive cooperativity. Interestingly, although the three
domains possess the same four tryptophans at identical
positions (Figure 1), Ca2+ binding decreases the fluorescence
of the PKCR and PKCγ C2 domains but increases the
fluorescence of the PKCâ C2 domain (Figure 4A). This
finding is correlated with the number of Ca2+ ions bound to
the free domain, indicating that the binding of a single Ca2+

ion to PKCR and PKCγ C2 domains generates a different
tryptophan environmental change than the binding of multiple
Ca2+ ions to the PKCâ C2 domain.

Calcium Binding to the Free C2 Domains in the Presence
of Membranes.The Ca2+ binding affinity in the presence of
membranes was measured by quantitating FRET between
intrinsic tryptophan donors in the C2 domain and acceptor
dansyl fluorophores in synthetic membrane vesicles. The
vesicles contained an equimolar mixture of phosphatidyl-
choline (PC) and phosphatidylserine (PS), as well as a small
mole ratio (5%) of dansyl-labeled phosphatidylethanolamine
(dPE). The FRET signal monitors the membrane docking
event, so the observed signal comes from C2 domains

FIGURE 3: Urea denaturation of the isolated, Ca2+-free C2 domains.
Urea was titrated into a solution with 0.5µM PKCR (b), PKCâ
(2), or PKCγ (9) and 1 mM EDTA. The resulting change in the
intrinsic tryptophan fluorescence was monitored. Data were fit by
eq 1. Experimental conditions: 25°C, 20 mM HEPES (pH 7.4),
100 mM KCl, and 5 mM DTT.

Ca2+ Activation of PKCR, -â, and -γ C2 Domains Biochemistry, Vol. 41, No. 38, 200211415



interacting with the membrane. No FRET signal was detected
in the absence of Ca2+, indicating that the apo domains have
little or no membrane affinity prior to Ca2+ binding.
Magnesium green, a fluorescent indicator for divalent cations,
was included in the samples being titrated with Ca2+ to
monitor the free Ca2+ concentration. The resulting protein-
to-membrane FRET data were plotted against the free Ca2+

concentration and fitted best with the Hill model as illustrated
in Figure 4B. The best-fit [Ca2+]1/2 values that yield the half-
maximal FRET signal are 1.4( 0.1 µM for PKCR, 5.0 (
0.2µM for PKCâ, and 0.7( 0.1µM for PKCγ. Thus, PKCγ
exhibits the highest Ca2+ affinity in the membrane docking
reaction, while PKCâ exhibits the lowest Ca2+ affinity. The
best-fit Hill coefficients [1.3( 0.1 for PKCR, 1.8( 0.1 for
PKCâ, and 1.4( 0.1 for PKCγ (Table 1)] indicate that
membrane docking is driven by the binding of multiple Ca2+

ions with positive cooperativity for each domain. Clearly,

the membrane has a significant effect on the Ca2+ binding
of PKC C2 domains, particularly the PKCR and PKCγ C2
domains for which no positive cooperativity was observed
in the absence of membranes.

Lipid Specificities of the C2 Domains.The lipid specifici-
ties of the three C2 domains were determined by monitoring
the protein-to-membrane FRET signal when lipids possessing
different headgroups were titrated into a solution of the C2
domain and saturating Ca2+. Five different lipid headgroups
were tested, including three anionic headgroups (PS, PG, and
PI) and two neutral/zwitterionic headgroups (PC and PE).
All lipids were tested as a mixture with PC at a PC:PX mole
ratio of 3:1 with a small amount (5 mol %) of the dansylated
lipid dPE. As shown in Figure 5A-C, the anionic headgroups
induced protein docking while the zwitterionic headgroups
did not. Since vesicles containing only PC and dPE failed
to trigger detectable docking, the mixtures containing another
lipid should accurately reflect the effect of the latter
headgroup. Vesicles containing PS exhibited 2-5-fold higher
C2 domain binding affinities than those containing other
anionic phospholipids (see the legend of Figure 5A-C),
which is consistent with the known biological importance
of PS in activating full-length cPKCs (23). To directly
compare the lipid affinities of the three C2 domains, their
binding to mixed PC/PS/dPE vesicles was assessed in side-
by-side protein-to-membrane FRET experiments as illustrated
in Figure 5D. The resulting lipid dependences of protein
docking are similar for all three C2 domains, yielding
apparentKDs for PS binding in the 3-5 µM range as
summarized in Table 1. Overall, the lipid specificity mea-
surements indicate that membrane docking requires a phos-
pholipid possessing a net negative charge, and that this charge
is more important than the detailed structure of the head-
group. However, the C2 domain does possess a weak,
specific interaction with the PS headgroup in the protein-
membrane complex since the affinity of each C2 domain
for this phospholipid is slightly higher than for PI and PG
despite their equivalent net negative charges. Thus, the C2
domain contributes to the PS selectivity of conventional PKC
isoforms, thereby supplementing the known interaction of
the C1 domain with PS (55).

