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Background: Protein kinase Cs are a family of enzymes
that transduce the plethora of signals promoting lipid
hydrolysis. Here, we show that protein kinase C must first
be processed by three distinct phosphorylations before it
is competent to respond to second messengers.
Results: We have identified the positions and functions
of the in vivo phosphorylation sites of protein kinase C by
mass spectrometry and peptide sequencing of native and
phosphatase-treated kinase from the detergent-soluble
fraction of cells. Specifically, the threonine at position 500
(T500) on the activation loop, and T641 and S660 on the
carboxyl terminus of protein kinase C 311 are phos-
phorylated in vivo. T500 and S660 are selectively de-
phosphorylated in vitro by protein phosphatase 2A to yield
an enzyme that is still capable of lipid-dependent
activation, whereas all three residues are dephosphory-
lated by protein phosphatase 1 to yield an inactive
enzyme. Biochemical analysis reveals that protein kinase

C autophosphorylates on S660, that autophosphorylation
on S660 follows T641 autophosphorylation, that auto-
phosphorylation on S660 is accompanied by the release of
protein kinase C into the cytosol, and that T500 is not an
autophosphorylation site.
Conclusions: Structural and biochemical analyses of
native and phosphatase-treated protein kinase C indicate
that protein kinase C is processed by three phosphoryla-
tions. Firstly, trans-phosphorylation on the activation
loop (T500) renders it catalytically competent to auto-
phosphorylate. Secondly, a subsequent autophosphoryla-
tion on the carboxyl terminus (T641) maintains catalytic
competence. Thirdly, a second autophosphorylation on
the carboxyl terminus (S660) regulates the enzyme's sub-
cellular localization. The conservation of each of these
residues (or an acidic residue) in conventional, novel and
atypical protein kinase Cs underscores the essential role
for each in regulating the protein kinase C family.
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Background

Phosphorylation plays a central role in regulating the
structure and function of protein kinases [1]. Since the
discovery almost 40 years ago that phosphorylase kinase is
activated by phosphorylation [2], a plethora of kinases
have been shown to be modulated by phosphorylation.
Elucidation of the kinase architecture [3] revealed the
structural basis for one of these phosphorylations: first
protein kinase A, and then cdk2 kinase, MAP kinase and
the insulin receptor kinase were shown to have a loop
near the entrance to the catalytic site whose phosphoryla-
tion was required for catalytic activity [3-6]. Biochemical
and structural information have indicated that electrostatic
interactions between the negative charge on the activation
loop and the residues around the active site correctly align
the residues that are involved in catalysis [1].

Protein kinase Cs are a family of kinases that transduce
signals promoting lipid hydrolysis [7]. Pulse-chase experi-
ments by Fabbro and coworkers [8] provided the first indi-
cation that protein kinase Cs are phosphorylated in vivo.
They reported that protein kinase C a is first synthesized
as an inactive, dephosphorylated precursor with an appar-
ent molecular weight of 74 kDa, which is chased to a
transient 77 kDa phospho-form and then to a final
80 kDa 'mature' form. Threonine-to-alanine mutagenesis
[9] and molecular modeling based on the structure of the

catalytic domain of protein kinase A [10] identified the
activation loop of protein kinase C as a likely candidate for
phosphorylation. Mutagenesis of the threonine at position
497 (T497) to alanine in protein kinase C ax [11], and of
the corresponding T500 to valine in protein kinase C 3II
[10], resulted in inactive kinase, whereas the replacement
of T500 with glutamate in protein kinase C 3II resulted in
cofactor-activatable enzyme [10]. These results confirm
the importance of negative charge at this specific position
on the activation loop. (Mutation of the neighbouring
T495 to glutamate in protein kinase C x resulted in
detectable, but low (< 2 % of the mammalian-expressed
wild-type enzyme) activity of bacterially-expressed en-
zyme [11].) However, at least one other phosphorylation
was indicated from the pulse-chase experiments [8], and
from peptide sequencing which had revealed that T641
on the carboxyl terminus is phosphorylated in vivo [12].

Most recently, differential dephosphorylation by the
catalytic subunits of protein phosphatases 1 (PP1) and 2A
(PP2A) has supported the modification of protein kinase
C on at least two positions [13]. PP1 dephosphorylates
protein kinase C to yield an inactive protein that has a
significant increase in electrophoretic mobility relative to
the native enzyme. PP2A dephosphorylates protein
kinase C to yield a protein that displays a smaller increase
in electrophoretic mobility and that can re-autophos-
phorylate to regain its native mobility.
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This contribution reveals that protein kinase C is
regulated by three functionally distinct phosphorylations
in vivo. We show that T500 on the activation loop, and
T641 and S660 on the carboxyl terminus, are phos-
phorylated on protein kinase C [3II from the detergent-
soluble fraction of cells. The analysis of phosphatase-
treated samples reveals that PP1 dephosphorylates all
three residues, whereas PP2A dephosphorylates only
T500 and S660. Using an antibody that selectively recog-
nizes enzyme dephosphorylated at S660, we show that
S660 is an autophosphorylation site. Modification of this
residue follows autophosphorylation on T641, and is
accompanied by the release of protein kinase C into the
cytosol. In addition, we show that T500 is not an auto-
phosphorylation site.

