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ABSTRACT: Protein kinase Cθ (PKCθ), a member of the Ca2+-independent novel subfamily of PKCs, is
required for T-cell receptor (TCR) signaling and IL2 production. PKCθ-deficient mice have impaired
Th2 responses in a murine ova-induced asthma model, while Th1 responses are normal. As an essential
component of the TCR signaling complex, PKCθ is a unique T-cell therapeutic target in the specific
treatment of T-cell-mediated diseases. We report here the PKCθ autophosphorylation characteristics and
elucidation of the catalytic mechanism of the PKCθ kinase domain using steady-state kinetics. Key
phosphorylated residues of the active PKCθ kinase domain expressed inEscherichia coliwere characterized,
and mutational analysis of the kinase domain was performed to establish the autophosphorylation and
kinase activity relationships. Initial velocity, product inhibition, and dead-end inhibition studies provided
assignments of the kinetic mechanism of PCKθ362-706 as ordered, wherein ATP binds kinase first and
ADP is released last. Effects of solvent viscosity and ATPγS on PKCθ catalysis demonstrated product
release is partially rate limiting. Our studies provide important mechanistic insights into kinase activity
and phosphorylation-mediated regulation of the novel PKC isoform, PKCθ. These results should aid the
design and discovery of PKCθ antagonists as therapeutics for modulating T-cell-mediated immune and
respiratory diseases.

PKCθ1 belongs to the Ca2+-independent novel subfamily
of PKCs (1, 2), within the AGC Ser/Thr kinase superfamily.
Distinct immune signaling themes have emerged for the

PKCs, as reviewed by Tan and Parker (3), with roles
implicated in immune modulatory responses, including key
roles for PKCâ and PKCδ in B-cell tolerance, conventional
PKCs signaling in mast cell degranulation, and the involve-
ment of PKCε in macrophage function. PKCθ is highly
expressed in T-cells, with some expression reported in mast
cells, endothelial cells, and skeletal muscle (4-8). PKCθ
plays a central role in T-cell receptor (TCR)-mediated
signaling and is recruited to the supramolecular activation
complex (9-13). PKCθ-deficient mice are viable, but mature
T-cells are defective in proliferation and signaling to IL-2
production (14, 15). The PKCθ-deficient mice show impaired
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pulmonary inflammation and airway hyperresponsiveness
(AHR) in a Th2-dependent murine asthma model, with no
defects in viral clearance and Th1-dependent cytotoxic T-cell
function (16, 17). The impaired Th2 cell responses result in
reduced levels of IL-4 and IgE, contributing to the AHR and
inflammatory pathophysiology. No consequence on Th1 cell
effector functions was observed, thus presenting PKCθ as a
unique therapeutic target in Th2-mediated diseases.

PKCθ contains an N-terminal regulatory domain and a
C-terminal catalytic kinase domain that is highly homologous
to the catalytic domain of the other PKC kinases [Figure
1A (18)]. The regulatory domain contains the pseudosubstrate
and cofactor binding motifs. The kinase domain contains the
ATP and substrate binding sites that typically include
conserved phosphorylation sites within the activation loop
(Thr538), a turn motif (Ser676), and a hydrophobic motif
(Ser695). Phosphorylation of the highly conserved activation
loop is required for enzymatic activity for PKC kinases (18).
Kinase function is highly regulated posttranslationally, with
protein phosphorylation being the key central modification
in the different pathways and modulations. X-ray structure
analysis of the PKCθ kinase domain indicates that all three
oxygens of the conserved phosphate in phospho-Thr538

(pThr538) are involved in hydrogen bonding interactions (19).
The phosphoamino acid pThr538 is located beneath helixRC
and is proposed to compensate for the conserved cationic
cluster formed by Arg503 and Lys527, likely analogous to the
interactions of pThr197 with Arg165 and Lys189 in PKA, a close
relative of the PKC family within the AGC kinase super-
family (20, 21). These ionic interactions stabilize the correct
orientation of the catalytic base Asp504 in PKCθ and Asp166

in PKA. Phosphorylated activation loop interactions further
correctly position helixRC, bringing the DFG motif, and
the catalytic Lys409 in PKCθ and Lys72 in PKA, within
hydrogen bonding distance of the invariant Glu428 in PKCθ
and Glu91 in PKA, respectively.

In addition to the interactions described above in the active
site that regulate catalysis, activation loop phosphorylation
may result in enhanced substrate access to the active site of
the phosphorylated enzyme (20). This activation loop phos-
phorylation on conventional PKCs, novel PKCδ, and atypical
PKCú is carried out by another Ser/Thr kinase, PDK-1 (22-
26), thereby generating a catalytically competent conforma-
tion that in turn autophosphorylates the hydrophobic and turn
motifs. The activation mechanism of PKCθ has been
hypothesized to involve activation loop phosphorylation by
PDK-1 (27).

Although cofactor regulation that confers upon the sub-
family distinction among the PKC isoforms has been
described in the literature (28), the kinetic mechanisms and
consequences of activation loop phosphorylation are not well
understood. To date, kinetic analysis has been performed with
only the conventional PKCs. Results from initial velocity
studies with the catalytic domain of the rat PKCR and -â
isoforms utilizing histone as the protein substrate were
consistent with a sequential mechanism of substrate addition
(29). Product and dead-end inhibition analysis of the rat
PKCR and -γ isoforms further characterized the kinetic
mechanism of the conventional PKCs as an ordered sequen-
tial mechanism with ATP binding first and ADP being
released last (30). In these studies, the effect of cofactor and
ionic strength upon catalysis was investigated, but there have

FIGURE 1: Characterization of PKCθ KD autophosphorylation. (A)
PKCθ full-length schematic indicating the novel C2 domain, the
cofactor binding C1 domains, and the kinase domain, with the
conserved phosphorylation sites indicated in black. PKCθ KD
N-terminal and C-terminal amino acid residues are labeled in red.
Product ion spectra of (B) NFpSFMNPGMER atm/z705.52, which
indicates that Ser695 is the phosphorylation site, (C) ALINpSM-
DQNMFR at m/z 760.48, which indicates that Ser685 is the
phosphorylation site, and (D) TNTFC#GTPDYIAPEILLGQK at
m/z1159.71, indicating one phosphate on this peptide. The product
ion spectrum indicates that the phosphorylation site is either Thr536
or Thr538. The cysteine alkylated by iodoacetamide is followed
by #.
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been no mechanistic studies to investigate the rate-limiting
steps of PKC catalysis.