The dependence of protein docking on the concentration
of PS in the vesicle mixtures was tested by changing the
total mole ratio of PS in mixtures with PC and dPE. The
mole ratio of PS was varied from 9.5 to 95%; dPE was held
constant at 5%, and PC comprised the remaining percentage.
The lipid titration was repeated for each new mole ratio of
PS and the FRET signal recorded. The resulting binding
curves were fitted best to an independent site model, yielding
an apparentKD for PS. Above 40% PS, the apparentKDs
stabilize around 2-3 µM. Below 40% PS, however, the
apparentKDs increase to at least 7µM as the PS mole ratio

Table 1: Comparison of Equilibrium, Stability, and Ligand Binding Parameters

stability intrinsic Ca2+ binding
Ca2+ dependence

of membrane binding
phospholipid

affinity phospholipid stoichiometry Ca2+ stoichiometry

C2 domain
∆Gunfolding

(kJ/mol)
[Ca2+]1/2

(µM)
Hill

coefficient
[Ca2+]1/2

(µM)
Hill

coefficient KD (µM)
no. of phospholipids

per C2 domain
no. of Ca2+ ions
per C2 domain

PKCR 8 35( 4 0.9( 0.1 1.4( 0.1 1.3( 0.1 3.0( 0.2 3( 1 1.8( 0.1
PKCâ 14 42( 2 2.3( 0.1 5.0( 0.2 1.8( 0.1 4.4( 0.4 4( 1 2.8( 0.3
PKCγ 18 18( 2 0.9( 0.1 0.7( 0.1 1.4( 0.1 3.1( 0.5 5( 1 3.2( 0.1

FIGURE 4: Ca2+ affinities of PKC C2 domains. Ca2+ was titrated
into solutions containing 0.5µM PKCR (b), PKCâ (2), or PKCγ
(9) C2 domains in the absence (A) or presence (B) of PC/PS/dPE
(47.5%:47.5%:5% mole percent) vesicles. Ca2+ binding to isolated
C2 domain was monitored by the intrinsic Trp fluorescence.
Membrane docking was assessed by monitoring the intrinsic Trp
quenching due to protein-to-membrane FRET. The free Ca2+

concentration in the presence of membranes was monitored with
magnesium green (eq 2), a fluorescent chelator. Solid lines indicate
the best fit of the resulting normalized FRET signals to the Hill
equation (eq 4). Experimental conditions: 25°C, 20 mM HEPES
(pH 7.4), 100 mM KCl, 5 mM DTT, and 250µM phospholipid.
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decreases. Figure 6 plots the apparentKDs against the mole
fraction of PS, revealing the similar behaviors of the three

C2 domains in this experiment. The results raise the
possibility that different intracellular membranes containing
contrasting PS mole ratios could exhibit significantly dif-
ferent affinities for C2 domains, thereby affecting cellular
targeting of cPKCs.

Lipid Stoichiometries of the C2 Domains.To further probe
C2 domain binding to membranes, the lipid stoichiometry
of the interaction was determined. Protein-to-membrane
FRET was monitored for a suspension of vesicles and Ca2+

while titrating in a given C2 domain. At low protein
concentrations, the FRET signal increased linearly with
protein addition, while at high protein concentrations, the
FRET signal stabilized at a constant plateau, indicating that
the membrane binding sites had become saturated with
protein (data not shown). The intersection of the linear rise
and the flat plateau was determined by best-fit analysis,
directly revealing the number of protein molecules bound
per PS molecule. As shown in Table 1, the stoichiometry is
3 ( 1 PS headgroups per protein for PKCR, 4 ( 1 PS
headgroups per protein for PKCâ, and 5( 1 PS headgroups
per protein for PKCγ. These measured lipid stoichiometries,
ranging from 3 to 5 PS headgroups per C2 domain, are within
experimental error of one another, suggesting that the
headgroup interactions and membrane footprints of the three
domains are similar.

Ionic Nature of the Membrane Interaction. Previous studies
have indicated that the binding of the PKCâ C2 domain or

FIGURE 5: Phospholipid headgroup specificity of C2 domains. Phospholipid was titrated into solutions containing 0.5µM PKCR (A),
PKCâ (B), or PKCγ (C) C2 domains. Vesicles were composed of a 3:1 PC/PX/dPE mixture (72.5%:22.5%:5% mole percent) where PX
is PS (b), PG (9), PI ([), PE (0), or PC alone (O). Best-fit apparentKD values were determined for binding to membranes containing PS,
PG, and PI (but not PE or PC due to insufficient affinity). These apparentKD values were 3( 1, 13( 2, and 11( 3 for the PKCR C2
domain, 4( 1, 14( 2, and 17( 3 for the PKCâ C2 domain, and 2( 1, 5 ( 1, and 4( 1 for the PKCγ C2 domain binding to PS, PG,
and PI membranes, respectively. (D) Comparison of PKCR, PKCâ, and PKCγ C2 domain docking to PC/PS/dPE membranes (47.5%:
47.5%:5% mole percent). Protein docking was assessed by protein-to-membrane FRET, using acceptor fluorescence to quantitate the FRET.
Solid lines represent the best fit of the resulting normalized FRET signal to the independent single-site fit (eq 3). In all experiments, the
indicated lipid concentrations were obtained by dividing the total lipid concentration by a factor of 2, thereby yielding the lipid concentration
arising from the accessible outer leaflets of the vesicles. Experimental conditions: 25°C, 1 mM free Ca2+, 100 mM KCl, 20 mM HEPES
(pH 7.4), and 5 mM DTT.

