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In the absence of cyclic nucleotides, the cAMP-
dependent protein kinase and cGMP-dependent protein
kinases (cGKs) suppress phosphotransfer activity at the
catalytic cleft by competitive inhibition of substrate
binding with a pseudosubstrate sequence within the ho-
loenzyme. The magnitude of inhibition can be dimin-
ished by autophosphorylation near this pseudosub-
strate sequence. Activation of type I ¢GK (cGKI) and
type II ¢cGK (cGKII) are differentially regulated by their
cyclic nucleotide-binding sites. To address the possibil-
ity that the distinct activation mechanisms of ¢cGKII and
cGKI result from differences in the autophosphoryla-
tion of the inhibitory domain, we investigated the ef-
fects of autophosphorylation on the kinetics of activa-
tion. Unlike the type I ¢GKs (cGKlIa and IB), cGKII
autophosphorylation did not alter the basal activity, nor
the sensitivity of the enzyme to cyclic nucleotide activa-
tion. To determine residues responsible for autoinhibi-
tion of c¢cGKII, Ala was substituted for basic residues
(Lys'?2, Arg!'®, and Arg!''®) or a hydrophobic residue
(Val'?®) within the putative pseudosubstrate domain of
cGKII. The integrity of these residues was essential for
full ¢cGKII autoinhibition. Furthermore, a cGKII trunca-
tion mutant containing this autoinhibitory region dem-
onstrated a nanomolar IC;, toward a constitutively ac-
tive form of cGKILI. Finally, we present evidence that the
dominant negative properties of this truncation mutant
are specific to ¢cGKII when compared with cAMP-de-
pendent protein kinase Ca and ¢GKIB. These findings
extend the known differences in the activation mecha-
nisms among cGK isoforms and allow the design of an
isoform-specific ¢cGKII inhibitor.

The cyclic nucleotide-dependent protein kinases possess a
regulatory domain that suppresses activity at the catalytic site
through competitive inhibition of a pseudosubstrate sequence
within the regulatory domain (1). The inactive cAMP-depend-
ent protein kinase (cAK)! holoenzyme is activated by cAMP
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binding to two tandem cyclic nucleotide-binding sites (CNBSs)
on the regulatory subunit (R). This event reduces the affinity
between the R and catalytic (C) subunits, thus releasing the C
subunit from the holoenzyme (2). cGMP-dependent protein ki-
nase (cGK) activation is mechanistically similar to the cAKs,
although the regulatory and catalytic portions of the kinase are
linked domains of the same polypeptide rather than separate
subunits (3, 4). For both cAKs and ¢GKs, the autoinhibitory
interactions of the holoenzyme complex play a key role in
kinase activation by cyclic nucleotides.

cAK and ¢GK autoinhibition is dependent upon the electro-
static interaction between positively charged residues of the
pseudosubstrate sequence within the regulatory domain and
negatively charged residues within the catalytic cleft (4, 5).
Autophosphorylation of cAK lowers the K, for cAMP and de-
creases the rate of association between the type II form of the
R and C subunits (6, 7). This is due in part to electrostatic
repulsion between the acidic residues within the catalytic cleft
and the negatively charged phosphates incorporated into the
autophosphorylated regulatory domain. Both splice variants of
the type I isoform of cGK (I« and IB) share several autoinhibi-
tory characteristics with cAK. First, autophosphorylation
within or adjacent to the autoinhibitory (AI) sequence in cGKIp
elevates kinase activity in the absence of cyclic nucleotide and
lowers the K, of cAMP and ¢cGMP (8). Second, cGKIa autophos-
phorylation decreases the K; of cAMP from one of the cyclic
nucleotide-binding sites, lowering the K, for cAMP (9, 10).
Some residues responsible for autoinhibition of cAK are con-
served in ¢cGKI and -II, including the presence of at least one of
the basic residues that make up the pseudosubstrate sequence.

The specifics of ¢cGKII activation differ from the ¢cGKI isoform
(11) in that the low affinity CNBS is most critical for ¢cGKII
activation. The distinct mechanism of activation in ¢cGKII may
be because of differences in cGMP regulation of autoinhibition.
Alternatively, this distinction may result from similar CNBSs
that regulate very distinct autoinhibitory subdomains, as ex-
emplified by the difference in the autoinhibition between the
splice variants ¢cGKIa and -18 (12, 13), which possess identical
CNBSs but distinct NH,-terminal autoregulatory domains.