We undertook studies to elucidate the catalytic mechanism
of the kinase domain of a novel PKC subfamily member,
PKCθ. We characterized autophosphorylation of the PKCθ
kinase domain (PKCθ KD) expressed inEscherichia coli,
and the identified phosphorylation sites were subjected to
mutation analysis to investigate effects on activation loop
phosphorylation and function. A series of mechanistic
experiments were performed to determine the catalytic
constants and the rate-limiting steps of substrate phospho-
rylation. Dead-end and product inhibition experiments
established the kinetic mechanism for PKCθ. The rate-
limiting step of product release was established through
viscosity studies and the nature of the phospho-transfer step
by the use of ATP analogues. The results are indicative of
a sequential ordered mechanism in which ATP binds first
and ADP is released last. Our studies with the PKCθ KD
provide the first mechanistic insight into the novel PKC
kinase domain enzymatic function, and phosphorylation
regulation unique to PKCθ.

MATERIALS AND METHODS

Expression and Purification of the Kinase Domain.The
PKCθ KD, amino acid residues 362-706, was cloned into
a pET16b expression vector, introducing a hexahistidine tag
to the C-terminus, and used to transformE. coli strain BL21-
DE3 for overexpression. A 10 L cell culture at 37°C with
an optical density of 0.4 was induced with 0.1 mM IPTG at
25 °C for 3 h prior to harvesting and resuspension in buffer
[25 mM Tris (pH 8.0), 25 mM NaCl, 5 mM 2-mercaptoet-
hanol, 5 mM imidazole, 50µM ATP, and protease inhibitors]
for lysis using a microfluidizer. The lysate was applied to
20 mL of nickel-NTA resin for 1 h at 4°C. The resin was
then poured as a chromatography column and washed
extensively with the same buffer including 25 mM imidazole.
Protein bound to the resin was eluted with 200 mM imidazole
buffer. The protein was immediately loaded onto an HQ
anion exchanger, and the column was washed with 25 mM
Tris (pH 8.0), 25 mM NaCl, 5 mM DTT, and 50µM ATP
before being resolved by the application of a linear gradient
from 25 to 500 mM NaCl. Fractions containing the PKCθ
KD were selected by SDS-PAGE, pooled, diluted 2-fold
with 25 mM Tris (pH 8.0) and 5 mM DTT, and loaded onto
a heparin chromatography column. The flow through was
immediately applied to a hydroxyapatite column and washed
extensively with 25 mM Tris (pH 8.0), 50 mM NaCl, and 5
mM DTT. A linear gradient of sodium phosphate from 0 to
100 mM eluted the target protein. The protein was sized as
a monomer by Superdex 200 size exclusion chromatography,
dialyzed overnight at 4°C against 25 mM Tris (pH 8.0), 50
mM NaCl, and 5 mM DTT, and concentrated.

Mass Spectrometric Analysis.The PKCθ KD [in 50 mM
Hepes (pH 7.5), 5 mM MgCl2, 5 mM DTT, 10% glycerol,
and 0.0025% Brij-35 at 0.25µg/µL] was run on 10% Tricine
gels (Invitrogen) and stained with Comassie blue. The bands
were excised and subjected to in-gel digestion with trypsin
(Promega, Madison, WI) in a ProGest Investigator robot
(Genomics Solutions, Ann Arbor, MI). The sample volume
was reduced with a SpeedVac and reconstituted with 0.1 M
acetic acid to a final volume of∼30 µL. The peptides were

subjected to nanoLC-MS/MS analysis. Briefly, samples
were injected onto a 75µm × 10 cm IntegraFrit column
(New Objectives, Woburn, MA) that was packed with 10
µm C18 beads (YMC, Wilmington, NC). The HPLC gradient
increased linearly from 4 to 60% solvent B (solvent A, 0.1
M acetic acid and 1% ACN; solvent B, 0.1 M acetic acid
and 90% ACN) over 45 min with a flow rate of 250 nL/
min. Mass spectra were collected using a LCQ DECA XP
ion trap mass spectrometer (ThermoFinnigan, San Jose, CA).
The MS/MS data were searched against PKCθ for differential
phosphorylation modification on serine, threonine, and
tyrosine, using the Sequest algorithm (ThermoFinnigan).

Mutations, Immunoblotting, and Kinase Assays.The
various constructs were generated by site-directed mutageneis
(Stratagene) in the PKCθ KD expression construct and
confirmed by sequencing. The constructs were expressed as
described above, and equivalent amounts ofE. coli lysates
were analyzed by immunoblot and kinase assays after protein
estimation by the Bradford assay (Bio-Rad). Briefly, lysates
were analyzed by 4-20% SDS-PAGE, transferred to
nitrocellulose, and immunoblotted with the indicated anti-
bodies (anti-pT538 PKCθ from Cell Signaling Technologies
and anti-His from Invitrogen) in a 5% blotto/0.05% TBS-
Tween mixture.E. coli lysate kinase assays were performed
with a final concentration of 83µM biotinylated peptide
substrate (FARKGSLFQ), 166µM ATP, 0.5µL of [33P]ATP
(specific activity of 3000 Ci/mmol or 10 mCi/mL), 84 ng/
µL phosphatidylserine, 8.4 ng/µL diacylglycerol in 20 mM
MOPS (pH 7.2), 25 mMâ-glycerophosphate, 1 mM DTT,
and 1 mM CaCl2, in 30µL for 30 min at room temperature.
Five to ten microliters of the reaction mixture was spotted
on phosphocellulose paper and then washed three times in
0.75% phosphoric acid and once in acetone. Scintillation
cocktail was added to the phosphocellulose paper, and bound
radioactivity was detected with a scintillation counter.

