Proc. Natl. Acad. Sci. USA
Vol. 84, pp. 4418-4422, July 1987
Biochemistry

Purification and characterization of three types of protein kinase C

from rabbit brain cytosol
(phorbol ester receptors/Ca’* regulation)

SusaN JAKEN*T AND SusaN C. KILEYT

Division of Virolagy, Center for Drugs and Biologics, Food and Drug Administration, National Institutes of Health, Building 29A, Bethesda, MD 20892

Communicated by Gordon H. Sato, March 19, 1987

ABSTRACT Three types of protein kinase C were purified
from rabbit brain cytosol. Each type has a molecular mass of ~80
kDa and serves as a receptor for phorbol esters. Polyclonal
antibodies produced to two protein kinase C types were relatively
type-specific, indicating that these proteins have unique antigenic
determinants. We, therefore, characterized the enzymatic activ-
ities to determine if these proteins also had distinct biochemical
properties. Type 1 protein kinase C was relatively less Ca®*.
dependent than types 2 and 3. The addition of Ca** increased
Vmax approximately 40 % for type 1, 600% for type 2, and 1400%
for type 3 as compared to the Vi, measured at lower Ca*
conditions. These results suggest that differences in primary
structure can confer type-specific biochemical properties, and this
in turn may provide the basis for protein kinase C type-specific
stimulus-response coupling.

Protein kinase C has recently been shown to be a gene family
that codes for several closely related but distinct polypep-
tides (1-4). Comparison of the predicted primary structures
of the coded proteins indicates an overall sequence homology
in which four constant regions are separated by five varijable
regions. The spacing of the variable sequences is conserved
among the three known protein kinase C structures (2, 3),
which suggests that these variable regions may have impor-
tant functional praperties rather than merely being structural
spacers. Furthermore, variable region 3 in one protein kinase
C has significant sequence homology with a Ca?* binding
region of calmodulin (1). Thus, a potential difference in Ca2*
modulation of protein kinase C activity may be predicted
from the deduced primary structures. Identification and
characterization of the protein products is required to test
this prediction.

The relationship between protein kinase C activation and
cytosolic Ca?* levels is not clear. In some cases, phorbol
ester-directed responses appear to be nearly Ca?*-indepen-
dent (5). In other cases, a clear requirement for Ca’* is
indicated (6, 7). One explanation for these discrepancies is
that different forms of protein kinase C have different
requirements for Ca?*. Possibly, differences in biochemical
properties of the protein kinase C types may provide the basis
for type-specific stimulus-response coupling. To test this
hypothesis, we have characterized the three types of protein
kinase C that we have purified with respect to modulation of
activity by Ca?* and PtdSer.

MATERIALS AND METHODS
Protein kinase C was measured using histone III-S as the
substrate and the assay conditions described (8). Phorbol
ester binding was measured using [*H]phorbol 12,13-dibutyr-
ate (PBt,; 12.5 Ci/mmol, New England Nuclear; 1 Ci = 37
GBq) as previously described (9). Histone type III-S, PBt,,
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Fic. 1. Hydroxylapatite chromatography of rabbit brain protein

kinase C. Protein kinase C from rabbit brain cytosol was prepared as
described in the text and then chromatographed on hydroxylapatite.
Fractions from the leading edge of the first peak (type 1), the trailing
edge of the second peak (type 2), and the third peak (type 3) were
pooled. Fractions between peaks 1 and 2, referred to as type 2a, were
pooled and are considered to contain a mixture of types 1 and 2.
Aliquots of fractions were assayed for PBt; binding (=) using 10 nM
[PH]PBt,, 100 ug of PtdSer per ml, 0.33 mM EDTA, 0.5 mM Ca?*,
0.5 mg of bovine serum albumin per ml, and 7.5 mM magnesium
acetate (9). Kinase activities were assayed with 0.5 mM EDTA, 0.5
mM Ca?*, 0.5 mg of bovine serum albumin per ml, 0.33 mg of histone
III-S per ml, 2.5 mM ATP, and 7.5 mM Mg acetate (8) in the presence
(m) or absence (o) of 100 ug of PtdSer per ml. Units for binding are
[*H]PBt, bound per ul of fraction. Units for kinase are nmol of 3P
transferred per ul in 5 min.

and PtdSer were all purchased from Sigma. Electrophoresis
reagents and hydroxylapatite were from Bio-Rad. Protein
was determined by the method of Bradford (10) using
reagents from Bio-Rad. Rabbit brains were purchased from
Pel-Freez. Antibodies to types 2 and 3 protein kinase C were
prepared after purifying the proteins by NaDodSO,/PAGE
and electrophoretically transferring them to nitrocellulose.
The protein kinase C bands (=150 ug) were identified by
staining with amido black, dissolved in dimethyl sulfoxide,
emulsified with complete Freund’s adjuvant, and given to
goats by multiple subdermal injections. After 5 weeks,
animals were boosted with =100 ug of the purified proteins.
Subsequent boosts were with native protein which was >90%
pure as judged by NaDodSO,4/PAGE.