The goal of this study was to define the autoinhibitory mech-
anisms of ¢cGKII. The effects of autophosphorylation and mu-
tation of residues within the putative ¢GKII autoinhibitory
subdomain were examined by monitoring the basal activity of
the kinase and its sensitivity to cyclic nucleotide activation.
Unlike ¢cGKIa and -1 isoforms (8, 9, 14) this study found that
¢GKII autoinhibition was independent of autophosphorylation,
but dependent upon residues proximal to the conserved
pseudosubstrate sequence. Additionally, this study demon-
strates that a truncated regulatory domain of ¢cGKII possesses

c¢GMP; VASP, vasodilator-A-kinase stimulated phosphoprotein; Al sub-
domain; autoinhibitory subdomain.

This paper is available on line at http://www.jbc.org
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A

Fic. 1. Autophosphorylation in
cGKII. A, phosphate incorporation in
¢GKII under autophosphorylation condi-
tions and its effect on basal activity.
Freshly purified enzyme from baculoviral
Sf9 cells overexpressing histidine-tagged
c¢GKII was incubated in the presence of
100 uM ATP and 4.5 uM magnesium ace-
tate, and either 5 um ¢cGMP or 10 um 0 ' ' i i '
cAMP, if indicated (see “Experimental o 50 100 150 200 250
Procedures”). At the indicated time
points, the stoichiometry of autophospho-
rylation at 30 °C under different cyclic
nucleotide conditions was determined.

Compared with autophosphorylation con-

ditions in the absence of cyclic nucleotide

(o), the addition of cGMP (O) enhances B
the stoichiometry of autophosphorylation. .
Further enhancement is see when the en-

zyme is incubated under autophosphoryl-

ation conditions with cAMP (H). B, the

effect of autophosphorylation on basal ki-

nase activity. For all conditions, the filled

symbols show the presence of ATP in au-

tophosphorylation, whereas the empty

symbols show the response to identical

conditions, but in the absence of ATP. The

influence of cGMP-induced autophospho-

rylation in the presence of ATP is shown

with filled circles (e), and in the absence

of ATP is shown with empty circles (O).

The effect of cAMP-induced autophospho- 0
rylation in the presence of ATP is shown

with filled squares (W), and the absence of

ATP is shown with empty squares (().

The effect of ATP in the absence of cyclic

nucleotide is shown with filled triangles

(A), and the maximum kinase activity is

shown with empty triangles (). C, effect

of autophosphorylation on K,. At the

indicated ¢cGMP concentration, enzyme

autophosphorylated in the presence

of cGMP for 1 h was assayed for kinase

activity for 8 min at 30 °C (see “Experi-

mental Procedures”) with H2Btide

(RKRSRAE) as the substrate. Autophos-

phorylated, e; nonautophosphorylated, C
O. These data represent one of at least . 100 -
three similar experiments. The curves ¢
were fitted using the mean values of trip-
licate samples at each cyclic nucleotide
concentration and the error bars repre-
sent the mean *= S.D. The data repre-
sented in all three figures are from the
same preparations of enzyme.
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Fic. 2. Alignments for mutagenesis strategies and the effect of
mutagenesis at the putative ¢GKII autophosphorylation site.
Alignment of autophosphorylation sites and pseudosubstrate sites in
cAK RI subunits, ¢cGKs, and PKIs. The black box outlines the residues
that are in the position of known autophosphorylation sites in cAK RI
subunits and ¢cGKIB. Highlighted in gray are residues that align with
arginine of PKI at the P-6 and arginine of Rla at the P-5 position. Also
highlighted are the residues that align with the basic P-2 residue
conserved in some, but not all cyclic nucleotide-dependent protein ki-
nases and the highly conserved hydrophobic P + 1 residue, demon-
strated to be a positive determinant of cAK and ¢GKI autoinhibition.

RIIB
PKlIo
PKIf
PKlIy
cGKlIo

e s 0 )

TABLE I
Sites of mutations in the ¢cGKII autoinhibitory domain and their
effects on enzyme kinetics
K, and V,

nax Were calculated as the average of at least three experi-
ments and showed a standard error of less than 17%. Basal activity was
also calculated from at least three experiments and had a standard
error of less than 1.5%. V. is expressed as micromole/min/mg, K, as

micromolar ¢cGMP, and basal activity as % of V..

Mutant Autoinhibitory Kg (WM)  Vmx  Basal (%)
Domain
65 2 P
Wild type SRRIGA| 1.11 0.89 3.0
K122A SRRIGAAAGV|SAEP 0.26 0.40 10.0
RI18A/R119A SAAGAKAGVSAEP 0.15 0.55 10.0
VI25A SRRGAKAGASAEP 0.17 0.59 8.9
RI18A/RI19A/VI25A SAAGAKAGASAEP — 0.41 72.9

—, Not determined.

dominant negative inhibitory properties in vitro and in vivo.
Inhibition by the truncated ¢cGKII regulatory domain was di-
minished in the presence of cGMP or by mutagenesis of resi-
dues critical for autoinhibition. In vivo, the truncated regula-
tory domain of ¢cGKII showed dominant negative properties
toward wild type ¢cGKII in the presence of lower concentrations
of 8-Br-cGMP. We also show that the inhibitory properties of
the truncated ¢GKII regulatory domain are specific to ¢cGKII,
and did not influence the activity of ¢cGKI or cAK Ca. Given the
lack of specificity of many inhibitors structurally analogous to
ATP or cyclic nucleotides (15), these findings offer an isoform-
specific, dominant negative inhibitor of cGKII.