FIGURE 6: Phosphatidylserine dependence of C2 domain docking.
Increasing percentages of PS in PC/PS/dPE mixtures were titrated
into solutions containing C2 domains. The change in the protein-
to-membrane FRET as the concentration of PS varied was fit with
the independent site model (eq 3). The resulting dissociation
constants were plotted vs the increasing percentages of PS for PKCR
(b), PKCâ (2), and PKCγ (9) C2 domains. Protein docking was
assessed by protein-to-membrane FRET, using acceptor fluores-
cence to quantitate the FRET. The dissociation constant calculations
used the total PS concentration divided by 2, to focus on lipids in
the accessible outer leaflets of vesicles. Experimental conditions:
25 °C, 1 mM free Ca2+, 100 mM KCl, 20 mM HEPES (pH 7.4),
and 5 mM DTT.
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the synaptotagmin I C2A domain to PS-containing mem-
branes is largely ionic, while the binding of the cytosolic
phospholipase A2 C2 domain to membranes is primarily
hydrophobic (4). To directly compare the forces underlying
the membrane docking of the PKCR, PKCâ, and PKCγ C2
domains, two experiments were conducted. First, NaCl was
added to a preformed ternary complex of Ca2+, the C2
domain, and mixed PC/PS/dPE vesicles. Protein-to-mem-
brane FRET measurements revealed that addition of NaCl
caused dissociation of the PKCR and PKCγ C2 domains
from the membrane, as previously observed for the PKCâ
C2 domain, while the cytosolic phospholipase A2 C2 domain
was unaffected (Figure 7A). Thus, the docking of all three
cPKC C2 domains to PS-containing membranes requires
electrostatic interactions that can be disrupted by high salt
concentrations. The second experiment tested the ability of
sodium sulfate, known to strengthen hydrophobic interactions
(51, 52), to drive membrane docking in the absence of Ca2+.
In this experiment, sodium sulfate failed to trigger protein-
to-membrane FRET for the PKCR and PKCγ C2 domains,
as previously observed for the PKCâ C2 domain, while the
cytosolic phospholipase A2 C2 domain showed a dramatic

increase in the level of protein docking (Figure 7B). Thus,
in contrast to the primarily hydrophobic docking mechanism
of the cytosolic phospholipase A2 C2 domain, the cPKC C2
domains exhibit predominantly electrostatic interactions with
membranes. These findings help explain the selectivity of
the cPKC C2 domains for anionic lipid headgroups.

Kinetics of the C2 Domain Binding EVents.To compare
the kinetics of ligand binding and dissociation for the three
C2 domains, stopped flow fluorescence methods were
utilized to monitor the time courses of Ca2+ and membrane
binding and dissociation events. The Ca2+ binding equilib-
rium of the free C2 domains was found to be too fast to
monitor by stopped flow methods; however, the docking of
the Ca2+-loaded domain to membranes and the dissociation
of protein and Ca2+ from the membrane-bound complex were
slow enough to be analyzed.

The kinetics of Ca2+-triggered membrane docking were
examined using the protein-to-membrane FRET assay to
monitor docking. This docking reaction involves two types
of events: the binding of multiple Ca2+ ions and protein
docking to the membrane. To determine whether Ca2+ or
membrane binding is rate-limiting, the stopped flow reaction
was carried out with two alternate mixing schemes. In one,
the C2 domain is pre-equilibrated with saturating Ca2+ before
rapid mixing with membranes, yielding the time course of
membrane docking for the Ca2+-loaded protein. In the other,
the free C2 domain is mixed with a suspension of Ca2+ and
membranes such that Ca2+ binding to the protein must occur
before the membrane docking reaction can proceed. Panels
A-C of Figure 8 illustrate the two resulting time courses
for each C2 domain. For each C2 domain, the two mixing
protocols yield nearly identical time courses of protein-to-
membrane FRET, indicating that the membrane docking
reaction is strongly rate-limiting. Additional evidence sup-
porting this conclusion is provided by the strong dependence
of the FRET time course on the vesicle concentration
(compare panels A-C with panel D of Figure 8, the latter
obtained for a higher vesicle concentration). Interestingly,
for PKCâ and PKCγ, membrane docking is delayed slightly
when the protein is not pre-equilibrated with Ca2+, indicating
that a fast Ca2+ binding or protein conformational event
occurs in the free protein before slower membrane docking,
and that this rapid predocking event is complete within 2
ms. Direct comparison of the membrane docking time
courses for the three Ca2+-loaded C2 domains reveals their
striking similarity, as illustrated in Figure 8D. Thus, under
the conditions utilized in this study, the membrane associa-
tion event is rate-limiting in the Ca2+-triggered docking
reactions of all three C2 domains.