Based on these results, and on the other biochemical data
[8-13], we present a model for the function of each
phosphorylation site. Newly synthesized protein kinase
C, localized to a detergent-insoluble fraction, is phos-
phorylated by another kinase on T500 on the activation
loop. This phosphorylation renders the kinase catalyti-
cally competent and allows a critical autophosphorylation
on T641, replacing the requirement for negative charge
at the activation loop. Finally, autophosphorylation on
S660 releases the kinase into the cytosol, where it is
ready to respond to lipid second messengers. Importantly,
each phosphorylation motif is found in a number of
other kinases, suggesting key roles in the regulation of
the function or subcellular localization of the protein
kinase superfamily.

Results and discussion

Identification of residues phosphorylated on mature protein
kinase C
Rat protein kinase C 3II, expressed in baculovirus and
purified to homogeneity from the detergent-soluble cel-
lular fraction, migrated as a single band on SDS polyacry-
lamide gel electrophoresis (PAGE) with an apparent
molecular weight of 80 kDa. The enzyme was dephos-
phorylated with PP1 or PP2A, and native (untreated) and
dephosphorylated protein were analyzed by SDS-PAGE,
electrophoretically transferred to polyvinylidene difluo-
ride (PVDF) membrane and digested with trypsin; the
tryptic fragments were separated by reverse-phase high-
performance liquid chromatography (HPLC). Figure la
shows a typical chromatogram for native protein kinase C,
which was compared to chromatograms of the two phos-
phatase-treated samples to distinguish peaks whose elu-
tion time had shifted as a result of dephosphorylation
(Fig. lb,c). The absolute retention times varied slightly
for each run. Thus, in comparing native and phosphatase-
treated samples, we looked for peaks whose position had
shifted relative to other peaks in the same sample.

The identification of the peak that contained T500 from
the activation loop was helped by the presence of tyrosine
in the corresponding peptide, which was monitored by
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the absorbance at 277 nm. Two peaks were identified
whose elution time increased by approximately 2 minutes
in phosphatase-treated samples (peaks 1' and 2'; Fig. lb);
one peak was identified whose elution time decreased by
10 minutes (peak 3'; Fig. lb). Each of these peaks from
the native and phosphatase-treated samples was analyzed
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Fig. 1. Identification of phosphopeptides in native protein kinase
C by comparison with peptides from phosphatase-treated
enzyme. (a) Chromatogram of tryptic digest of native protein
kinase C ll3. Indicated peaks correspond to peptides containing
phosphorylated T641 (peak 1), phosphorylated T500 (peak 2),
and phosphorylated S660 (peak 3). (b) Chromatogram of tryptic
digest of PP1-treated protein kinase C [311. Peaks 1', 2' and 3'
contain the peptides corresponding to dephosphorylated peaks
1, 2 and 3, respectively. (c) Chromatogram of tryptic digest of
PP2A-treated protein kinase C [311. Peaks 2' and 3' contain the
peptides corresponding to dephosphorylated peaks 2 and 3,
respectively. Upper trace represents the absorbance at 210 nm;
lower trace represents the absorbance at 277 nm.
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by mass spectrometry to obtain the mass, and by Edman
degradation (phosphorylated residues appear as blanks in
this analysis) or tandem mass spectrometry to obtain the
amino-acid sequence. In cases where the mass was consis-
tent with the peptide being phosphorylated, the exact
mass was confirmed by elecrospray mass spectroscopy
(ES-MS).

Table 1 summarizes the data from the analysis of the
three peptides that contained residues phosphorylated in
vivo: peak 1 contained the tryptic peptide H636-R649
and was phosphorylated on T641; peak 2 contained the
tryptic peptide T500-K520 and was phosphorylated on
T500 (activation loop); peak 3 contained the tryptic pep-
tide N650-K672 and was phosphorylated on S660. The
masses of peptides in peaks 1, 2 and 3 were 80, 86 and
80 Da greater than the predicted mass, respectively,
which is consistent with the addition of one mole of
phosphate per mole of peptide. The phosphate on T500
on the activation loop confirms the importance of a
negative charge at this position, as indicated by mutagen-
esis studies [10]. The finding of phosphate on T641 on
the carboxyl terminus is consistent with a report by Flint
et al. [12], which showed that protein kinase C only
weakly autophosphorylates at this position in vitro
because the purified protein is already modified at this
position. In addition, the mass spectrometry results
revealed that protein kinase C is phosphorylated on a
previously undescribed position in vivo - S660.

Peaks 1 and 3 each contained a single peptide. In contrast,
mass-spectrometric analysis of peak 2 revealed one major
peak (which was sequenced and was the phosphorylated
activation loop peptide), a peptide whose mass was 80 Da
less (2433.6; data not shown), and several other minor
peaks. The ratio of phosphorylated to dephosphorylated
activation-loop peptide was 6:4. A similar ratio (7:3) was
obtained upon a second separate analysis of protein kinase
C 3II. Mass-spectrometric and sequencing analyses of
corresponding peptides in protein kinase C a isolated
from bovine retinas (cytosolic fraction) revealed that T497

(T500 equivalent) was approximately 60 % phosphory-
lated, that T638 (T641 equivalent) was greater than 90 %
phosphorylated, and that S657 (S660 equivalent) was
greater than 80 % phosphorylated (data not shown).
Because the protein kinase C ot sample was digested with
endoproteinase Lys-C, we were able to determine that
T494 and T495, also on the activation loop, were not sig-
nificantly phosphorylated (> 70 % of residues were recov-
ered in Edman degradation). Thus, protein kinase C from
the detergent-soluble (II) or cytosolic () fraction,
expressed in insect cells or purified from mammalian tis-
sue, is approximately 60 % phosphorylated on the activa-
tion loop and fully (see below) phosphorylated on two
sites on the carboxyl terminus.