EXPERIMENTAL PROCEDURES

Construction of ¢cGKII and ¢GKIB Mutants—Plasmid constructs en-
coding alanine substitutions for candidate residues responsible for reg-
ulation of ¢cGKII autoinhibition (R118A/R119A, K122, V125A, S126D,
and R118A/R119A/V125A) were constructed using a PCR site-directed
mutagenesis protocol as previously described (16). The construction of
the truncated ¢GKII regulatory domain mutant denoted IIRA417-762
was performed using primers and a ¢cGKII template in a one-step PCR
site-directed mutagenesis method as described (11). The IIRA417-762
construct contained an amino-terminal hexahistidine tag (N-terminal
His-tag) and was truncated at Lys*'” with COOH-terminal addition of
either a FLAG epitope sequence (DYKDDDDK) or the last five amino
acids of the RIa subunit of cAK (VSLSV). The primers for the amino-
terminal truncation of the cGKII regulatory domain were designed with
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a BamHI site at the 5’ end that was used to ligate the fragment into
pcDNA3.0 (Invitrogen). Mutations of the autoinhibitory region were
introduced by subcloning a fragment of the R118A/R119A/V125A
(called RUSARIIOAVIZBATIRA417-762) construct into vectors that con-
tained the 5’ end of the IIRA417-762 construct.

Construction of the His-tagged ¢GKI truncation mutant, IBRA341—
686, was carried out using a sense primer that encoded an NH,-termi-
nal hexahistadine tag for Ig and an antisense primer that contained the
BamHI site after the codon for Gly**° to allow the COOH-terminal
fusion to either the triple-FLAG epitope encoded by the pFLAG-
CMV-14 vector (Sigma) or the c-Myc epitope encoded by pCMVTagba
(Stratagene). The University of Michigan Biomedical Research Core
Facilities synthesized the primers used for this approach and sequenced
all final plasmid constructs.

Expression and Purification of cGKII Mutants—For in vitro studies,
hexahistidine-tagged wild type and mutant ¢GKII proteins were puri-
fied from HEK-T cells following transfection (17) unless otherwise in-
dicated. Purification was performed essentially as described (11).
Briefly, the cells were harvested and sonicated in Buffer A (10 mm Tris,
pH 8.0, 0.1% Triton X-100, 200 mM NaCl) containing Complete™
EDTA-free protease inhibitors (Roche Molecular Biochemicals) 36 h
post-transfection. The solution was centrifuged at 20,000 X g for 30 min
at 4 °C, after which 20 mM imidazole in Buffer A was added to the
solution, and the supernatant was decanted into fresh tubes to be spun
again for another 30 min. The supernatant was then loaded onto a
500-pul column of nickel affinity resin (Qiagen) and washed with 20
volumes of 20 mM imidazole in Buffer A. The hexahistidine-tagged
protein was eluted by stepwise application of 1 ml of 30, 60, and 90 mm
imidazole, with the highest concentration of cGKII protein found within
the first 500 ul of the 1 ml of 60 mM imidazole elution step. The protein
concentration was determined as described (11).

The purification of the previously characterized FLAG-tagged
c¢GKI-C (18) from a 15-cm? plate of transfected HEK-T cells was per-
formed by washing the cells three times with phosphate-buffered saline
prior to harvesting in 4 ml of extraction buffer (0.9% phosphate-buff-
ered saline, 10 mm NaPO,, pH 7.5, 1% Triton X-100, 0.1% Nonidet P-40,
1% Tween 20) and homogenizing with 10 strokes of a Dounce homoge-
nizer. The extract was centrifuged at 13,000 rpm for 10 min and the
supernatant was collected into 14-ml Falcon tubes. One-hundred mi-
croliters of M2-agarose beads (Sigma) were added to the supernatant
and the mixture was allowed to rotate for 1 h at 4 °C. After washing the
beads three times with extraction buffer, the enzyme was eluted in
Buffer A by adding an excess of FLAG-peptide (Sigma). The units of
active ¢cGKI-C were determined using the substrate Kemptide and
matched with the activity of the R118A/R119A/V125A constitutively
active ¢GKII in the in vitro kinase assay.