RESULTS

Resolution of Three Types of Protein Kinase C by Hydrox-
ylapatite Chromatography. Frozen rabbit brains (25 brains)

Abbreviations: PBt,, phorbol dibutyrate; PtdSer, phosphatidylser-

ine.
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Table 1. Purification of PBt, binding and protein kinase C activities from rabbit brain cytosol
3H[PBt,] binding Protein kinase C activity
Protein, Fold Fold
Fraction mg pmol/mg purification Total % recovery nmol/mg purification Total % recovery

HAP load 600 88 1.0 52,800 100 49 1.0 29,400 100
Type 1

HAP pool 30 176 2.0 5,280 10 33 0.7 990 34

PtdSer-EGTA 0.19 12,800 145 2,430 4.6 3,870 79 735 2.5
Type 2

HAP pool 31 144 1.6 4,460 8.5 75 1.5 2,380 8.1

PtdSer-EGTA 0.16 10,800 123 1,730 33 3,030 62 485 1.7
Type 3

HAP pool 24 299 3.4 7,180 14 125 2.6 3,000 10

PtdSer-EGTA 0.24 6,000 68 1,440 2.7 2,590 - 53 622 2.1

Data are representative of four separate preparations of each type of protein kinase C. HAP pool refers to peak fractions from hydroxylapatite
(HAP) chromatography (see Fig. 1). PtdSer-EGTA refers to material specifically eluted with EGTA from the PtdSer-affinity column as described
in the text. Units of binding activity are pmol of *H[PBt,] bound per mg of protein. Units of kinase activity are nmol of 3P transferred per mg
of protein in 5 min in the presence of Ca2* without PtdSer (independent kinase) or with PtdSer (protein kinase C activity). Independent kinase

activity has been subtracted from the protein kinase C activity.

were homogenized in =300 mi of 20 mM Tris Cl, pH 7.4/0.25
M sucrose/5 mM EDTA/1 mM dithiothreitol/0.1 mM
phenylmethylsulfonyl fluoride/leupeptin (50 ug/ml). The
100,000 X g supernatant was applied to a 150-ml DEAE-
Sephacel column, and protein kinase C was eluted with a
750-ml gradient of 20 mM Tris Cl, pH 7.5/1 mM EDTA/1 mM
dithiothreitol (buffer A) with 0-0.3 M NaCl. Peak fractions
were pooled, precipitated with 85% ammonium sulfate, and
dialyzed against buffer A. The sample was then applied to a
1.7 x 25 mm column of hydroxylapatite equilibrated in 40
mM phosphate/2 mM EDTA. Activities were eluted with a
250-ml gradient containing up to 500 mM phosphate plus 2
mM EDTA. Fractions were assayed for kinase and PBt,
binding activities (Fig. 1). Three peaks of Ca?*/PtdSer-
dependent kinase activity were found, each of which
cochromatographed with phorbol ester binding activity as
measured with PBt,.

Peak fractions were pooled as described in the legend to
Fig. 1 and adjusted to 100 ug of leupeptin per ml/7.5 mM
Mg?*/0.2 mM Ca?* before applying them to a 3-4 ml
PtdSer-affinity column (11) equilibrated in 10 mM 2-(N-
morpholino)ethanesulfonic acid, pH 6.5/0.2 M KCl/1 mM
dithiothreitol/10% glycerol (buffer B) containing 0.2 mM
Ca?*. Columns were washed with 25 ml of buffer B contain-
ing 0.2 mM Ca?*. Protein kinase C was then eluted with 10
ml of buffer B containing 2 mM EGTA. The protein peak was
concentrated in a Centricon-30 (Amicon) and stored at 4°C.
Activities were stable for =1 month.

The relative amounts of protein kinase C types 1, 2, and 3
that are recovered by this procedure are similar (Table 1).
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FiG. 2. NaDodSO,/PAGE of PtdSer-affinity purified protein
kinase C activities. Samples (1 ug) were electrophoresed on 7.5%
NaDodSO,/ polyacrylamide gels and stained with Coomassie blue.
The doublets apparent in this preparation were reproducibly ob-
served in four different preparations of protein kinase C and were not
observed in 10% gels of the same thickness (0.75 mm). Numbers on
the left refer to molecular mass (in kDa) of standard proteins.