It is possible that protein kinase C is phosphorylated, in
vivo, on sites additional to the three identified above.
However, recent mass-spectrometric analysis of tryptic
peptides that encompass > 90 % of the sequence of
protein kinase C 3II did not uncover any other phospho-
rylation sites. Rather, Koshland and coworkers [14] iden-
tified three complete, and one partial, tryptic peptides
containing the three phosphorylated residues that we
have identified precisely. It is unlikely, therefore, that
there are additional in vivo phosphorylation sites on
protein kinase C 3II in non-stimulated cells.

Identification of residues dephosphorylated by phosphatases
The analysis of the corresponding peaks in phosphatase-
treated samples enabled us to identify which amino acids
are substrates for each phosphatase. Table 1 shows that
the peptides identified in peaks 1, 2 and 3 were
dephosphorylated after protein kinase C was treated with
PP1. The mass for the peak 1 peptide was within 0.4 Da
of that predicted for the non-phosphorylated peptide,
and sequencing by tandem mass spectrometry revealed
that T641 was not modified. The mass for the peak 2
peptide was within 4 Da of that predicted for the
dephosphorylated peptide; Edman degradation detected
T500, indicating that it was not modified (the sequence
of this peptide was terminated after T504 because it was
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Fig. 2. Protein kinase C is phosphorylated at three sites in vivo. Primary structure of protein kinase C, showing conserved domains
C1-C4 (for review see [26]), the sites on ll phosphorylated in vivo (T500, T641 and S660), and the sites dephosphorylated by PP1 and
PP2A in vitro. The effects of dephosphorylation on the enzyme's electrophoretic mobility (apparent change in molecular weight) and
enzymatic activity are described. Below the primary structure is a comparison of the amino-acid sequences of rat protein kinase C 311
[27] with other protein kinase Cs, showing in bold the invariant threonine on the activation loop (T500 in protein kinase C ll; green),
and the conserved hydroxyl-containing or acidic residues on the carboxyl terminus (T641 (red) and S660 (blue) in protein kinase C 311).
Sequences used in the alignment are: human a, E, , ', 0 and L; rat -y and 8 [28]; rat PI [27]; mouse X [29]; human L [30]; Drosophila (d)
eye [31]. Amino-acid residue numbers are indicated to the left of the sequences.

clear from the mass that there were no additional
modifications past this residue; the entire peptide had
been sequenced in native protein kinase C, and T500 and
C502 were the only residues that were not detected).

Interestingly, the mass for the peak 3 peptide was 1639.7
- considerably less than that predicted or that observed
for the phosphopeptide of native enzyme. Sequencing of
this peak revealed that, in contrast to native protein
kinase C, it was not phosphorylated on S660. Curiously,
it was truncated at N663, which accounted for the
decreased mass. Given the ability of aspartate to cause the
cleavage of a peptide chain (following a reaction with an
adjacent backbone amide to form a cyclic succinimidyl
derivative), it is possible that the asparagine was de-ami-
dated and then cleaved. If this was the case, the reaction
was inhibited when S660 was phosphorylated, perhaps
because of a different conformation of the peptide chain.
In summary, mass and amino-acid analysis were both
consistent with PP1 dephosphorylating protein kinase C
on all three residues phosphorylated in vivo.

PP2A-treated protein kinase C was dephosphorylated on
two of the three sites. Peak 1 contained a phospho-
peptide; its mass was within 2 Da of the corresponding

(phosphorylated) peptide from native enzyme, and
Edman degradation revealed that T641 was modified.
The peptide in peak 2 had a mass that was 75 Da less
than the mass of the corresponding peptide from the
native enzyme and was consistent with that for the
dephosphorylated peptide; the sequencing of this peak
indicated that T500 was not phosphorylated. Peak 3
peptide had a mass that was consistent with truncation at
N663 and dephosphorylation, as had been observed for
the PP1-treated enzyme. Edman degradation confirmed
the truncation and the presence of unmodified S660.
Thus, PP2A dephosphorylated protein kinase C on T500
and S660, but not on T641. These results are
summarized in Figure 2.

The differential dephosphorylation of protein kinase C by
the two phosphatases is consistent with the different elec-
trophoretic mobilities of PP1- and PP2A-treated protein
kinase C. The removal of phosphates from T500, T641
and S660 by PP1 causes an increase in electrophoretic
mobility that is equivalent to 4 kDa; the removal of T500
and S660 by PP2A causes a smaller increase in elec-
trophoretic mobility that is equivalent to 2 kDa [13] (Fig.
2). The finding that approximately 40% of native protein
kinase C is not phosphorylated on T500, yet the enzyme
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migrates as a single band (80 kDa) on SDS-PAGE, reveals
that the phosphorylation on T500 does not influence the
electrophoretic mobility of protein kinase C.