All purified enzymes were stored at —20 °C in a storage solution
containing a final concentration of 50% glycerol, 50 mm KPO,, pH 6.8,
25 mM B-mercaptoethanol, 1 mM EDTA, and 0.1% bovine serum albu-
min. Prior to the addition of storage solution, all mutant kinases were
assayed to be certain that both basal and maximum kinase activity
remained linear over all time periods. Additionally, kinase activity
assays were performed to ensure that the K, and V. of the freshly
purified kinase was consistent with kinetics assayed after storage, and
all freshly purified truncation mutants were assayed for stoichiometry
of [*H]cGMP binding and IC,, against the constitutively active R118A/
R119A/V125A full-length c¢GKII (also called constitutively active
¢GKII).

Determination of Kinase Activity—Kinase activity was determined
by varying the concentration of cyclic nucleotide using the conditions
and methods described (11). The reaction mixture consisted of 20 mm
Tris, pH 7.5, 0.5 mM isobutylmethylxanthine, 10 mM magnesium ace-
tate, 10 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 200 um
unlabeled ATP, 11 nMm [y->?P]ATP (specific activity 200-300 cpm/pmol;
Amersham Biosciences), and 100 um synthetic H2Btide (Arg-Lys-Arg-
Ser-Arg-Ala-Glu) as the phosphate acceptor unless otherwise indicated.
The K, value for each kinase was calculated using the Lineweaver-Burk
analysis of at least three experiments. For IC;, determination, the stock
solution of 5 nM enzyme was incubated on ice with varying concentra-
tions of the regulatory truncation mutant between 3 and 5 min prior to
dilution into the kinase reaction mixture. All synthetic peptides were
acquired from Research Genetics (Huntsville, AL) or the University of
Michigan Biomedical Core Facilities. Single tailed Student’s ¢ tests
were applied to determine significance in observed differences of kinase
activity.

Autophosphorylation Assay—The determination of phosphate (P;)
incorporation into wild type ¢GKII was performed in a similar manner
to that described (8). Briefly, purified cGKII enzyme at a concentration
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A.

Fic. 3. Effect of mutations of basic
residues Arg''®, Arg''% or Lys'?? in
the putative AI subdomain on cGKII
activity. A, effect of mutagenesis of the
basic residues within and proximal to the
putative pseudosubstrate sequence of
cGKII (*?'AKAGV'?®) in the in vitro ki-
nase assay. cGMP-induced activation of
purified wild type cGKII (e); K122A,
which is within the predicted pseudosub-
strate domain (O); and R118A/R119A (A).
The abscissa shows kinase activity in the
presence of the indicated concentrations
of cGMP relative to maximum kinase ac-
tivity (V,..)- The average values for V,___,
K,, and basal activity averaged from all
experiments are reported in Table I. B,
wild type and mutant ¢cGKII kinase activ-
ity in vivo. Enzymes were co-transfected
with a cAMP response element-depend-
ent luciferase reporter gene in HEK-293T B .
cells under conditions described under
“Experimental Procedures.” Wild type or
Al subdomain mutants were exposed to
the indicated concentration of 8-Br-cGMP
for 6—-8 h and luciferase expression was
determined by luciferase assay as de-
scribed under “Experimental Proce-
dures.” The symbols are identical to that
shown in A, with reporter gene activity
expressed as % maximum. The curves
were fitted using the mean values of trip-
licate samples at each cyclic nucleotide
concentration and the error bars repre-
sent the mean = S.D. These data are rep-
resentative at least three experiments.

% Maximum Kinase Activity

% Maximum Luciferase Activity

of 1 uM was incubated in Buffer B (5 mMm potassium phosphate, pH 6.8,
1 mM EDTA, 25 mM B-mercaptoethanol) in the presence of 100 um ATP
and 4.5 uM magnesium acetate (if indicated), under conditions noted in
the figure legends. Because bovine serum albumin was found to be a
substrate for ¢cGKII, it was not included in the autophosphorylation
mixture after it was determined that the linear increase of kinase
activity over time was not affected by its omission. The enzyme was
then incubated at 30 °C and the autophosphorylation reaction was
terminated at the indicated time by adding 18 ul of the mixture to
SDS-PAGE buffer (2% SDS, 12.5% B-mercaptoethanol, 25% glycerol,
0.25 M Tris, pH 6.8, and bromphenol blue). Phosphate incorporation was
determined by performing electrophoresis of the reaction mixture on a
10% SDS-polyacrylamide gel and excising the 86-kDa band after Coo-
massie Blue staining. Analysis of the log of the rate of phosphorylation
versus log of the enzyme concentration (van’t Hoff analysis) indicated
that both the basal and ¢cGMP-stimulated autophosphorylations were
intramolecular events.