Enzyme Kinetics Assays.ATP, ATPγS, Ficoll-400, su-
crose, ATP, ADP, phosphoenolpyruvate (PEP), NADH,
pyruvate kinase (PK), lactate dehydrogenase (LDH), AMP-
PNP, acetonitrile, and the buffer HEPES were purchased
from Sigma Chemical Co. (St. Louis, MO). Peptide sub-
strates, inhibitors, and phosphorylated substrate peptides were
from AnaSpec (San Jose, CA), SynPep (Dublin, CA), or
Open Biosystems (Huntsville, AL). The enzymatic activity
was determined at 25°C using the coupled PK/LDH assay,
at 340 nm on a Molecular Devices plate reader. The standard
reaction, except where indicated, was carried out in a final
volume of 80 µL, in 25 mM HEPES (pH 7.5), 10 mM
MgCl2, 2 mM DTT, 0.008% Triton X-100, 100 mM NaCl,
20 units of PK, 30 units of LDH, 0.25 mM NADH, 2 mM
PEP, and the PKCθ KD (0.156-0.312µg/mL).

SolVent Viscosity Studies.Steady-state kinetic parameters
were determined in the buffer described above containing
varied sucrose (0-35%) or Ficoll-400 (0-8%) levels.
Relative solvent viscosities (ηrel) were determined in triplicate
relative to 25 mM HEPES (pH 7.5), 10 mM MgCl2, 2 mM
DTT, and 100 mM NaCl at 25°C using an Ostwald
viscometer. Buffer with no viscogen is indicated with a
superscript 0. The coupling enzyme system was unaffected
by the presence of these viscogens. Thio effect studies with
ATPγS and product inhibition studies with ADP were
analyzed on a Hewlett-Packard series 1100 HPLC system
using a Phenomenex Auga 5 m C18 124 Å 50 mm× 4.60
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mm column (00B-4299-E0). Phosphorylated peptide was
separated from nonphosphorylated peptide using a gradient
of 0 to 100% 20 mM phosphate (pH 8.8) and acetonitrile
(50:50). The fluorescein-labeled peptide was detected by
excitation at 485 nm and by monitoring the fluorescence
emission at 530 nm.

Substrate Kinetics.Data were fitted to eq 1 for normal
Michaelis-Menten kinetics or eq 2 for substrate inhibition:

where S is the substrate,Vmax is the maximum enzyme
velocity,Km is the Michaelis constant, andKi is the inhibition
constant for substrate inhibition. The initial rates obtained
at various fixed concentrations of peptides and ATP were
fitted to the equations listed below:

In the above equations, [A] and [B] are ATP and peptide
concentrations, respectively,Ka and Kb are theKm values
for ATP and peptide, respectively, andKia is the dissociation
constant for the dissociation of A from the E-A complex.

Product and Dead-End Inhibition Kinetics.The initial
reaction rates were obtained either as a function of product
inhibition (ADP or phosphopeptide) or as a function of dead-
end inhibition (AMP-PNP). In these studies, the concentra-
tion of one substrate is held constant while the other is varied
against increasing concentrations of the inhibitor. In the case
of product inhibition, the nonvaried substrate is held at
saturating or nonsaturating levels, while in dead-end inhibi-
tion, the nonvaried substrate is held at saturating levels. The
data were fit to a competitive inhibition model (eq 5), a
noncompetitive inhibition model (eq 6), or an uncompetitive
inhibition model (eq 7):

where Kii and Kis are the intercept and slope inhibition
constants, respectively. The data were analyzed using Sigma

Plot 2000 Enzyme Kinetics Module from SPSS Science
(Richmond, CA).

RESULTS

Characterizaion of PKCθ KD Autophosphorylation.We
expressed and purified the catalytically active PKCθ KD for
analysis of the phosphorylation sites. A majority of the
expressed protein inE. coli is in the insoluble fraction (data
not shown), likely due to improper folding. However, the
PKCθ KD that was highly active and stable was purified
from the soluble fraction, enabling the structural character-
ization reported elsewhere (19) and the studies reported here.
The PKCθ KD is phosphorylated as evidenced by mass
spectrometry characterization. As PKCθ KD expression was
carried out inE. coli, where there are no serine-threonine
kinases, the mass spectrometry finding is a consequence of
autophosphorylation by the expressed kinase. The predicted
mass based on the amino acid sequence is 41 615 Da.
However, the molecular mass determined by ESI-MS was
42 092 and 42 173 Da (50% each species), indicative of
autophosphorylation of five or six amino acids inE. coli.
Like the stable kinase activity, the phosphorylation state was
stable and phosphatase inhibitors were not required in the
expression purification scheme.