The identification of equivalent phosphorylation sites on
protein kinase C expressed in baculovirus and protein
kinase C from bovine tissue indicates that the recombi-
nant protein undergoes the same processing as the
endogenous enzyme in its native environment. Further-
more, PP1 and PP2A have the same effect on the elec-
trophoretic mobility and activity of protein kinase C
from rat brain or from baculovirus [13].

Mechanism of activation loop phosphorylation
In order to determine whether T500 is autophosphory-
lated, protein kinase C was incubated with [32 P]-ATP
under in vitro conditions that promote maximal autophos-
phorylation and then treated with endoproteinase Lys-C,
which cleaves protein kinase C 3II at K320 (L.M.K. and
A.C.N., unpublished observations). Importantly, this
cleavage site is carboxy-terminal to the major in vitro
autophosphorylation sites in the regulatory domain (S16
and T17) and in the hinge region (T314) [12]. Under the
conditions of our assays, no significant autophosphoryla-
tion on T324 was observed, although autophosphory-
lation on this position has been reported [12].

Fig. 3. Protein kinase C does not autophosphorylate on T500.
Protein kinase C (10 nM) was maximally autophosphorylated, as
described in Materials and methods, and then treated with endo-
proteinase Lys-C (0.3 U ml-1) for the indicated times. Samples
were analyzed by SDS-PAGE (8 %) followed by autoradiography.
The positions of native protein kinase C and the proteolytically-
generated catalytic and regulatory domains are indicated.

Figure 3 shows that the cleaved regulatory domain was
labelled with 32 , but that no detectable label was
associated with the catalytic domain. Silver-stain analysis
revealed that, after 120 minutes of proteolysis, although
approximately the same molar amount of cleaved cat-
alytic domain was present as starting intact enzyme, less
than 2 % of the radioactivity was associated with this
domain. No phosphorylation of the catalytic domain was
observed whether the assay contained phosphatidylserine
and diacyglycerol dispersed in detergent micelles (Fig. 3)
or presented as sonicated lipid vesicles (data not shown).
Thus, even though mass spectrometry established that
approximately half the enzyme had no phosphate on
position 500, the pure protein was not able to incorpor-
ate phosphate at this position. This would suggest that
another kinase phosphorylates protein kinase C on its
activation loop.

Mechanism and order of carboxy-terminal phosphorylations
The differential recognition of enzyme dephosphory-
lated on S660 by an antibody generated against a car-
boxy-terminal peptide of protein kinase C 13II (residues
645-673) allowed the characterization of the phosphory-
lation on S660. Figure 4a shows a western blot of equal
amounts of pure protein kinase C 13II treated with or
without PP1 or PP2A, and then probed with an anti-
body against the catalytic domain that recognizes both
dephosphorylated and fully phosphorylated protein
kinase C (a silver stain of the samples in Fig. 4 confirmed
that equal amounts of protein were present in all lanes).

Fig. 4. An antibody directed against a carboxy-terminal peptide
of protein kinase C 311 selectively recognizes protein kinase C
dephosphorylated on S660. (a) Western blot of native (lane 1),
PP1-treated (lane 2), or PP2A-treated (lane 3) protein kinase C 1311
labelled with a polyclonal antibody against the bacterially-
expressed catalytic domain. A silver stain confirmed that equal
amounts of protein were present in all lanes (data not shown).
Protein was analyzed on a 7 % polyacrylamide gel; 97 kDa and
66 kDa molecular weight standards are indicated. (b) The same
blot shown in (a), reprobed with a polyclonal antibody directed
against residues 645-673 of protein kinase C 311.



Phosphorylation of protein kinase C Keranen et al.

201

o

0 ._U

._ a-

> C
10 O

O
O

0
0 20 40 60

Time (min)
80 100

Fig. 5. Protein kinase C autophosphorylates on S660. Protein
kinase C ll was incubated with or without PP2A (3 U ml- l, 45
min at 22 C) to dephosphorylate position 660, and was then
incubated with ATP (50 1±M) and MgCI2 (5 mM) in the presence
of Ca2 + (350 lM), phosphatidylserine (200 p.M), diacylglycerol
(5 RiM) and microcystin (3 RIM) for the indicated times. Samples
were analyzed by SDS-PAGE (7 %), electrophoretically
transferred to nitrocellulose, and probed with the antibody
directed against residues 645-673 of protein kinase C 311. Data
are presented as the amount of immunoreactivity of the
phosphatase-treated sample relative to that of sample treated
identically except that phosphatase was absent in the initial
incubation (native).

When the same blot was stripped and reprobed with the
antibody directed against the carboxy-terminal peptide,
the dephosphorylated bands were labelled preferentially
(Fig. 4b). Densitometric analysis of blots from three
separate experiments revealed that the antibody reacted
15-times more strongly with the phosphata'se-treated
samples than with the native enzyme. This antibody, spe-
cific to the carboxyl terminus, therefore provides a tool
to determine the phosphorylation state of S660. It
should be noted that the use of antibodies directed
against the carboxyl terminus of protein kinase C is
wide-spread (for example, [11]), and that a re-evaluation
of results may be warranted as this carboxy-terminal
phosphorylation site is conserved in all isozymes except
5 and , which have a glutamate at the corresponding
position (Fig. 2).