The ratios of binding to kinase activities were also similar for
each type under the standard assay conditions (i.€., saturat-
ing levels of Ca?* and PtdSer). The purity of the final
preparations was assessed by NaDodSO,/PAGE (Fig. 2).
Each sample contained a major band at =80 kDa. Lower
molecular mass contaminants of =67 kDa in types 1 and 2 and
50 kDa in type 3 were apparent. Antibodies prepared to the
protein kinase C bands react relatively poorly with these
lower molecular mass bands (see below). Therefore, we
cannot address the possibility that these bands represent
protein kinase C fragments such as protein kinase M (12).
Immunochemical Characterization of Protein Kinase C
Types. The immunoreactivity of each type of protein kinase
C with antibodies prepared to type 3 protein Kinase C is
shown in Fig. 3A. A strong reaction was observed with 1 pmol
of type 3. In contrast, the reaction with 10 pmol of types 1 and
2 was barely detectable. Similarly, antibodies prepared to
type 2 protein kinase C were highly specific for type 2 as
compared with types 1 and 3 (Fig. 3B). The production of
type-specific antibodies to proteins that have similar enzy-
matic and binding properties suggests that they are related
but not identical polypeptides. The fact that they each have
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F1G. 3. Immunoreactivity of three types of protein kinase C. The
indicated amounts of each isoform were electrophoresed through a
7.5% NaDodSO,/polyacrylamide gel. The specific activity of each
sample was approximately 10 pmol of [*H]PBt, per ug of protein.
Proteins were electrophoretically transferred to nitrocellulose.
Immunoreactivity with antisera prepared to type 3 protein kinase C
(1:100 dilution) (A) or type 2 protein kinase C (1:100 dilution) (B) was
assessed using rabbit anti-goat IgG, which was coupled to horserad-
ish peroxidase. Numbers on left refer to molecular mass (in kDa) of
standard proteins.
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F1G. 4. Double-reciprocal plots of PtdSer requirement for kinase
activity at saturating Ca?*. Kinase activity of each isoform (16 ng)
was assayed under standard assay conditions in the presence of 1 mM
EGTA/1.2 mM Ca?*. PtdSer concentrations were varied from 0.2 to
3 ug/ml. Lines drawn are linear regressions. Data are from one
experiment in which assays were done in duplicate. Data are
representative of at least two experiments using at least two different
preparations of each isoform. @, Activity in the presence of 200 nM
PBt,; @, activity in the absence of PBt,.

an apparent molecular mass of 80 kDa argues against attrib-
uting the lack of cross-reactivity to proteolytic loss of an
antigenic epitope or to some other type of posttranslational
modification.

Biochemical Characterization of Three Types of Protein
Kinase C. The Ca?*/PtdSer requirements for the three types
of protein kinase C were determined to test whether the
associated kinase activities may be regulated differently.
Protein kinase C activity is sensitive to Ca2*, phospholipid,
and diacylglycerol or phorbol ester. For example, the Ca2*
requirement is modified by the PtdSer concentration used in
the assay and vice versa. Diacylglycerol and PBt, decrease
both the Ca?* and PtdSer requirements (13, 14). In order to
identify differences among the protein kinase C activities,
assay conditions were systematically varied. First, the con-
centration dependence for PtdSer was measured either at
saturating Ca?* (1.0 mM EGTA/1.2 mM Ca?*) or limiting

Proc. Natl. Acad. Sci. USA 84 (1987)

Table 2. PtdSer dependence of protein kinase C activity at
saturating Ca?*

Protein Kmv F'g/ ml Vmax

kinase C - PBt2 + PBtz - PBtz + PBI;
Typel 0.58 =0.15 0.30 +0.10 3380 + 808 3440 * 1140
Type2 19 =032 1.6 +037 3710+ 153 3580 = 540
Type3 1.7 =01 040=+02 4370 = 130 4780 = 500

Data are from experiments performed as described in the legend to
Fig. 4. All values are means + SEM and were determined in at least
two different protein kinase preparations. For all the K, determi-
nations and the V,, determination for type 3 protein kinase C
without PBt,, n = 3. For all other determinations, n = 4. PBt,
significantly decreased the K, for types 1 and 3 (P < 0.05) only. For
each type of protein kinase, PBt, did not significantly increase Viax.
The Vn.x values, with or without PBt,, for each type of protein kinase
C were not significantly different from one another. Statistical
comparisons were by one-way analysis of variance.