These experiments identified the hydrophobic motif Ser695

and the turn motif Ser685 as autophosphorylation sites (Figure
1B,C). Mass spectrometry did not detect any phosphorylation
at Ser662 and Ser657 turn motif residues. On the basis of
homologies with other PKC turn motifs, Ser676 was expected
to be autophosphorylated, but this is not evident in these
experiments as Ser676 was not detected in a tryptic peptide.
These experiments further revealed that either Thr536or Thr538

in the activation loop is also autophosphorylated (Figure 1D).
X-ray structure determination of the bacterially expressed
PKCθ KD confirmed the Thr538 residue is phosphorylated
(19). This result is in contrast to the notion that the activation
loop is phosphorylated by PDK-1 (23, 24). Studies of kinase-
dead full-length PKCθ mutant K409W by Liu et al. (27)
have shown that this molecule is not phosphorylated at Thr538.
Using the HEK293 cell heterologous expression system, we
also observed the lack of Thr538 phosphorylation of the
K409W PKCθ mutant in cells (data not shown). This finding
implies a lack of Thr538 phosphophorylation due to the
K409W kinase mutant’s inability to autophosphorylate.
Furthermore, the K409W PKCθ molecule’s abrogated Thr538

phosphorylation correlates with both a lack of in vitro cell
lysate kinase activity and endogenous IKKR/â phosphory-
lation (data not shown).

Ser695 Is Required for Optimal Thr538 Autophosphorylation.
It has been previously shown that amino acid residue Thr538

in the activation loop is required for kinase activity (27).
Several phosphorylation site point mutations within the
kinase domain were examined for their effects on activation
loop Thr538 autophosphorylation (Figure 2). Soluble bacterial
lysate fractions expressing the various phosphorylation site
mutations were analyzed via a radioactive filter kinase assay
and Western blot, because the mutations were not as
amenable to purification. Thus, the kinase activity in the
lysate fractions was correlated with the extent of Thr538

autophosphorylation in the corresponding fraction, to help
establish the phosphorylation site mutagenesis correlations.
Equivalent expression levels of the mutants inE. coli lystates
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are shown in the anti-His Western blot panel. The autophos-
phorylation of Thr538 of the bacterially expressed PKCθ KD
is further evidenced in the top panel of pThr538-specific
Western blot analysis. The lysate kinase activity consistently
correlates with the extent of pThr538 detected in the lysate
for each of the expressed mutants, as shown in Figure 2.
Ser695 in the C-terminal hydrophobic motif is required for
optimal activation loop autophosphorylation, as evidenced
by the significantly reduced signal in the anti-pThr538Western
blot panel. Ser695 is obligatory for PKCθ KD kinase activity,
as demonstrated by the lack of kinase activity, much like
the inactive and kinase-dead mutations T538A and K409W,
respectively (Figure 2). In contrast, turn motif residue Ser662

is dispensable for both activity and Thr538 autophosphoryl-
ation, while turn motif residues Ser676 and Ser685 have a
partial impact.

Characterization of Steady-State Kinetic Constants of the
PKCθ KD. Having established the phosphorylation site
relationship of the expressed active PKCθ KD, we undertook
detailed enzyme mechanism studies to examine the kinase
catalytic reaction. The peptide substrates investigated for use
in determining the kinetic mechanism of PKCθ are illustrated
in Table 1. Peptide 1 and peptide 2 are substrates derived
from the pseudosubstrate region of PKCR. Peptide 3 and
peptide 4 are derived from the phosphorylation site in serum
response factor (31) and the phosphorylation site in lym-
phocyte-specific protein-1, respectively (32). As shown in
Table 2, in the absence of peptide substrate, the PKCθ KD
hydrolyzed ATP 110 times slower (0.16 s-1) than when
peptide is present (18 s-1). The Km values for ATP of 59
µM (no peptide) and 49µM (at saturating peptide 1
concentrations) show that there is no significant difference
in the binding of ATP in the presence of the peptide substrate.
The steady-state kinetic parameters for PKCθ at saturating
ATP concentrations are listed in Table 2. Peptide 3 and

peptide 4 show the highestKm for PKCθ with values of 420
and 240µM, respectively. In contrast, peptide 1 and peptide
2 haveKm values of 6.5 and 4.3µM, respectively, and cause
inhibition of the enzyme at high concentrations (Table 2).
The lowerKm values of the more basic peptides 1 and 2
imply a basic amino acid substrate peptide preference for
PKCθ.

Ionic Strength Affects the PKCθ KD Catalysis.Interest-
ingly, the substrate inhibition observed with the longer more
basic peptide 2 was more pronounced than for the shorter
peptide 1 (Table 2). Therefore, the kinetic parameters for
PKCθ (peptide 1 and ATP) were examined at increasing
NaCl concentrations (Table 3). As the concentration of NaCl
is increased, both theKm for ATP and the turnover rate of
the enzyme increases, while theKm for peptide 1 remains
relatively constant. Ionic strength effects on PKCθ were also
investigated by examining the effect of NaCl on substrate
inhibition that occurs when the substrate combines with the
enzyme in a nonproductive or dead-end complex. Substrate
inhibition was observed for preferred basic peptides 1 and
2, but not observed for less optimal peptides 3 and 4 (Table
2). Furthermore, substrate inhibition was also found to be
dependent on the ionic strength of the buffer. Substrate
inhibition with peptide 1 diminishes as the NaCl concentra-
tion is increased to 250 mM (Table 3).

PKCθ KD Initial Velocity Kinetics.In the determination
of the kinetic mechanism of PKCθ, the initial velocity of
the reaction with varied ATP concentrations was determined
against fixed varied concentrations of the peptide substrate
at 100 mM NaCl. The assay was first carried out with peptide

Table 1: Peptides Used in Assays with the PKCθ KD

peptide sequence source pI

1 FARKGSLRQ substrate pseudosubstrate PKCR 12.01
2 RFARKGSLRQKNV substrate pseudosubstrate PKCR 12.31
3 LKRSLSEM substrate serum response factor 8.75
4 RTPKLARQASIELPSM substrate lymphocyte-specific protein 1 10.84
5 FARKGALRQ inhibitor pseudosubstrate PKCR 12.01

FIGURE 2: S695A attenuates PKCθ KD Thr538autophosphorylation.
E. coli lysates of the indicated PKCθ KD protein and mutations
were assayed by Western blots for anti-pThr538 PKCθ (top panel)
followed by anti-His (bottom panel), confirming equivalent expres-
sion. Corresponding in vitro lysate kinase activity is depicted in
the graph below.