We have shown previously that protein kinase C
dephosphorylated by PP2A can re-autophosphorylate
and regain native mobility upon incubation with ATP
[13]. Western-blot analysis revealed that the antibody
specific to the carboxyl terminus had a markedly reduced
affinity for this re-autophosphorylated form compared
with the dephosphorylated, faster-migrating form (Fig.
5). This result establishes that S660 is an autophosphory-
lation site, as would be predicted from the increase in
electrophoretic mobility that accompanies autophos-
phorylation of PP2A-treated enzyme. Thus, both T641
[12] and S660 are autophosphorylation sites.

To determine the order of the two carboxy-terminal auto-
phosphorylations, we examined the subcellular fractions of
Sf-9 cells expressing protein kinase C 13II. Western-blot
analysis showed that two faster-migrating forms of protein
kinase C were present in the detergent-insoluble fraction,
whereas only the mature 80 kDa form was present in the
detergent-soluble fraction (Fig. 6a). (Note that mass-spec-
trometric analysis of this 80 kDa soluble form revealed that
it is quantitatively phosphorylated on the two carboxy-ter-
minal sites.) The faster-migrating forms co-migrated with
enzyme treated with PP2A (intermediate-migrating
species; phosphate on T641) and PP1 (fastest-migrating
species; no phosphates). The faster-migrating forms were
shown not to be proteolytic products of native protein
kinase C, because they were recognized both by the anti-
body directed against the carboxyl terminus (see below)
and by a polyclonal antibody whose epitope lies within
the first 18 amino acids of protein kinase C 3II (L.M.K.
and A.C.N., unpublished observations).

Figure 6b shows that both faster-migrating forms were
labelled preferentially by the antibody against the
carboxyl terminus relative to the antibody against the
catalytic domain (which does not discriminate between
the phosphorylated forms). This result indicates that
neither the 76 kDa nor the 78 kDa precursor form is
phosphorylated on S660. Phosphorylation on S660 must

Fig. 6. Phosphorylation on S660 correlates with the release of
protein kinase C from the detergent-insoluble fraction of cells.
Western blot of subcellular fractions of Sf-9 cells expressing pro-
tein kinase C ll11, lysed in buffer containing 0.2 % Triton X-100:
whole cell lysate (lane 1), detergent-soluble fraction (lane 2), and
detergent-insoluble fraction (lane 3). (a) Western blot probed
with an antibody against the catalytic domain that reacts equally
with dephosphorylated and fully phosphorylated protein kinase
C. Protein was analyzed on a 7 % polyacrylamide gel; 97 kDa
and 66 kDa molecular weight standards are indicated. (b) Same
blot shown in (a), reprobed with a polyclonal antibody against
residues 645-673 of protein kinase C Ill that preferentially
recognizes enzyme with no phosphate on S660 (see Fig. 4). Note
that both faster-migrating forms in the detergent-insoluble frac-
tion are preferentially labelled by this antibody. Mature (80 kDa)
protein kinase C is indicated with 'M'; faster-migrating forms
(78 kDa and 76 kDa) are indicated with asterisks.
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therefore follow phosphorylation on T641 - the fastest-
migrating form has either no phosphates or one phos-
phate on T500 (this phosphorylation does not alter the
electrophoretic mobility of the protein), and the inter-
mediate form is phosphorylated on T641 (causing the
first shift in electrophoretic mobility) and presumably on
T500. This order of phosphorylation is consistent with
the electrophoretic mobility shifts reported by Fabbro
and coworkers [8], who noted that the fastest-migrating
form was chased to the intermediate-migrating form and
then to the mature form. In summary, these data reveal
that neither of the two faster-migrating precursor forms
has phosphate on position 660.

Figure 6 also shows that phosphorylation on S660 is
accompanied by the release of protein kinase C from the
detergent-insoluble cell fraction into the cytosol. The
two faster-migrating forms are not phosphorylated on
S660 and partition with the detergent-insoluble fraction,
whereas the mature form is quantitatively phosphorylated
on S660 and partitions in the detergent-soluble fraction.
Lysis without detergent confirmed that the 80 kDa form
partitioned in the cytosol. Consistent with this, two
faster-migrating forms associate with cytoskeletal, but
not detergent-soluble, fractions from bovine retinas [15].

Our data are consistent with phosphorylation on S660
regulating the subcellular localization of protein kinase C.
Alternatively, the correlation between phosphorylation
and localization could be coincidental. For example, the
protein kinase C that is bound to the detergent-insoluble
fraction could be a substrate for a cytoskeletal-associated
phosphatase with specificity for S660 - whenever
mature enzyme bound the cytoskeleton, it would
become dephosphorylated. However, this would seem
unlikely as pulse-chase experiments have established that
the faster-migrating forms are chased to the mature
80 kDa form. In particular, the faster-migrating species
do not reappear after formation of the mature enzyme,
even after stimulation with phorbol esters [8].

Assignment of function to each phosphorylation
We have shown previously that PP1-treated protein kinase
C was inactive and could not re-autophosphorylate, even
in the presence of native protein kinase C [13]. This led
us to propose that PP1 dephosphorylated a residue that
was modified by a different kinase. A likely candidate was
position 500 on the activation loop, because mutagenesis
supported a requirement for negative charge at this posi-
tion for maximal activity [10]. How can this be reconciled
with the finding that the T500/S660 dephosphorylated
enzyme is active, whereas the T500/T641/S660 dephos-
phorylated enzyme is not? One possibility is that T641 is
the trans-phosphorylation site. However, this would be
inconsistent with the report by Flint et al. [12], who
showed that protein kinase C autophosphorylates on
T641 in vitro. Neither is the site likely to be S660, because
this is also an autophosphorylation site. A more likely
candidate is T500, which is not autophosphorylated by
protein kinase C in vitro (see Fig. 3).