The kinetics of dissociation of the C2 domain from the
ternary complex of protein, Ca2+, and vesicles were deter-
mined by mixing the preformed ternary complex with EDTA
to chelate the Ca2+ ions as the complex dissociated, thereby
making the dissociation reaction essentially irreversible. The
resulting loss of protein-to-membrane FRET as the complex
dissociates is observed in Figure 8E, wherein the dissociation
kinetics of the C2 domains differ by more than 3-fold. PKCR
dissociates most slowly with a rate constant of 17.3( 0.7
s-1, while PKCγ is intermediate at 22( 1 s-1 and PKCâ
fastest at 57( 7 s-1 [within error of the previously
determined value for PKCâ (4); see Table 2]. Thus, the three
C2 domains exhibit different membrane-bound state lifetimes

FIGURE 7: Ionic strength dependence of membrane docking. (A)
NaCl was titrated into a solution of PKCR (b), PKCâ (2), PKCγ
(9), or cytosolic phospholipase A2 (1), also containing 1 mM free
Ca2+ and PC/PS/dPE (47.5%:47.5%:5% mole percent) vesicles.
Protein docking was assessed by protein-to-membrane FRET, using
acceptor fluorescence to quantitate the FRET. The FRET signal
was normalized to the initial FRET signal in the absence of added
NaCl. EDTA was added to demonstrate that any remaining protein-
membrane interaction had been completely disrupted. (B) The
indicated C2 domain and PC/PS/dPE (47.5%:47.5%:5% mole
percent) vesicles were incubated with 1.9 M Na2SO4 and 5 mM
EDTA (black bars) or 2 mM CaCl2 and 1 mM EDTA (white bars).
The resulting FRET signals were normalized to the Ca2+-triggered
FRET signals. Cytosolic phospholipase A2 data were taken from
Nalefski et al. (4). Experimental conditions: 25°C, 250µM lipid,
100 mM KCl, 20 mM HEPES (pH 7.4), and 5 mM DTT.
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ranging from 17 to 58 ms, with PKCR exhibiting the longest-
lived ternary complex.

The kinetics of dissociation of Ca2+ from the ternary
complex were determined by mixing the preformed complex

with Quin-2, a fluorescent Ca2+ chelator. This experiment
also revealed the stoichiometry of Ca2+ binding in the ternary
complex. Quin-2 has a very high Ca2+ affinity and binds all
the free Ca2+ within the dead time of the stopped flow
instrument. Figure 9 shows the resulting time courses, which
were fitted best with single exponentials to yield rate
constants of 12( 1 s-1 for PKCR, 48 ( 8 s-1 for PKCâ,
and 11( 2 s-1 for PKCγ (Table 2). These rate constants
are within 2-fold of those determined for the dissociation of
the protein from the ternary complex, implying that Ca2+

dissociation occurs on approximately the same time scale
as the protein dissociation. Construction of a standard curve

FIGURE 8: Kinetics of C2 domain activation and dissociation. (A-C) Ca2+-triggered docking of the C2 domain to membranes was initiated
by stopped flow mixing the indicated C2 domain, either premixed with Ca2+ (green) or not (black), with an equal volume of PC/PS/dPE
(47.5%:47.5%:5% mole percent, 250µM) vesicles and 1 mM free Ca2+. Insets for panels B and C show the first 4 ms of the traces. (D)
The above experiment was repeated in a side-by-side comparison of the three domains by mixing a solution containing the indicated C2
domain and 1 mM free Ca2+ with an equal volume of PC/PS/dPE (47.5%:47.5%:5% mole percent, 500µM) vesicles. (E) C2 domain
dissociation from PC/PS/dPE membranes (47.5%:47.5%:5% mole percent) was initiated by mixing with an equal volume of EDTA (10
mM), which chelates the free Ca2+, thereby making the membrane dissociation irreversible. Protein docking and dissociation were assessed
using the acceptor fluorescence to quantitate protein-to-membrane FRET. Solid lines, which in some cases are hidden under the data,
indicate the best fit to a single-exponential equation. Experimental conditions: 25°C, 100 mM KCl, 20 mM HEPES (pH 7.4), and 5 mM
DTT.

Table 2: Comparison of Kinetic Parameters

membrane
association

membrane
dissociation

Ca2+

dissociation

C2 domain k1(app) (s-1) k-1 (s-1) koff (s-1)

PKCR 420( 40 17.3( 0.7 12( 1
PKCâ 310( 30 57( 7 48( 8
PKCγ 440( 40 22( 1 11( 2
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by titrating the Quin-2 fluorescence with Ca2+ alone allowed
determination of the number of Ca2+ ions bound in the
assembled ternary complex. This experiment revealed that
1.8 ( 0.1 Ca2+ ions dissociated from the membrane-bound
PKCR ternary complex, 2.8( 0.3 Ca2+ ions from the PKCâ
complex, and 3.2( 0.1 Ca2+ ions from the PKCγ complex
(Figure 9 and Table 1). These stoichiometries are the first
measured for the PKCR and PKCγ ternary complexes, while
the stoichiometry measured for the PKCâ ternary complex
agrees with the previously published value (4).