Table 2: Summary of Steady-State Kinetic Parameters

varied
substratea

appKm

(µM) kcat (s-1)
Ki-peptide

(µM)
kcat/Km

(M-1 s-1)
[NaCl]
(mM)

peptide 1 6.5( 0.8 18( 1 >2000 2700000 100
peptide 2 4.3( 0.8 16( 1 306( 57 3600000 100
peptide 3 420( 21 21( 1 51000 100
peptide 4 240( 16 14( 1 58000 100
ATP 49( 5 18( 1 360000 50
ATPb 59 ( 8 0.16( 0.01 2600 50

a Peptides 1 and 2 fit to eq 2; peptides 3 and 4 and ATP fit to eq 1.
b No peptide present in assay. The parameters used are defined as
follows: appKm, apparent Michaelis constant;kcat, catalytic constant;
Ki-peptide, substrate inhibition constant for peptide;kcat/Km, second-order
rate constant.

Table 3: Effects of NaCl on PCKθ KD Steady-State Kinetic
Parameters

[NaCl] (mM)
appKm-ATP

a,b

(µM)
kcat

b

(s-1)
appKm-peptide 1

c

(µM)
Ki-peptide 1

c

(µM)

0 25( 5 7.5( 0.8 6.4( 4.2 129( 64
50 58( 8 18( 1 6.7( 2.8 20( 85
100 76( 7 22( 1 3.2( 1.0 >2000
250 121( 16 24( 1 9.0( 1.2 -

a At 0.2 mM peptide 1.b Fit to eq 1.c Fit to eq 2.

PKCθ Kinase Domain Autophosphorylation Biochemistry, Vol. 44, No. 28, 20059567



1; however, the resulting Lineweaver-Burk plot was difficult
to interpret due to peptide 1 substrate inhibition (data not
shown). Intercept and slope replots against peptide 1 were
nonlinear, as shown in panels A and B of Figure 3. The initial
velocity assays were also performed using peptide 3 under
identical conditions. Varied ATP concentrations versus fixed
varied peptide 3 concentrations resulted in an intersecting
pattern on a Lineweaver-Burk plot (data not shown) that
indicates a sequential kinetic mechanism. TheKia value for
ATP was 61( 22 µM, and theKa for ATP was 118( 17
µM. The initial velocity pattern with peptide 1 was then
determined at 625 mM NaCl, as the increased salt concentra-
tion slows the substrate inhibition for peptide 1 (Table 3).
The resulting Lineweaver-Burk plot produced an intersect-
ing pattern as well (data not shown), consistent with a
sequential kinetic mechanism when peptide 1 is the substrate.
At high NaCl concentrations, intercept and slope replots
against peptide 1 were linear (Figure 3C,D). TheKia value
for ATP of 66( 32µM obtained at high NaCl concentrations
is similar to theKia value for ATP of 61( 22 µM with
peptide 3 at 100 mM NaCl. This indicates that the increased
ionic strength did not affect the dissociation constant for
dissociation of ATP from the enzyme-ATP complex. The
Ka of ATP obtained at 625 mM NaCl was 321( 19 µM, in
contrast to theKa of ATP at 100 mM NaCl of 118( 17
µM. This is consistent with an increase inKm for ATP as
the ionic strength is increased (Table 3).

Dead-End Inhibition Studies Identify ATP as the First
Substrate To Bind the PKCθ KD. We next sought to
determine the substrate binding order in the sequential
catalytic mechanism. AMP-PNP, a nonhydrolyzable analogue
of ATP, and peptide 5, with a serine to alanine change from

peptide 1 (Table 1), were used for inhibition studies. AMP-
PNP was shown to be a competitive inhibitor of ATP with
a Ki value of 228µM (Table 4). There was no observed
inhibition with AMP-PNP versus peptide, at saturating ATP
concentrations. The peptide inhibitor, peptide 5, was shown
to be a competitive inhibitor with respect to peptide 1 and
peptide 3 withKis values of 10 and 4.4µM, respectively
(Table 4). Peptide 5 was further shown to be an uncompeti-
tive inhibitor against ATP withKii values of 1100µM (Table
4). These results are consistent with an ordered sequential
addition of substrates for PKCθ where ATP associates first
with enzyme followed by peptide.

Product Inhibition Kinetics Identify ADP as the Last
Product Released.Because the PK/LDH coupled kinase
assay consumes the catalytic product ADP, an HPLC assay
was used to determine the inhibition patterns with ADP
(Table 4). ADP was found to be a competitive inhibitor
against ATP at saturating peptide 1 concentrations with a
Kis of 291µM. No inhibition was observed when ADP was
assayed against peptide 1, at saturating ATP concentrations.
When the assay was performed at nonsaturating ATP
concentrations (0.1 mM), a noncompetitive pattern was
observed with aKis of 494 µM and aKii of 200 µM (Table
4). These results with ADP rule out a random mechanism
(Scheme 1C) but are consistent with either a sequential
ordered (Scheme 1A) or Theorell-Chance (Scheme 1B)
kinetic mechanism, wherein ADP is the final product that is
released. To further elucidate the kinetic mechanism, product
inhibition assays with phosphopeptide 1 were performed. Due
to the substrate inhibition observed with peptide 1, the
product inhibition assays were carried out with peptide 3.
Phosphopeptide 1 was a noncompetitive inhibitor of peptide

FIGURE 3: Substrate inhibition of peptide 1 by formation of the dead-end complex. At 100 mM NaCl: (A) intercept replot vs 1/[peptide
1] and (B) slope replot vs 1/[peptide 1]. At 625 mM NaCl: (C) intercept replot vs 1/[peptide 1] and (D) slope replot vs 1/[peptide 1].
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3, with aKis of 1700µM and aKii of 1200µM, at a saturating
ATP concentration (Table 4). At nonsaturating ATP con-
centrations, an uncompetitive pattern was observed, with a
Kii of 2000 µM. Phosphopeptide 1 was an uncompetitive
inhibitor against ATP, at a nonsaturating peptide 3 concen-
tration (0.5 mM), with aKii of 1600 µM. The results
described above are more consistent with a sequential ordered
bi-bi mechanism, with ADP as the last product released
(Scheme 1A).