To determine the effect of autophosphorylation on enzyme K, or
Vomaxs the autophosphorylation mixture was diluted 50-fold into an
ice-cold solution that contained Buffer B, 0.1% bovine serum albumin,
and 25 mM dithiothreitol. After incubating on ice for 2 min, this stock
solution of autophosphorylated enzyme was used in phosphotransferase
reactions carried out as described above.

[’H]cGMP Dissociation Assay—Dissociation rates of [*H]cGMP from
wild type and ITRA417-762 variants were determined using the cyclic
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nucleotide dissociation assay as described (11). Briefly, a final concen-
tration of 450 nM of purified enzyme was incubated for 10 min at 30 °C
in a mixture of KPEH buffer (5 mM potassium phosphate, pH 6.8, 1 mm
EDTA, 25 mm B-mercaptoethanol, and 0.5 mg/ml histone ITA), 50 um
c¢GMP, and 3.2 uMm [*H]cGMP (specific activity, 15.6 Ci/mmol; Amer-
sham Biosciences). The mixture was then chilled for 5 min on ice before
30-ul samples were precipitated in 100% saturated, ice-cold (NH,),SO,
and filtered over a 0.45-um nitrocellulose filter (Millipore). Dissociation
rates were determined by sampling the mixture in an identical manner
after the addition of 100-fold excess of unlabeled cGMP.

In Vivo Assays of cGKII and ¢GKI Activity—Two assays were used to
determine the activity of the kinase in vivo. To study the effect of
mutations on the regulation of gene transcription, a luciferase reporter
gene construct was used (11). Briefly, expression vectors for the kinase,
FLAG-tagged PKIa and a human chorionic gonadotropin luciferase
reporter gene containing two cAMP response elements, were co-trans-
fected with vectors encoding the truncated ¢cGKII mutant inhibitor (if
indicated) and the Rous sarcoma virus B-galactosidase to control for
transfection efficiency. Transfected cells were cultured for 24—36 h in the
presence of 10% fetal calf serum, exposed to 8-Br-cGMP at the indicated
concentration for 6—8 h (also in the presence of 10% fetal calf serum), and
harvested and assayed for luciferase activity as described (11).

To address in vivo activation on a shorter time scale and determine
the effects of the mutations on phosphorylation, the vasodilator-A-
kinase stimulated phosphoprotein (VASP) assay was used as described
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A.

Fic. 4. Effect of mutagenesis of res-
idues at the extreme ends of the pu-
tative cGKII Al subdomain. A, in vitro
kinase activity was determined for the
wild type (o) ¢GKII, in addition to the
V125A mutant (O), and the R118A/
R119A/V125A mutant (A). B, in vivo ki-
nase activity was determined using the
cAMP response element-dependent lucif-
erase reporter gene assay. The symbols B
are identical to those in A. Results are .
representative of at least three independ-
ent experiments.

(18). The expression vectors for kinase, as well as FLAG-tagged VASP
and FLAG-tagged PKla, were co-transfected with vectors for enhanced
green florescent protein (p-EGFP C1; CLONTECH) and B-galactosidase
(Rous sarcoma virus-fBgal) to control for transfection efficiency. After 24 h
the cells were serum starved for at least 4 h prior to harvesting with
ice-cold homogenization buffer. The samples were then immediately son-
icated, a sample was taken for protein and B-galactosidase assay deter-
mination, and the remainder diluted into RIPA buffer (20 mm Tris-HCI,
pH 8.0, 1% HPO,, 1% sodium deoxycholate, 0.1% SDS, 150 mMm NaCl, 1
mM EDTA, 50 mM NaF, 5 mm sodium pyrophosphate) followed by storage
at —20 °C. SDS loading buffer was added to the samples and electrophore-
sed on a 10% SDS-polyacrylamide gel, transferred onto nitrocellulose, and
blotted with the indicated antibodies. Chemiluminescent intensity was
determined using Bio-Rad Fluro-S Maxilmage (Diabetes Center, Univer-
sity of Michigan). Results are expressed as % maximum phospho-VASP,
which was calculated as the percent ratio of VASP conversion in the
experimental condition over the maximum amount of VASP phosphoryl-
ation when the constitutively active kinase was expressed alone. The
specific conditions and mass of DNA added to the transfection conditions
are similar to that noted (11, 18) for both assays. Variations of these
conditions are noted in the figure legends.