Why is a negative charge on position 500 required for
expression of functional enzyme, but not required once
mature enzyme has been made? One explanation is that
trans-phosphorylation on the activation loop by another
kinase is essential to allow the critical autophosphoryla-
tion on T641 and then on S660. If so, it is the phosphate
on T641 that is critical for function, and when this is
removed (for example, by PP1) the enzyme is inactive.
However, T641 cannot be phosphorylated unless the
kinase has first been phosphorylated on the activation
loop; this phosphorylation of the activation loop might
correctly align residues for catalysis, or might place the
carboxyl terminus in a position for autophosphorylation.
When the phosphate on T500 is removed, the enzyme
may retain activity because the phosphate on T641 main-
tains the enzyme in a catalytically competent conforma-
tion. If this is the case, then mutants with non-phospho-
rylatable neutral residues at the activation loop may be
catalytically inactive [10,11] because T641 (or the equiv-
alent) has not been autophosphorylated. In this model,
therefore, trans-phosphorylation on T500 promotes
autophosphorylation on T641, but is not sufficient to
maintain catalytic competence alone.

The loss of enzymatic activity upon the dephosphoryla-
tion of T500, T641 and S660, but not upon the dephos-
phorylation of T500 and S660, suggests a key role for a
phosphate on T641 in maintaining an active conforma-
tion. Consistent with this, Bishop and coworkers [16]
reported that the mutation of T642 to alanine in protein
kinase C PI (corresponding to T641 in protein kinase C

1) resulted in an insoluble, inactive enzyme. Our results
would suggest that the mutant protein was insoluble
because it was catalytically incompetent and could not
autophosphorylate on S661 (corresponding to S660 in
protein kinase C II). The proximity of the carboxyl ter-
minus to the substrate-binding cavity, and its flexibility as
indicated by proteolytic sensitivity (L.M.K. and A.C.N.,
unpublished observations), suggest that this domain may
cover the substrate-binding cavity. Phosphorylation on
T641 may play a crucial role in anchoring the carboxyl
terminus away from the substrate-binding cavity.

Phosphatase experiments reveal that autophosphorylation
on S660 is not required for activity - PP2A-treated
enzyme displays the same Vmax towards substrate phos-
phorylation under conditions where the enzyme cannot
re-autophosphorylate on S660 [13]. Rather, phosphory-
lation at this position appears to regulate the subcellular
distribution of protein kinase C, as the protein kinase C
that is quantitatively phosphorylated on the two carboxy-
terminal positions partitions in the cytosol, whereas
protein that is not phosphorylated on S660 associates
with the detergent-insoluble fraction of cells.

Other kinases have similar phosphorylation motifs
The general importance of the activation loop and
carboxy-terminal phosphates is suggested by the high
degree of conservation of hydroxyl-containing residues at
these positions among protein kinase C isozymes; all
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conventional, novel and atypical protein kinase Cs have a
serine or threonine at these positions, except for a gluta-
mate at the equivalent of position 660 in protein kinase C
5 and (Fig. 2). Phosphorylation on the activation loop is
also central to the regulation of other serine/threonine
kinases [1] and tyrosine kinases [6]. In addition, the struc-
ture of protein kinase A provides a hint that at least one
of the carboxy-terminal phosphorylation sites in protein
kinase C may be conserved outside the protein kinase C
family. The in vivo phosphorylation site of protein kinase
A, S338 [17], is located at the very top of the ATP-bind-
ing lobe on a random coil that stretches from the lower
to upper lobe [3]; molecular modeling predicts that T641
in protein kinase C 3II would occupy an analogous posi-
tion at the top of the kinase [18]. As suggested above, it
is possible that phosphorylation on T641 prevents the
carboxy-terminal tail from blocking the active site.

The previously unknown autophosphorylation site on
S660 is also present in other kinases: the motif of a serine
surrounded by hydrophobic residues is present in kinases as
diverse as the G-protein-coupled receptor kinases [19] and
the S6 kinase family [20]. In the case of rhodopsin kinase,
autophosphorylation at this carboxy-terminal position
modulates the enzyme's substrate specificity [19], which is
consistent with phosphorylation at this motif regulating
macromolecular interactions. In the case of S6 kinase,
phosphorylation on the equivalent of S660 appears to reg-
ulate sensitivity to the immunosuppressant rapamycin [20].
In addition, at least one kinase is regulated by two func-
tionally distinct autophosphorylations on the carboxy-ter-
minal outskirts of the kinase core: Ca2 +/calmodulin-
dependent kinase II autophosphorylates on T286, which is
a similar distance in primary sequence from the kinase

core as T641, and is also regulated by phosphorylations on
T305 and S314, which have surrounding hydrophobic
residues similar to the environment of S660 [21,22].