DISCUSSION

This side-by-side comparison of the isolated C2 domains
from three conventional protein kinase C isoforms, PKCR,
PKCâ, and PKCγ, reveals both subtle and significant
differences between their Ca2+ activation parameters. These
domains exhibit similar intrinsic Ca2+ affinities, although a
greater range of Ca2+ affinities is observed in the presence
of target membranes, which provide an environment closer
to that encountered in cells. The macroscopic rate constants
of Ca2+ and membrane binding and dissociation also are
similar. The most striking difference is in the number of Ca2+

ions bound per domain, and in the number and order of the
binding events that occur during Ca2+-triggered membrane
docking. The latter results provide strong evidence for the
specialization of conventional PKC Ca2+ activation mech-
anisms. These differences may have evolved to tune the
cooperativity of Ca2+ binding in the presence of membranes,
which in turn would control the sensitivity of the C2 domain
to small changes in the cytoplasmic Ca2+ concentration.
Moreover, the differences observed between isolated C2
domains may serve to optimize these domains for their
different protein contexts, since each C2 domain must act
in concert with the specialized C1 and catalytic domains of
its PKC isoform (23, 56). In particular, the C1 and C2
domains of conventional PKCs exhibit additive membrane

binding (55, 57); thus, the apparent Ca2+ and membrane
affinities of full-length cPKCs will include additive contribu-
tions from both the C1 and C2 domains due to the coupling
of Ca2+ and membrane binding reactions. Thus, to resolve
the regulatory contributions of C1 and C2 domains, a
complete, quantitative assessment of the ion and membrane
binding characteristics of isolated C2 domains is essential.

Ca2+ ActiVation Affinities, CooperatiVities, and Stoichi-
ometries. The isolated C2 domains of PKCR, PKCâ, and
PKCγ exhibit similar Ca2+ binding affinities in the absence
of membranes. Their intrinsic [Ca2+]1/2 values, defined as
the Ca2+ concentration that generates the half-maximal
intrinsic tryptophan fluorescence change, range from 18(
2 µM for PKCγ, to 35 ( 4 µM for PKCR, to 42 ( 2 µM
for PKCâ. The largest differences are in their apparent Hill
coefficients for Ca2+ binding, which range from 0.9( 0.1
for both PKCR and PKCγ to 2.3 ( 0.1 for PKCâ, and in
the sign of the Ca2+-triggered fluorescence change, which
is negative for PKCR and PKCγ but positive for PKCâ. It
follows that the binding of a single Ca2+ ion to the PKCR
and PKCγ C2 domains generates a different environmental
change at the four conserved tryptophan residues than the
binding of two or more Ca2+ ions to the PKCâ C2 domain.

As expected for a coupled binding equilibrium, the
presence of membranes increases the apparent Ca2+ affinity
of each isolated C2 domain. The degree of affinity enhance-
ment varies among the domains, yielding [Ca]1/2 values,
defined as the Ca2+ concentrations that generate half-maximal
protein-to-membrane FRET, ranging from 0.7( 0.1µM for
PKCγ, to 1.4 ( 0.1 µM for PKCR, to 5.0 ( 0.2 µM for
PKCâ. The effects of membranes on the Ca2+ cooperativity
also differ significantly for the three C2 domains. The
apparent Hill coefficient for Ca2+ binding to PKCâ is
approximately 2 in the absence and presence of membranes
(2.3 ( 0.1 and 1.8( 0.1, respectively), suggesting that this
domain binds at least two Ca2+ ions in both states. In contrast,
PKCR and PKCγ exhibit apparent Hill coefficients ap-
proaching unity in the absence of membranes (0.9( 0.1 for
each), suggesting that these isolated domains may only bind
a single Ca2+ ion. In the presence of membranes, the apparent
Hill coefficients of the PKCR and PKCγ domains increase
slightly above unity (1.3( 0.1 and 1.4( 0.1, respectively),
suggesting that the number of Ca2+ ions bound at micromolar
Ca2+ concentrations increases from one in solution to greater
than one in the membrane-bound state. For the membrane-
bound C2 domain, the phospholipid headgroups could
contribute oxygens that directly coordinate Ca2+ as seen in
the crystal structure of PKCR bound to a short chain PS (17).
Such interactions could increase the affinity for Ca2+ ions
already bound to the isolated C2 domain, or even trigger
the binding of additional Ca2+ ions to the membrane-bound
domain. In turn, the binding of additional Ca2+ ions would
account for the increased Ca2+ cooperativity observed for
the PKCR and PKCγ C2 domains in the presence of
membranes. Since PKCâ exhibits the highest [Ca2+]1/2 values
and Hill coefficients in both the absence and presence of
membranes, this C2 domain may be designed to be activated
at a higher Ca2+ concentration but by a smaller fractional
change in the Ca2+ concentration than the other two isoforms.