RESULTS AND DISCUSSION

Autophosphorylation Does Not Diminish Autoinhibition—
For ¢GKla and -IB, autophosphorylation disrupts autoinhibi-
tion, allowing the catalytic domain to phosphorylate substrate
in the absence of cGMP. To determine the kinetics of autophos-
phorylation in ¢GKII, purified wild type ¢GKII was incubated

Autoinhibition and Dominant Negative Inhibition of cGKII
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with [y-32P]ATP and assayed for incorporation of radioactivity.
Fig. 1A shows that 5 um ¢cGMP induced phosphate incorpora-
tion at a maximum of 3 Py/mol of ¢cGKII monomer and that
cAMP induced incorporation of an additional mole of P;/mol of
¢GKII monomer even though maximum kinase activations in
the two conditions were identical (data not shown). However,
autophosphorylation of ¢cGKII in the presence of either cAMP
or cGMP did not elevate basal kinase activity (Fig. 1B) in
contrast to similar experiments with ¢cGKIB (8) and -Ia (9).
Additionally, autophosphorylation in the presence of cGMP did
not shift the sensitivity of the kinase for activation (K,) by
c¢GMP (Fig. 1C), as has been shown for cGKIS (8). This was also
observed when assayed with Kemptide, which has a lower K,
for ¢cGKII (19), or varying concentrations of ATP (data not
shown).

Determination of Residues That Are Necessary for ¢GKII
Autoinhibition—Autophosphorylation in all other cyclic nucle-
otide-dependent protein kinases results in a moderate release
of autoinhibition. The inability of ¢cGKII autophosphorylation
to alter the activity of the kinase may be because of unique
autoinhibitory interactions between its regulatory and cata-
Iytic domains. We set out to determine critical residues for
c¢GKII autoinhibition by examining the alignment of
pseudosubstrate inhibitors of the cyclic nucleotide-dependent
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Fic. 5. The inhibitory properties of peptides designed from
the AI subdomain of ¢cGKIB and cGKII. The activity of constitu-
tively active ¢GKII in the presence of varying concentrations of
c¢GKII-AI peptide (SRRGAKAGVSAEPTTR,; O) and ITRA417-762 (A).
The activity of ¢cGKI-C in the presence of varying concentrations of
c¢GKI-AI peptide (EPRTKRQAISAEPTAF; o). Inhibitors were coincu-
bated with their respective constitutively active mutant kinases for 5
min on ice prior to determination of kinase activity at 30 °C using the in
vivo kinase assay. The curves were fitted using the mean values of
triplicate samples at each cyclic nucleotide concentration and the error
bars represent the mean * S.E. These results are similar to at least
three other experiments.

protein kinases (Fig. 2). Many of the determinants of the in-
hibitory potency of the cAK protein kinase inhibitor (PKI) (20)
and the RI (21, 22) and -II (23) subunits of cAK are known.
Alignment of Rla, cGKIB, and ¢cGKla with ¢GKII (Fig. 2) re-
vealed that the sequence 12! AKAGV'?5 of cGKII aligns with the
RI and PKI pseudosubstrate motif RRXAWV, where ¥ repre-
sents a hydrophobic residue and the underlined residue is the
designated “P-site.” Determinants for binding of RIa and the
pseudosubstrate inhibitor PKI to the catalytic cleft of cAK
consist of several elements, including a P-6 arginine (found in
RIla, RIIB, and the PKIs), the P-3 and P-2 arginine residues
and a P + 1 hydrophobic residue (16, 20, 24). Electrostatic
interactions between glutamate residues in the catalytic cleft
and the P-3 and P-2 residues of PKI are responsible for their
inhibitory potency toward the C subunit. These electrostatic
interactions are supplemented by the hydrophobic interactions
between the P + 1 residue and a hydrophobic pocket within the
substrate-binding site (20, 25). On the basis of these align-
ments and previous studies, a series of mutants were designed
to substitute an alanine for the P-6, P-5, and P-2 basic residues
of cGKII, Arg''® Arg!'® and Lys!?2 respectively, as well as the
P + 1 hydrophobic residue Val'?® (see Fig. 2 within the gray
box).

Our first goal was to determine whether the residue at the
P-2 position (Lys'?2, see Fig. 2 in the gray box under the P-2
position) was required for autoinhibition of ¢cGKII. If so, we
expected to observe an increase of basal activity in the Lys!%2
mutant, indicative of disrupted autoinhibition. However, we
observed only a small change in basal activity (10%; Table I).
The other conserved basic residues, the P-6 and P-5 arginine
residues (Arg''® and Arg!''®), were also targeted for alanine
substitution. The P-6 residue was targeted because the homol-
ogous residue in PKI has been shown to be a major determinant
of high affinity binding at a highly conserved glutamate in the
catalytic cleft. Also, arginine at the P-5 position was targeted
because the homologous residue in RIa and ¢GKI contributes
to the autoinhibitory potency of their regulatory domains (21,
22). The R118A/R119A ¢GKII mutant showed a 3-fold increase
in the basal activity of the enzyme (Table I), suggesting that
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residues distal to the predicted pseudosubstrate sequence con-
tribute to ¢cGKII autoinhibition.