A model for the regulation of protein kinase C by three
functionally distinct phosphorylations
Figure 7 presents a tentative model for the regulation of
protein kinase C by phosphorylation and by lipid second
messengers that is consistent with these and previously
published data. As demonstrated by pulse-chase experi-
ments, protein kinase C is first synthesized as an inactive
precursor that is associated with the detergent-insoluble
fraction of cells and that migrates with an electrophoretic
mobility 4 kDa less than the mature form (Fig. 6) [8].
Our data suggest that the enzyme is phosphorylated by a
putative protein kinase C kinase on its activation loop, as
protein kinase C cannot autophosphorylate at this posi-
tion (Fig. 3). The electrophoretic mobility of the enzyme
is unaffected by phosphorylation on T500 (the native-
migrating band in Fig. 4 is 40 % dephosphorylated on
T500). A.negative charge on the activation loop is likely
to align residues correctly for catalysis [1,9-11], and the
primary consequence is autophosphorylation on T641
[12]. This autophosphorylation causes the first shift in
electrophoretic mobility [8] - PP2A-treated enzyme,
which is phosphorylated only on T641, migrates with an
intermediate mobility relative to mature and completely
dephosphorylated enzyme (Fig. 4, lane 3), and co-
migrates with the intermediate-migrating form in the
detergent-insoluble fraction of cells, which is not phos-
phorylated on S660 (Fig. 6, lane 3). Phosphorylation on
T641 replaces the requirement for phosphate on the acti-
vation loop (PP2A-treated enzyme, with phosphate only
on T641, is fully activatable).

Fig. 7. A model, consistent with the
biochemical data, for the functions of
the three in vivo phosphorylation sites
of protein kinase C. Newly synthesized,
catalytically-incompetent protein kinase
C (yellow) associates with a detergent-
insoluble structure (light blue) [8]. The
enzyme is phosphorylated on T500
(green), on its activation loop, by a
putative protein kinase C kinase (PKC
kinase), which renders it catalytically
competent (protein kinase C does not
autophosphorylate on this position;
mutant protein kinase C with a negative
charge at this position is activatable
[10], whereas enzyme with neutral,
non-phosphorylatable residues at this
position is inactive [10,11]). The first
consequence of this trans-phosphoryla-
tion on T500 is autophosphorylation on
T641 (red) at the top of the catalytic
core; phosphate at this position replaces
the requirement for negative charge at
the activation loop (PP2A-treated enzyme, with phosphate only on T641, is fully activatable); a second autophosphorylation, on S660
(blue), releases mature protein kinase C into the cytosol (only the 80 kDa form, which is quantitatively phosphorylated on the two car-
boxy-terminal sites, is in the detergent-soluble fraction of cells; note that T500 is only partially phosphorylated in the mature form and
is not required for function once T641 is phosphorylated). The generation of diacylglycerol (black) results in membrane translocation,
interaction with phosphatidylserine (purple), pseudosubstrate (orange) release from the active site, and substrate phosphorylation (for
review see [26]). The apparent molecular weight of each form of protein kinase C is indicated above the protein; note that phosphory-
lation on T500 does not appear to alter electrophoretic mobility.
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The enzyme then autophosphorylates on S660, resulting
in the second and final shift in electrophoretic mobility
[8,13]. This autophosphorylation does not affect the
enzyme's activity (PP2A-treated enzyme displays the
same Vma towards substrate phosphorylation under con-
ditions where the enzyme cannot re-autophosphorylate
[13]). Instead, phosphorylation on S660 appears to
release the kinase from the detergent-insoluble fraction
into the cytosol - the two faster-migrating forms that
partition with the detergent-insoluble fraction are not
phosphorylated on S660, whereas the mature form found
in the cytosolic fraction is phosphorylated on this residue
(Fig. 6).

Lastly, phosphatases dephosphorylate the activation loop
so that about half the protein kinase C in the cytosol is not
phosphorylated on the activation loop (but is quantita-
tively phosphorylated on the two carboxy-terminal sites).
Whether specific dephosphorylation/phosphorylation on
T500 regulates the soluble enzyme, and whether such reg-
ulation depends on membrane-binding, remains to be
established. The generation of diacylglycerol results in
membrane translocation, pseudosubstrate release from the
substrate-binding cavity, and substrate phosphorylation.

Conclusions

Three functionally distinct phosphorylations of protein
kinase C are necessary before the enzyme is competent
to respond to second messengers. Dual regulation by
phosphorylation and by lipid second messengers provides
exquisite control for protein kinase C function, perhaps
by ensuring low background noise in the absence of
specific stimulation.

Materials and methods

Bovine brain L-ao-phosphatidylserine and sn-1,2-dioleoylgly-
cerol were obtained from Avanti Polar Lipids. PVDF mem-
branes were purchased from Bio-Rad Laboratories, nitrocellu-
lose (Schleicher and Schuell) from Midwest Scientific, Triton
X-100 from Pierce, and peroxidase-conjugated goat anti-rabbit
antibodies and endoproteinase Lys-C from Boehringer
Mannheim. Protein kinase C 1II was purified to homogeneity
from the baculovirus expression system as described ([23]; note
that enzyme was purified from the Triton X-100 soluble frac-
tion); protein kinase C a was purified to homogeneity from
the cytosolic fraction of bovine retinas following the same pro-
cedure. Protein kinase C was stored at -20 C in 10 mM Tris
buffer, pH 7.5 (4 °C), 0.5 mM EDTA, 0.5 mM EGTA,
0.5 mM DTT, 150 mM KCI and 50 % glycerol. Protein phos-
phatase 1 catalytic subunit ao isoform (PPI) and protein phos-
phatase 2A catalytic subunit (PP2A) were generous gifts from
Anna DePaoli-Roach [13]. PP1 was stored at -20 °C in
50 mM imidazole, pH 7.4, 0.1 M NaCl, 1 mM EDTA, 2 mM
DTT, 2 mM MnCI and 50 % glycerol (45 pg ml-1;
20 000 nmol min mg using phosphorylase a, at 1 mg ml-',
as a substrate in the presence of 5 mM caffeine); PP2A was
stored at -20 C in 20 mM Tris, pH 7.2, 5 mM EDTA, 2 mM
EGTA and 10 % glycerol (10 ~pg ml1-; 10 000 nmol min - mgl