The use of Quin-2 and stopped flow kinetics to quantitate
Ca2+ release enables direct quantitation of the Ca2+ stoichi-
ometry of the membrane-bound complex. As published

FIGURE 9: Determination of the Ca2+ stoichiometry for the
membrane-bound complex. Ca2+ release from the C2 domain
complexed with membrane was initiated by stopped flow mixing
a solution containing the preformed complex of the C2 domain,
Ca2+ (100 µM), and PC/PS (50%:50% mole percent, 500µM
phospholipid) vesicles with an equal volume of the fluorescent Ca2+

chelator Quin-2 (200µM). The slow release of Ca2+ ions from the
complex was quantitated from the increase in the Quin-2 emission.
Solid lines represent the best fit of the resulting normalized Quin-2
signals to a single-exponential equation. For each experiment, a
Quin-2 standard curve was used to calibrate the number of Ca2+

ions that were released. Experimental conditions: 25°C, 100 mM
KCl, 20 mM HEPES (pH 7.4), and 5 mM DTT.
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previously and confirmed in the study presented here, PKCâ
binds three Ca2+ ions in the membrane-docked state (4).
Similarly, our study reveals that the PKCγ C2 domain binds
three Ca2+ ions when docked to membranes. In contrast, only
two Ca2+ ions are detected for the membrane-bound PKCR
C2 domain, indicating that a third Ca2+ ion either fails to
bind or dissociates too rapidly to detect in the stopped flow
analysis. The structural basis for this observed difference in
the number of bound Ca2+ ions is not yet known, although
potential candidate residues are suggested by the primary
amino acid sequence as discussed below.

Lipid Stoichiometries. The number of phosphatidylserine
lipid molecules interacting with one C2 domain ranges from
3 ( 1 for PKCR, to 4 ( 1 for PKCâ, to 5 ( 1 for PKCγ.
Using the crystal structures for PKCR and PKCâ, the area
encompassed by the three Ca2+ binding loops was determined
to range from 130 to 140 Å2 (16, 17). The lipids used here,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palm-
itoyl-2-oleoyl-sn-glycero-3-phosphoserine, closely resemble
egg yolk phosphatidylcholine (EPC) which is predominantly
composed of 16:0 and 18:1 chains. Studies of EPC have
provided estimates of the membrane surface area per lipid
ranging from 64 to 76 Å2 (as reviewed in ref58). If an
average value of 70 Å2 is assumed, only two lipid headgroups
could be sufficient to fill the area encompassed by the Ca2+

binding loops. However, three to five lipid headgroups are
observed to interact with the C2 domain, suggesting that the
interaction surface contains multiple headgroups that are only
partially covered by the C2 domain footprint. Interestingly,
lipid binding studies have suggested that full-length PKCâII
interacts with eight phosphatidylserine molecules and that
the C2 domain plays a role in part, but not necessarily all,
of this interaction (59).

Kinetics of Ca2+ and Membrane Binding. While Ca2+

binding and dissociation were too fast to measure for the
free C2 domains, the kinetics of membrane docking and
dissociation, as well as Ca2+ dissociation from the membrane-
bound complex, could be measured by stopped flow kinetics.
The rate constants for membrane docking are quite similar,
ranging from 310( 30 s-1 for PKCâ, to 420( 40 s-1 for
PKCR, to 440( 40 s-1 for PKCγ. Thus, at the concentrations
used in our study (0.5µM C2 domain and 250µM total
phospholipid), the Ca2+-activated membrane docking reac-
tions of all three proteins are rate limited by the membrane
association event rather than the Ca2+ binding event. Ad-
ditional evidence which shows that membrane association
is rate-limiting was provided by the observation that mem-
brane docking kinetics were indistinguishable when Ca2+ was
placed in either the protein syringe or the membrane syringe
prior to stopped flow mixing.

When free Ca2+ is removed from the assembled protein-
Ca2+-membrane ternary complex by stopped flow mixing
with EDTA, an irreversible Ca2+ dissociation reaction is
triggered that enables measurement of the kinetics of
dissociation of the C2 domain from the membrane. Under
these conditions, PKCR remains bound to the membrane
more than 3-fold longer than PKCâ, while PKCγ stays
docked more than 2-fold longer than PKCâ. If the longer-
lived ternary complexes of the PKCR and PKCγ C2 domains
yield longer membrane-bound lifetimes for their full-length
proteins, these PKC isoforms could have significantly more
time for membrane-associated kinase activity. Interestingly,

for each ternary complex, the rate constant for Ca2+

dissociation was found to be within a factor of 2 of the rate
constant for protein dissociation from the membrane, sug-
gesting that Ca2+ dissociation occurs simultaneously with
or shortly after disruption of the protein-membrane interface.