Phospho Transfer and Product Release Contribute to the
Catalytic Rate-Limiting Steps.The rate of the phospho-
transfer step in the catalysis was investigated using the thio
analogue of ATP, ATPγS. Substitution of ATPγS for ATP
resulted in a large change in thekcat of the reaction (Table
5). The ATPγS reaction compared to the reaction with ATP
is 112- and 146-fold slower in 100 and 250 mM NaCl,
respectively. However, theKm for ATP and ATPγS obtained
using HPLC differed by only 2-fold (Table 5). To determine
if the chemical step is the lone contributor to the rate of the
reaction, the effect of solvent viscosity on the steady-state
kinetic parameters for PKCθ was determined. Two types of
viscogens were employed in this study, the microviscogen

sucrose and the macroviscogen Ficoll-400. Microviscogens
directly affect the diffusion of small molecules while at the
same time cause the viscosity effect observed with a
viscometer (33). Macroviscogens cause viscosity effects seen
with a viscometer but do not significantly affect the diffusion
rate of the small molecules, thereby serving as a control for
the microviscosity effect observed in the assay (34). The
steady-state kinetic parameters of peptide 1, peptide 3, and
ATP were determined at increasing solvent viscosities and
at two different ionic strengths. The relative effects of solvent
viscosity on the kinetic parameters,kcat and kcat/Km, were
plotted against the relative viscosity of the buffer and fit to
a linear regression (Figure 4). A slope of 1 indicates a
maximal effect of the microviscogen on the kinetic param-
eter. There was little effect on the enzymatic rate in the
presence of the macroviscogen. As the microviscosity of the
solvent increased, there was a moderate effect seen on the
(kcat)η value. This was seen as a linear decrease in the
observed rate of the enzyme with all three substrates studied
at 100 and 250 mM NaCl. The slope [(kcat)η] obtained under
all the conditions varied from 0.38 to 0.54, implying that
product release is partially rate limiting (Figure 4A,C). A
value of 0.8-1 indicates that product release is the catalytic
rate-limiting step (20).

The stickiness of a substrate can be determined by
viscosity analysis. Briefly, for a sticky substrate, the rate of
product formation is faster than the rate of substrate
dissociation, while a nonsticky substrate will dissociate from
the enzyme at a rate faster than the rate of product formation
(35). The relative effect of increased solvent microviscosity
onkcat/Km is plotted against relative solvent viscosity (Figure
4B,D). When the effect of microviscosity was plotted against
relative solvent viscosity for peptide 1, the slope had a (kcat/
Km)η value of 0.86 in 250 mM NaCl (data not shown). Data
were not obtained at 100 mM NaCl for peptide 1 due to the
substrate inhibition observed at low ionic strengths. Peptide
3, on the other hand, showed no solvent viscosity effect at

Table 4: Inhibition Patterns and Constantsa

inhibitor type substrate patternb Kis
g (µM) Kii

g (µM) equationc

ADP product ATP c 291( 24 5
ADP product peptide 1 -
ADP product peptide 1d nc 494( 72 200( 29 6
phosphopeptide 1 product ATPe uc 1600( 100 7
phosphopeptide 1 product peptide 3f nc 1700( 1100 1200( 800 6
phosphopeptide 1 product peptide 3d,f uc 2000( 400 7
AMP-PNP dead-end ATP c 228( 29 5
AMP-PNP dead-end peptide 1 -
peptide 5 dead-end peptide 1 c 10( 3 5
peptide 5 dead-end ATP uc 1100( 100 7
peptide 5 dead-end peptide 3 c 4.4( 0.3 5

a NaCl concentration held at 100 mM.b c, competitive; nc, noncompetitive; uc, uncompetitive;-, no inhibition observed.c Data fit to this
equation.d ATP concentration held at 0.1 mM.e Peptide 3 concentration held at 0.5 mM; peptide 3 used because of the lowKm of peptide 1.
f Peptide 3 used due to substrate inhibition observed with peptide 1.g Kis, inhibition constant slope effect;Kii , inhibition constant intercept effect.

Scheme 1: Sequential Binding Mechanismsa

a E is the enzyme, A the peptide, B ATP, P the phosphopeptide,
and Q ADP.

Table 5: Thio Effect upon the PKCθ KD

[NaCl] (mM) ATPa ATPγSa ATP:ATPγS ratio

appKm (µM) 100 251( 24 120( 9 2.1
appKm (µM) 250 234( 19 130( 5 1.8
rateb 100 179( 5 1.6( 0.1 112
rateb 250 190( 4 1.3( 0.1 146

a Peptide 1 used in the assay.b Rate equals peak area/(reaction time
in minutes)(enzyme concentration in nanomolar).
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either ionic strength (Figure 4D). These studies imply that
peptide 1 is a sticky substrate while peptide 3 is not sticky.

DISCUSSION

PKCθ KD ActiVation Loop Autophosphorylation.The
bacterially expressed PKCθ KD is autophosphorylated at five
or six amino acid residues on the basis of the mass
spectrometry data. The phosphorylation sites identified in
these experiments include hydrophobic motif Ser695, turn
motif Ser685, and activation loop Thr538 or Thr536. Ser685 is a
newly identified autophosphorylation site in the turn motif.
Turn motif Ser676 was not detected in a tryptic peptide,
though Ser676 is predicted to be phosphorylated on the basis
of sequence homology. Finally, in addition to the above-
identified phosphorylation sites, at least two additional amino
acid residues are autophosphorylated but not detected by
these techniques.