In other cyclic nucleotide-dependent protein kinases, disrup-
tion of autoinhibition can enhance the ability of cyclic nucleo-
tide binding to activate the enzyme (26), indicated by a de-
crease in the K, for a cyclic nucleotide. To determine whether
K122A or R118A/R119A demonstrated increased sensitivity to
c¢GMP, the activities of these mutants were monitored in the
presence of varying concentrations of cyclic nucleotide. Fig. 3A
illustrates the significant increase in the sensitivity of the
enzyme to cGMP (4.2-fold for K122A and 7.4-fold for R118A/
R119A; Fig. 3A and Table I). The mutant kinases were also
monitored in vivo to ensure that the purification procedure did
not introduce an experimental artifact. Similar to our in vitro
observations, KI122A and R118A/R119A c¢GKII mutants
showed a 5-fold leftward shift in the 8Br-cGMP induction of
luciferase expression (Fig. 3B; EC;, of 10 uM for each mutant,
relative to an EC;, of 50 um for wild type).

Thus, compared with ¢cGKIB, ¢cGKII autoinhibition is unique
because residues that are relatively distant from the conserved
serine residue of the putative pseudosubstrate sequence (P-5
and P-6) contribute to autoinhibition as much as residues
within the pseudosubstrate sequence (21, 22). Because substi-
tution of Lys'?2 in ¢cGKII abolishes the only basic residue that
aligns with the autoinhibitory pseudosubstrate sequence in
cAK and cGK, it was expected that this mutant would have a
significant impact on autoinhibition, potentially creating a con-
stitutively active kinase. Instead, K122A showed modest activ-
ity in the absence of cyclic nucleotides, demonstrating that
other components contribute to autoinhibition.

Because mutation of the charged residues Arg!'®/Arg!1® or
Lys'?2 did not completely abolish autoinhibition, we also con-
sidered the importance of a hydrophobic residue at the P+1
position in ¢GKII. This residue is highly conserved in ¢cGKlua
and -IB and cAK inhibitors (see Fig. 2). A hydrophobic residue
at the P + 1 position has been shown to participate in autoin-
hibition of ¢cGKI (27) and has also been shown to be important
in the inhibitory potency of peptides designed from the
pseudosubstrate sequence in RIa and PKI (22, 24). If the res-
idue homologous to the P + 1 position (Val'?®) contributed to
autoinhibition like Arg!*®/Arg!!® or Lys'?2, an alanine substi-
tution at that site would decrease the potency of autoinhibition.
Indeed, the V125A mutant of ¢cGKII showed a significant ele-
vation of basal activity relative to wild type ¢GKII (2.9-fold;
Table I), in addition to an increase in sensitivity to cGMP
(6.6-fold; Fig. 4A and Table I). This shows that the P + 1
residue contributes to autoinhibition, indicating that the inter-
action of the ¢cGKII catalytic domain with the 2!AKAGV!2®
pseudosubstrate sequence was analogous to that seen in other
cyclic nucleotide-dependent protein kinases.

To determine the contribution of adjacent residues, we tar-
geted Arg!'®/Arg!'® and Val'?® of the ¢GKII sequence '®RR-
GAKAGVS'? to test whether a combination of Ala substitu-
tions could produce a constitutively active kinase. If these
residues were primary factors contributing to autoinhibition,
then combined disruption of these three residues would yield a
constitutively active enzyme. A ¢GKII enzyme with alanine
substitutions for Arg!!®, Arg!!® and Val'?® demonstrated a
dramatic increase in basal activity relative to wild type (25-
fold; Fig. 4A and Table I). The increase between the basal and
c¢cGMP-stimulated activation for the R118A/R119A/V125A mu-
tant enzyme (from 0.30 to 0.41 umol/min/mg) may represent
residual autoinhibition mediated by Lys'?? or to additional,
less potent inhibitory elements in the regulatory domain. In
vivo, these mutants also displayed a pattern of activation that
is consistent with that seen in vitro (ECy, of 10 um for V125A

0202 ‘2 Yo |\ uo 1senb Ag /B1o-oq [ mmmy/:dny wouy papeojumoq


http://www.jbc.org/

37248

A.

% Maximum Kinase Activity

FiG. 6. IIRA417-762 truncation mu-
tant inhibitory potency toward con-
stitutively active cGKII and its CNBS
kinetics. A, comparison of kinase activity
of constitutively active ¢GKII incubated
with the RUBARIOANVIZSATIRAL]7-762
(e), heat denatured (O), cGMP bound (V)
truncation mutant ITRA417-762, or na-
tive ITIRA417-762 (V). Kinase activity was
determined by mixing the truncation mu-
tant and constitutively active ¢GKII to-
gether on ice and immediately adding to
the kinase assay for a 10-min incubation
at 30 °C (see “Experimental Procedures”).
B, [*H]cGMP dissociation from wild type B .
c¢GKII and the ITRA417-762 truncation
mutants. Wild type, o; IIRA417-762, O;
RIIBA/RIIOAVIZSATTRA417-762, V. Results
for both panels A and B are representa-
tive of at least three independent
experiments.