using phosphorylase a, at 2 mg m-1, as a substrate in the pres-
ence of 5 mM caffeine). The activity of the phosphatases is
presented in U m1-1, where 1 U is 1 nmol phosphate removed
from phosphorylase a in 1 min under the conditions described
above for each phosphatase. A polyclonal antibody against bac-
terially-expressed catalytic domain, and one against bacterially-
expressed regulatory domain of protein kinase C P11, were a
gift of Andrew Flint and Daniel E. Koshland, Jr.; a polyclonal
antibody against a peptide comprising residues 645-673 of pro-
tein kinase C {3II was provided by Eli Lilly. All other chemicals
were reagent-grade.

Dephosphorylation of protein kinase C
Protein kinase C (150 pmol) was incubated with PP1
(16 U ml- 1) in 20 mM HEPES buffer, pH 7.5, containing
200 F.M MnCI2, 1 mM DTT, 20 p.M EDTA, 20 p.M EGTA,
250 pIM phosphatidylserine and 4 pjM diacylglycerol at 22 C.
Dephosphorylation was allowed to proceed for 6 h, with fresh
aliquots of PP1 added after 2 h and 4 h to yield a final con-
centration of 48 U ml-1. Dephosphorylation of protein kinase
C (300 pmol) by PP2A (6 U m1-1, final concentration) was
similar except 400 pM EDTA and 250 p.M EGTA were
present. Dephosphorylation reactions were quenched by the
addition of 1/5 volume of SDS-PAGE sample buffer [23].
Proteins were separated by SDS-PAGE (6 % polyacrylamide)
and electrophoretically transferred to PVDF membrane as
described [24].

Analysis of protein kinase C by mass spectrometry
Native (80 kDa), PP1-dephosphorylated (76 kDa) and PP2A-
dephosphorylated (78 kDa) protein kinase C bands were
excised from PVDF membrane and digested with trypsin as
described [24]. Peptides were isolated by reverse-phase HPLC
and detected by monitoring the absorbances at 210, 277 and
292 nm. Masses of peptides in peaks of interest were deter-
mined by laser desorption mass spectroscopy. Peptides from
native protein kinase C with masses corresponding to those
predicted for phosphorylated tryptic fragments were sequenced
by automated Edman degradation [25] or tandem mass spec-
trometry; corresponding peptides in phosphatase-treated sam-
ples were sequenced similarly. Masses of phosphopeptides were
confirmed by ES-MS.

Subcellular fractionation of Sf-9 cells and western-blot
analysis
Sf-9 cells (4 x 106) infected with protein kinase C P11 in
baculovirus were harvested 4 days post-infection, centrifuged,
and resuspended in 750 t lysis buffer containing 50 mM
HEPES (pH 7.5 at 4 C), 1 mM DTT, 1 mM EDTA, 1 mM
EGTA, 40 p.g ml-1 leupeptin, 2 mM benzamidine, 0.2 mM
PMSF and 0.2 % Triton X-100. An aliquot was removed for
analysis (whole-cell lysate). The remaining lysate was centrifuged
at 350 000 xg for 15 min at 4 C. The supernatant was removed
(detergent-soluble fraction), and the pellet was resuspended in an
equal volume of lysis buffer (detergent-insoluble fraction). 5 .L1
aliquots of each fraction were analyzed by SDS-PAGE (7 %
acrylamide), electrophoretically transferred to nitrocellulose,
probed with the indicated primary antibodies, and incubated
with peroxidase-conjugated secondary antibody. Labelling was
detected using Chemi-luminescence (Pierce). For some experi-
ments, pure protein kinase C 11 was treated with indicated
phosphatases, as described [13], and analyzed by silver staining or
western-blot analysis. Intensity of protein or antibody staining,
from gels or blots developed in the linear range, was quantified
using a Molecular Dynamics scanning densitometer.
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Autophosphorylation of protein kinase C
Protein kinase C (10 nM) was maximally autophosphorylated
as described [23] in the presence of lipid mixed micelles
(15 mol % phosphatidylserine, 5 mol % diacylglycerol, 0.1 %
Triton X-100) or 140 gIM phosphatidylserine and 4 M dia-
cylglycerol. Autophosphorylated enzyme was analyzed directly
by SDS-PAGE (8 % acrylamide) or first incubated with endo-
proteinase Lys-C (0.3 U ml- ') to separate the regulatory and
catalytic domains. In one experiment, protein kinase C
(20 nM) was first dephosphorylated with protein phosphatase
2A (3 U ml- ') as described [13], and then incubated with
3 .M microcystin, 50 .M ATP and 5 mM MgCl2 . Samples
were analyzed by SDS-PAGE (7 % acrylamide).
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