Mass spectrometry analysis indicates that either Thr536 or
Thr538 of the bacterially expressed PKCθ KD activation loop
is autophosphorylated (Figure 1B-D). The identity of the
phosphorylated residue is obtained from the X-ray structure,
which revealed phosphorylated Thr538 in hydrogen bond
interactions with the side chain of the preceding Thr536 (19).
This interaction likely further stabilizes the interactions within
the activation loop and with helixRC, both of which have
relevance in catalysis (36). Previous studies have suggested
a catalytic competent conformation for PKCθ wherein the
activation loop is constitutively phosphorylated (18). PDK-1
phosphorylates PKCs and other AGC family kinases at the

kinase domain activation loop, as a required modification
that precedes autophosphorylation occurring at conserved
sites on the hydrophobic and turn motifs (18, 23). It has been
previously suggested that while the hydrophobic and turn
motifs are autophosphorylated, the PKCθ activation loop is
phosphorylated by PDK-1 (23, 24). Our results reveal that
in contrast to bacterially expressed PKCú (37), the PKCθ
KD is uniquely capable of activation loop autophosphoryl-
ation and, therefore, does not have an obligatory PDK-1
phosphorylation requirement. In our characterization, we
present evidence to support the premise that activation loop
autophosphorylation occurs in addition to that of the
hydrophobic and turn motifs in the PKCθ KD (Figure 1).
These studies do not rule out the possibility that in cells
PDK-1 can phosphorylate the full-length PKCθ activation
loop.

PKCθ KD Regulation by the Hydrophobic and Turn Motif.
Mutation analysis demonstrates that both Ser676 and Ser685

in the conserved turn motif partially impact the kinase
function of the PKCθ KD (Figure 2). It has been reported
previously that the S676A mutation in the full-length kinase
does not affect kinase activity, while the S695A mutation in
the full-length molecule reduced kinase activity by 80% (27).
The residual activity of the S695A mutation reported in full-
length PKCθ is consistent with a modest phospho-Thr538

signal observed here for the S695A mutation in the kinase
domain construct context (Figure 2). This suggests that the
Ser695 mutation results in a loss of optimal Thr538 autophos-
phorylation, consequently resulting in attenuation of kinase

FIGURE 4: Solvent viscosity effects onkcat andkcat/Km for the PKCθ KD. (A) kcat effect with a varied peptide 1 concentration with the ATP
concentration held at 2.0 mM. (B)kcat/Km for ATP at 0.125 mM peptide 1. (C)kcat effect with a varied peptide 3 concentration with the
ATP concentration held at 2.0 mM. (D)kcat/Km for peptide 3 at 2.0 mM ATP: (O) 100 mM NaCl, (3) 250 mM NaCl in increasing sucrose
concentrations, (b) 100 mM NaCl, and (1) 250 mM NaCl in increasing Ficoll-400 concentrations. The dashed line indicates a slope of 1.
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activity. This feature is also unique to PKCθ among other
PKC isoforms. In the case of PKCθ, it is likely that Ser695

autophosphorylation and Thr538 autophosphorylation are
somewhat interdependent. A PKC molecule phosphorylated
at the activation loop has been described as a “catalytic
competent conformation” existing prior to cofactor binding,
autophosphorylation, and substrate catalysis steps (18). For
optimal PKCθ KD kinase function, it is likely that auto-
phosphorylation of both the activation loop and hydrophobic
motif contributes to this catalytic competent conformation.

Effect of Ionic Interactions on PKCθ Kinase Catalysis.
Increases in buffer NaCl concentration increased the PKCθ
KD Km for ATP and accelerated enzyme turnover (Table
3). An ionic strength effect was also observed on peptide 1
substrate inhibition. As the NaCl concentration was in-
creased, the extent of substrate inhibition observed with
peptide 1 diminished (Table 3). The nature of the salt (NaCl)
and its effect on ion-pair formation can provide insight into
these observations. According to the Hofmeister series of
cations and anions, NaCl falls in the midpoint of kosmotropes
and chaotropes (38). Therefore, NaCl should not salt out the
enzyme or denature the enzyme. However, increases in the
ionic strength of the buffer would have an effect on the
formation of ion pairs (39). With the tyrosine kinase Csk,
the addition of 50 mM NaCl had the effect of increasing the
Km for the substrate poly(Gly,Tyr), a negatively charged
substrate. However, there was no effect on theKm for ATP
or the turnover of the enzyme (34). In the case of the PKCθ
KD, the increase inKm for ATP may be a result of two
possibilities. (1) At 250 mM NaCl, there is more productive
binding of peptide 1 to the enzyme-ATP binary complex,
and the observedKm is a reflection of the actualKm for ATP,
or (2) the increase in ionic strength effects ATP, a charged
substrate, in the same manner as peptide 1. It is possible
that the observed increase inKm is a result of a combination
of the above two possibilities. With the peptide 1 substrate,
ion-pair formation (Coulombic interactions) may be impor-
tant in the binding of this substrate to the enzyme. At pH
7.5, a basic peptide such as peptide 1 would have a net
positive charge. Therefore, increasing the NaCl concentration
would result in a less favorable environment for ion-pair
formation (39). If ion-pair formation contributes to the
inhibition of peptide 1, then a decreasing level of substrate
inhibition with an increasing NaCl concentration is consistent
with weakening of the Columbic interactions.