Ca?* (1.0 mM EGTA/0.6 mM Ca?*). The limiting Ca®*
condition was calculated to produce a free Ca>* concentra-
tion of ~200 nM Ca?* using published activity coefficients
(15). Double-reciprocal plots for each protein kinase C type
under excess Ca’* conditions are shown in Fig. 4. In each
case the plots were linear. Addition of PBt; did not increase
the apparent V., but did modestly decrease the K for
PtdSer for types 1 and 3 (P < 0.05) (Table 2). The K, for
PtdSer for type 2 in the presence of PBt, was relatively higher
than for types 1 and 3 (P < 0.05). -

Under conditions of limiting Ca?*, the dependence of
protein kinase C activity on PBt, was more apparent. The
saturation curves emphasize the differences (Fig. 5). Under
these conditions, type 3 activity was highly dependent on
added PBt,. In contrast, type 1 activity was stimulated =~30%
by PBt,. Type 2 was intermediate between types 1 and 3. The
kinetic constants were estimated by double-reciprocal plots
of data obtained by using 20-200 ug of PtdSer per ml and are
summarized in Table 3. For each form, limiting Ca?* condi-
tions caused a 100-fold increase in the K, for PtdSer as
compared with the higher Ca?* conditions (Table 2). Under
the limiting Ca?* assay conditions, PBt, did not significantly
decrease the apparent K, values for PtdSer. PBt, significant-
ly increased V.. for each type of protein kinase C under
these assay conditions (P < 0.05). The Vp,, value for type 1
was significantly larger than the V., for types 2 and 3 in both
the absence and presence of added PBt, (P < 0.05 in all
cases).

The quantitative differences in Ca?* and PBt, effects on
Vmax are summarized in Table 4. On the left, the effect of PBt;
on the activities is compared. PBt, did not affect V,,x under
the high Ca?* assay conditions. Under low Ca?* conditions,
PBt; increased V.4 for type 3 more than it did for types 1 and
2. The right-hand side of the table compares the effect of Ca?*
on the activities. For type 1, Ca?* increased the activity
1.4-fold in the absence of PBt,. Addition of PBt, under the
low Ca?* conditions increased V. to the level measured in
the presence of excess Ca?*. In the case of type 3, Ca®*
increased V. 14-fold in the absence of PBt,. In the presence
of PBt,, an effect of Ca2* was still observed, although it was
much smaller (3.3-fold). Therefore, PBt, could not entirely
compensate for the decreased Ca?* as was the case for type
1 activity. Type 2 lies between types 1 and 3 with respect to
these parameters.

The activities were also compared with respect to the
amount of Ca’* required for maximal protein kinase C
activity. For the purpose of illustrating differences among the
protein kinase C types, a PtdSer concentration of 40 ug/ml
was found to be suitable (Fig. 6). In each case, maximal
activity in the absence of PBt, was achieved with 0.8—-0.9 mM
Ca?* and 1 mM EGTA. Under these assay conditions, PBt,
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FiG. 5. PtdSer concentration dependence for kinase activity at
limiting Ca®*. Kinase activity of each isoform (16-50 ng) was assayed
under standard assay conditions in the presence of 1 mM EGTA/0.6
mM Ca?*. Data are from one experiment in which kinase activity was
determined in duplicate. Data are representative of at least two
experiments, which included assays of a different preparation of each
isoform. =, Activity in the presence of 200 nm PBt,; , activity in the
absence of PBt,.

Table 3. PtdSer dependence of protein kinase C activity at
limiting Ca?*

Protein Kmv /"Lg/ml Vmax

kinase C - PBt, + PBt, - PBt, + PBt,
Type 1 58 = 12* 72 £ 21 1960 * 3187 3830 + 450%
Type 2 133 + 39% 131 = 407 997 + 129* 2390 + 179*
Type 3 90 + 25% 44 = 1% 426 + 103* 1470 * 220*

Data are from experiments performed as described in the legend to
Fig. S. All values are means = SEM and were determined in at least
two separate protein kinase C preparations. For each type of protein
kinase C, no statistically significant difference in K,, values was
noted with or without PBt,.
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Table 4. Quantitative differences in Ca’>* and PBt, effects
on Vi

Vmax (+ PB[Z)/
Vmax (_ PBt‘.’)