Models Incorporating Equilibrium and Kinetic Results.To
describe the results obtained for the cooperativity, stoichi-
ometry, and kinetics of Ca2+-activated membrane docking,
the following general model is proposed:

Scheme 1

where P represents the C2 domain, L represents the
membranes,m represents the number of Ca2+ ions that bind
prior to membrane docking, andn represents the number of
additional Ca2+ ions that bind following membrane associa-
tion.

Our data suggest that PKCâ possesses the highest degree
of cooperative Ca2+ binding and dissociation. The free PKCâ
C2 domain yields an apparent Hill coefficient of 2.3( 0.1
for Ca2+ binding in the absence of membranes, which is close
to the maximum Hill coefficient expected for the binding of
two Ca2+ ions. This result is consistent with the model
previously proposed by Nalefski and Newton (57) in which
two Ca2+ ions are proposed to rapidly bind to the isolated
domain, followed by slow membrane docking and the
binding of the third Ca2+ ion such thatm ) 2 andn ) 1 in
Scheme 1. The ability of this domain to bind up to three
Ca2+ ions is supported by crystallographic and modeling
studies revealing that three Ca2+ ions bind to the free domain
at millimolar Ca2+ concentrations; such high Ca2+ levels are
able to drive the binding of the third Ca2+ ion even in the
absence of membranes (16, 69). For this C2 domain, the
kinetics of membrane docking upon Ca2+ addition and of
membrane dissociation upon Ca2+ removal are both mono-
exponential, suggesting a single rate-limiting step in both
directions (present results and refs4 and57). The dissociation
of Ca2+ from the membrane-bound complex is also mono-
exponential and exhibits a time constant indistinguishable
from that of membrane dissociation (present results and ref
4). Thus, the available evidence for the forward reaction
indicates that the slow membrane association (k2 in step 2)
is rate-limiting relative to the prior and subsequent Ca2+

binding steps (k1 andk3 in steps 1 and 3, respectively). In
contrast, the available evidence for the reverse reaction
suggests that the dissociation of the Ca2+ ion that was last
to bind (k-3 in step 3) is rate-limiting such that the subsequent
dissociation of the protein from the membrane and the release
of the final two Ca2+ ions are relatively fast.

The Hill coefficients observed for Ca2+ binding to the free
PKCR and PKCγ C2 domains (both 0.9( 0.1) suggest that
only one Ca2+ ion binds prior to membrane docking such
thatm ) 1 in step 1 of Scheme 1. After membrane docking,
at least one additional Ca2+ ion binds to the membrane-bound
PKCR C2 domain (n ) 1), while two additional Ca2+ ions
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bind to the membrane-docked PKCγ C2 domain (n ) 2), as
indicated in step 3 of Scheme 1. Again, monoexponential
kinetics are observed for both the membrane docking and
membrane dissociation reactions of these C2 domains. These
monoexponential kinetics are consistent with the same rate-
limiting steps proposed for the PKCâ C2 domain: membrane
association (k2 in step 2) in the forward reaction and
dissociation of the last-to-bind Ca2+ ion or ions in the reverse
direction (k-3 in step 3).

Interestingly, the measured Ca2+ stoichiometries observed
in crystal structures of the isolated PKCR and PKCâ C2
domains range from two to three Ca2+ ions per domain (16,
17, 41). These stoichiometries are higher than those proposed
to occur prior the docking of cPKC C2 domains to
membranes in the above model. This apparent contradiction
is explained by the high Ca2+ concentrations used during
crystallization (from 2 to 12 mM). In the simplest picture,
the physiologically relevant micromolar Ca2+ concentrations
fail to load at least one Ca2+ site prior to membrane docking,
while millimolar Ca2+ concentrations can load additional
Ca2+ sites in the absence of membranes. For the PKCâ C2
domain, the three Ca2+ ions observed in the crystal structure
likely correspond to the same three Ca2+ ions detected in
the membrane-bound ternary complex (ref4 and present
results). For the PKCR C2 domain, the two Ca2+ ions
detected in the membrane-bound ternary complex appear to
match the two Ca2+ ions observed in an earlier crystal
structure of a ternary complex between the C2 domain, Ca2+

ions, and a short chain PS analogue (17). However, a more
recent crystal structure of a ternary complex containing the
PKCR C2 domain and a different short chain PS analogue
reveals three bound Ca2+ ions (41). The fact that the latter
structure contains a third Ca2+ ion not detected in the
membrane-bound ternary complex could arise from artificial
loading of a physiologically irrelevant site by the high Ca2+

concentration during crystallization (12 mM). Alternatively,
the weakly bound third ion may dissociate too rapidly to
detect in the present quantitation of Ca2+ ions in the
membrane-bound complex, since only those ions that dis-
sociate more slowly than the dead time of the stopped flow
instrument (0.9 ms) will be observed. In either case, the
affinity of the PKCR C2 domain for a third Ca2+ ion is
significantly lower than that of the PKCâ and PKCγ C2
domains, which both stably bind a third Ca2+ ion in the
membrane-bound complex.