PKCθ KD Kinetic Mechanism.The kinetic mechanisms
for several kinases have been reported. Examples include a
rapid equilibrium random mechanism for p21-activated
kinase (40), a random mechanism for Rho-kinase II (41),
and a sequential ordered mechanism for p38 MAP kinase
(42, 43). The mechanism of p38 MAP kinase was unique in
that when a protein was the phosphate acceptor the protein
substrate was the first to bind (43) whereas when a peptide
was the phosphate acceptor ATP was the first to bind (42).
PKCθ KD initial velocity plots, with both peptide substrates
at high and low ionic strengths, resulted in graphs with lines
intersecting left and below the ordinate. The pattern is a clear
indication of a sequential mechanism that remained unaf-
fected by the buffer ionic strength. In addition, there was no
difference in the ATPKia values, 61µM for peptide 3 at
100 mM NaCl and 66µM for peptide 1 at 625 mM NaCl,
further indicating that dissociation of ATP from the enzyme-

ATP complex was not affected by the ionic strength. Under
both conditions, theKia value is less than theKa values of
118 and 321µM, respectively, ruling out a rapid equilibrium
mechanism.

Dead-end inhibition and product inhibition studies (Table
4) are consistent with a sequential ordered mechanism,
wherein ATP is the first substrate to bind. The peptide
inhibitor (peptide 5 in Table 1) is competitive against both
peptide substrates and uncompetitive against ATP. While the
ATP analogue AMP-PNP is competitive against ATP, there
is no observed inhibition against peptide 1 up to 2.0 mM
AMP-PNP at saturating ATP concentrations. A competitive
pattern is observed when the ATP concentration is varied
against ADP concentration, and there is no inhibition
observed when peptide 1 is varied against ADP concentration
at saturating ATP concentrations. A noncompetitive pattern
is observed when peptide 1 is varied against ADP concentra-
tion at nonsaturating ATP concentrations. These inhibition
studies rule out a random mechanism for the PKCθ KD and
demonstrate that ADP is the last product released as shown
in Scheme 1A.

The initial velocity experiments at 100 mM NaCl with
peptide 1 give some insight into the type of substrate
inhibition observed. Briefly, there are three types of substrate
inhibition observed in an ordered bireactant system (44)
shown in Scheme 2. Two are substrate inhibition in which
substrate B forms a dead-end E-B complex or substrate A
forms a E-A-A dead-end complex. The third is substrate
inhibition in which B forms an E-B-Q dead-end complex.
The formation of the E-A-A dead-end complex is ruled
out because the first substrate to associate is ATP and no
substrate inhibition is observed with ATP. Figure 3 shows
the replots of the initial velocity data at 100 and 625 mM
NaCl for peptide 1. The effect of the inhibition is seen on
both the slope and intercept replots at 100 mM NaCl (i.e.,
replots are not linear). However, at 625 mM NaCl, the replots
become linear, indicating that the inhibition is abolished at
high ionic strengths up to 0.5 mM peptide 1. The effect of
substrate inhibition on both the slope and intercept replots
is consistent with noncompetitive substrate inhibition (45).
Noncompetitive substrate inhibition in an ordered sequential
mechanism suggests the formation of the following types of
nonproductive enzyme complexes. Two are represented in
Scheme 2, the E-B complex and E-B-Q complex. A third
possibility would be a nonproductive E-A-B complex. This
is a distinct possibility because at 0 mM NaCl the substrate
inhibition is potent (0.129 mM) and the ATP concentration
is ∼80Km (0.025 mM at 0 mM NaCl). In a sequential ordered

Scheme 2: Substrate Inhibition Mechanismsa

a E is the enzyme, A the peptide, B ATP, P the phosphopeptide,
and Q ADP.
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mechanism in which ATP binds first, there would be little
free enzyme present to form the E-B dead-end complex.

Effects of Viscosity and ATPγS on PKCθ KD Catalysis.
Phosphorothioates are used to study different types of
enzymatic phospho-transfer reactions. The ATPγS reaction
occurred 15-20-fold slower than the ATP reaction in the
case of Csk kinase (34). Similarly, in the enzymatic mech-
anism studies of phosphatidylinositol-specific phospholipase
C (PLC), the reaction was slowed 105-fold when the
nonbridging oxygen was substituted with sulfur (46). Re-
gardless of which ATP analogue is used, ATP or ATPγS,
the product, ADP, is identical. Thus, the catalytic rate will
remain unaffected by product release. The thio effect
observed for the PKCθ KD implies a contribution of the
phospho-transfer chemistry to the overall rate of the enzy-
matic reaction. In addition, the large thio effect observed
with PKCθ argues against a Theorell-Chance ordered
sequential kinetic mechanism depicted in Scheme 1C (47).
With a Theorell-Chance kinetic mechanism, the ternary
complex is short-lived, therefore implying the chemical step
is very fast.

The effect of solvent viscosity is a valuable tool in the
determination of the rate-limiting step in an enzymatic
reaction. The effect of increased solvent viscosity is seen
on the nonchemical steps such as diffusion of the product
from the enzyme and the diffusion of substrates to the
enzyme active site, (33) and not on a unimolecular step such
as the phospho-transfer step (20). The PKCθ solvent viscosity
effect studies reported here indicate product release is a partly
rate limiting step in the catalysis.

The studies presented here illustrate PKC enzyme catalysis
characteristics and the kinetic mechanism, thereby providing
insights into PKC isoforms and/or AGC family kinases that
are highly similar to PKC. The results are consistent with a
sequential ordered mechanism in which ATP binds first and
ADP is released last. Phosphopeptide release and phospho
transfer contribute to the rate-limiting steps. Importantly,
features potentially unique to PKCθ are revealed in the
phosphorylation studies of the kinase domain presented here.
Taken together with the structural characteristics reported
elsewhere (19), our findings have significant implications
in advancing the selective targeting of this kinase for disease
therapies and lay the groundwork for further mechanistic
study of PKCθ.
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