Vimax (high Ca **)/
Vimax (low Ca®*)

Protein

kinase C Low Ca?* High Ca®* — PBt, + PBt,
Type 1 1.8* 0.9 1.4 1.0
Type 2 2.6* 0.9 6.3* 1.5%
Type 3 3.5% 0.9 13.8* 3.3%

Data are from double-reciprocal plots of two separate preparations
of each isoform. For each preparation, the double-reciprocal plots
were reproduced two or three times. Statistical comparisons were by
one-way analysis of variance.

*P < 0.05.
P < 0.01.
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Fic. 6. Ca*-concentration dependence of kinase activity in the
presence or absence of PBt,. Kinase activity of each isoform (16 ng)
was assayed under standard assay conditions in the presence of 40
ug of PtdSer per ml, 1 mM EGTA, and Ca?* concentrations as
indicated. Data shown are for two separate preparations of each
isoform, each of which was assayed in duplicate. & and =, activity in
the absence of PBt,; @ and ¢, activity in the presence of 200 nm PBt,.
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did not substantially decrease the Ca?* requirement; how-
ever, when assayed with lower PtdSer concentrations, an
effect of PBt, on decreasing the Ca?* requirement was
observed for each protein kinase C type (data not shown).
The most striking difference among the three protein kinase
C types was the level of activity measured with excess EGTA
versus higher Ca?*. In each case, the activities measured
with excess EGTA were still PtdSer-dependent and, there-
fore, are not considered to be due to independent kinase
activity. In the absence of PBt,, Ca?* increased the activity
of type 1 protein kinase C =~5-fold. The effect of Ca?* was
larger for type 2 (=10-fold) and type 3 (15- to 20-fold). At 1
mM EGTA and 0.3 mM Ca?*, PBt, increased the activity of
each type of protein kinase C; however, the percentage of
maximal activity achieved was in the order type 1 > type 2
> type 3.

DISCUSSION

Recent evidence from several laboratories has demonstrated
that there is a family of protein kinase C genes (1-4).
Comparison of the genes indicates that the coded proteins are
homologous but that structural differences in the variable
regions may account for biochemical differences among the
coded proteins. These biochemical differences may provide
the basis for type-specific stimulus-response coupling in
vivo. Differences in potential Ca?* binding regions among the
three bovine clones have already been described (1). This
result presents the strong possibility that the coded proteins
may have distinct Ca?*-regulatory features. This would help
to explain some of the difficulties encountered in defining the
relationship between protein kinase C activation by diacyl-
glycerol or phorbol esters and the required level of cytosolic
Ca?*. In some cases, phorbol ester action can be demon-
strated with vanishingly small Ca?* concentrations (5), per-
haps due to a type 1-like protein kinase C activity. Results of
other experiments indicate that protein kinase C is a Ca?*
dependent enzyme and that cytosohc Ca?* levels are re-
quired to support the activity in the presence of diacylglyc-
erol or phorbol esters (6). These responses seem more similar
to a type 3 protein kinase C activity. The identification of
specific Ca’* requirements for the three isoforms is an
important clue for sorting out the relationship between
cytosolic Ca?* levels and protein kinase C activation.

At present, the evidence that the three proteins from rabbit
brain represent different gene products is based on the
production of protein kinase C type-specific antibodies.
Separation of three protein kinase C types from rat brain
cytosol by using hydroxylapatite has also been reported
recently (16). Evidence that these are isozymes was based on
the identification of unique autophosphorylated peptides and
the production of type-specific monoclonal antibodies. The
presence of doublets in our type 1 preparation may also

Proc. Natl. Acad. Sci. USA 84 (1987)

suggest additional protein kinase C heterogeneity. Sequence
analysis is required to define unique primary sequences and
to determine the relationship between these proteins and
genes that have already been cloned. In collaboration with
Karen Leach (Upjohn), we have recently produced several
monoclonal antibodies against each protein kinase C type.
These will be valuable for structure-function analysis of
protein kinase C types and will help in identifying sequences
that are involved in regulation by Ca?*, PtdSer, and PBt,.
In conclusion, these results document biochemical differ-
ences among the protein kinase C activities associated with
three apparently different proteins. The three enzymes also
differ in [*H]PBt, binding properties (unpublished results).
The differences in enzymatic activity bear out the predictions
from analyses of the isolated genes, which suggest that
type-specific sequences may result in type-specific biochem-
ical properties. The knowledge obtained from these biochem-
ical analyses must be applied to cell culture model systems in
order to fully address the functional significance of the
observed biochemical differences among protein kinase C

types.

We would like to thank Drs. Karen Leach and James Stevens for
critical readings of this manuscript.
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