Analysis of the Primary Amino Acid Sequence.An analysis
of the primary amino acid sequence between the PKCR,
PKCâ, and PKCγ C2 domains reveals that 62% of their
residues are identical (see Figure 1), indicating considerable
homology. To identify the primary structure differences
underlying the different affinities of these C2 domains for a
third Ca2+ ion, it is useful to focus on the three interstrand
loops, termed Ca2+ binding loops 1-3 (CBL 1-3), which
have been previously implicated in both Ca2+ coordination
and direct contacts with the membrane surface for these and
other C2 domains (8-17, 60-64). CBL 1 is identical in the
PKCR, PKCâ, and PKCγ C2 domains except for a single
change which is not correlated with the observed Ca2+

stoichiometries. Although in other C2 domains CBL 2
provides direct Ca2+ coordination (8-10, 14, 15), the crystal
structures of PKCR and PKCâ reveal no direct Ca2+

coordination by this loop which exhibits four substitutions,

including two nonconservative substitutions (16, 17). In other
C2 domains, CBL 2 also plays the least important role in
membrane docking (64, 65). However, the Arg at CBL 2
position 216 in PKCR is replaced with Lys in PKCâ and
PKCγ; thus, the Arg may be responsible for repulsive
interactions with the third Ca2+ ion that are reduced by the
lower pKa of Lys. Finally, CBL 3 exhibits two substitutions,
only one of which is correlated with the observed Ca2+

stoichiometries. At position 251 of CBL 3, a Thr in PKCR
is conservatively changed to a Ser in PKCâ and -γ. This
residue is critical for the Ca2+-triggered membrane docking
and enzymatic activation of full-length PKCR, and directly
coordinates the third Ca2+ ion when it is present in crystal
structures of PKC C2 domains (16, 41, 63). While the
differences between the Thr and Ser side chains are subtle,
the extra methyl group may significantly lower the affinity
of PKCR for the third Ca2+ ion in the membrane-bound state.
In short, although positions 216 and 251 are the most likely
candidates, further studies are required to identify the
structural features of PKCR that underlie its lower or
negligible affinity for a third Ca2+ ion in the membrane-
docked state.

Implications for PKC Signaling in ViVo. Overall, the
equilibrium and kinetic data presented herein suggest that
conventional PKC isoforms may respond to different levels
of Ca2+ transients in the cellular environment. Although
previous studies have measured the [Ca2+]1/2 values for
activation of kinase activity in the full-length PKCR and
PKCâ enzymes, the use of significantly different membrane
and diacylglycerol concentrations in different laboratories
prevents direct comparisons of these parameters (66, 67).
Thus, quantitative, side-by-side studies of the full-length
enzymes must be undertaken to ascertain whether differences
between their C2 domains dominate the membrane docking
reaction. If it is assumed that the C1 domains of conventional
PKCs exhibit equivalent interactions with the membrane, the
relative Ca2+ activation parameters measured in our study
for isolated C2 domains predict that a large Ca2+ transient
would induce docking of all three C2 domains at a similar
rate. During a small Ca2+ transient, PKCγ would dock more
efficiently than PKCR, which in turn would dock more
efficiently than PKCâ. Once docked to the membrane, PKCR
would remain longer than PKCγ, which in turn would remain
longer than PKCâ. These contrasting activation and inactiva-
tion parameters are proposed to be required for the special-
ized functions of conventional PKC isoforms in different
PKC signaling pathways.

Even more dramatic differences are observed between C2
domains from different functional classes. The isolated C2
domains from conventional PKCs, synaptotagmin I and
cytosolic phospholipase A2, exhibit widely varying [Ca2+]1/2

values, membrane binding and dissociation kinetics, and
mechanisms of membrane association (4). Of these C2
domains, the PKCR, -â, and -γ isoforms exhibit properties
most similar to those of the C2A domain of synaptotagmin
I, which also exhibits an ionic mechanism of membrane
docking and prefers anionic phospholipids but is activated
at significantly higher Ca2+ concentrations and possesses
significantly faster membrane binding and dissociation
kinetics than the PKC C2 domains. In contrast, the C2
domain of cytosolic phospholipase A2 exhibits a hydrophobic
docking mechanism and prefers neutral phospholipids, and
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this C2 domain also exhibits much slower membrane binding
and dissociation kinetics than the synaptotagmin I C2A and
PKCR, -â, and -γ C2 domains. In some cases, the physi-
ological role of a C2 domain provides a simple explanation
for its specialized activation parameters; for example, the
high Ca2+ concentration needed to activate the synaptotagmin
I C2A domain is consistent with the high Ca2+ fluxes
achieved at the synapse, and the rapid activation kinetics of
this domain are consistent with its proposed role as the trigger
for neurotransmitter release (68). In other cases, further study
is needed to elucidate the physiological driving forces that
underlie the evolution of dramatic C2 domain specializations.
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