InB'B,

and constitutive activity for R118A/R119A/V125A; Fig. 4B).
Taken together, these data define Arg''® Arg''® and Val'?® as
major determinants of ¢cGKII autoinhibition. The impact of
these residues on autoinhibition would not have been predicted
from previous models of regulatory and catalytic domain inter-
actions in cyclic nucleotide-dependent protein kinases (22). Our
data show that for ¢cGKII, the integrity of these residues is
essential for autoinhibition and defines a region from Arg'!8-
Val'?® that we call the autoinhibitory subdomain (AI
subdomain).

The AI Subdomain Is Not Sufficient for cGKII Autoinhibi-
tion—To determine whether the Al subdomain would be suffi-
cient to inhibit ¢cGKII, we created a 16-mer COOH-terminal
acetylated peptide that included the Al subdomain (SRRGAK-
AGVSAEPTTR; ¢GKII Al-peptide) that was based on the se-
quence of cGKII between Ser'!” and Arg'®?. For comparison,
we also tested a peptide derived from the corresponding cGKIp
Al sequence (EPRTKRQAISAEPTAF; cGKIB Al-peptide) to de-
termine whether it was sufficient for inhibition of a constitu-
tively active ¢cGKI mutant that contained only the catalytic
domain of the kinase (cGKI-C (18)). Fig 5 shows that the cGKII
Al-peptide did not suppress the activity of the constitutively
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active cGKII. Also, the cGKIB Al-peptide was not able to inhibit
the ¢GKI-C, as expected from previous studies (22).

Because the Al subdomain was not sufficient for inhibition of
c¢GKs, we wanted to determine whether the larger regulatory
domain, which includes the Al subdomain as well as the cyclic
nucleotide-binding sites, would be sufficient for inhibition as is
seen by the R subunits of cAK. Studies of cAK have shown
important interactions between the residues near the CNBS of
the R and C subunits of cAK (23, 28—-30). We anticipated that
these secondary interactions may be important for inhibition
and constructed the IIRA417-762 truncation mutant repre-
senting the amino-terminal regulatory domain of c¢GKII. To
determine whether the IIRA417-762 truncation mutant inhib-
ited the constitutively active ¢cGKII, the proteins were purified
from transfected cells and subjected to in vitro kinase assays.
Fig. 5 shows that preliminary in vitro experiments demon-
strated that the ITRA417-762 protein was a significantly more
potent inhibitor of ¢cGKII than the Al peptides.

Characterization of the Inhibitory Activity of the cGKII Reg-
ulatory Domain—Detailed analysis of the IIRA417-762 inhibi-
tion showed suppression of the constitutively active cGKII with
an ICy, of 4.5 nM (Fig. 6A). The RUISARIIOAVIZOATIRAL17-762
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Fic. 7. The isoform specificity of
ITRA417-762 inhibition. A, the specific-
ity of the inhibitory properties of
ITIRA417-762 (o) and PKIa-(5-24) (O)
was determined by testing the activity of
cAKCa under increasing concentrations
of the inhibitor. B, the inhibitory proper-
ties of IIRA417-762 against the catalytic
domain truncation mutant cGKI-C (e)
and the constitutively active ¢cGKII mu-
tant (O). All inhibitors were coincubated
with the constitutively active kinase for 5
min on ice prior to determination of ki-
nase activity at 30 °C using the in vitro B .
kinase assay. The curves were fitted using

the mean values of triplicate samples at 100 -

each cyclic nucleotide concentration and
the error bars represent the mean = S.E.
These results are representative of at
least three experiments.

% Maximum Kinase Activity

protein (Fig. 6A) did not inhibit the constitutively active ¢cGKII,
demonstrating that the residues outside of Arg''®, Arg!'® and
Vall?® were not sufficient for inhibition by the IIR truncation
mutant. In addition, heat denatured IIRA417-762 (Fig. 6A) did
not show significant inhibition of the constitutively active ki-
nase. Also, the ability of cyclic nucleotides to abrogate the
inhibitory properties of the ITRA417-762 fragment was dem-
onstrated by the addition of 5 um ¢cGMP to the incubation
mixture (Fig. 6A), the amount necessary to fully activate wild
type cGKII. The most direct explanation for these results is
that ¢cGMP binding to the IIRA417-762 truncation mutant
altered the conformation of the protein and rendered it inca-
pable of inhibiting full-length ¢GKII, likely through mecha-
nisms that have been described for cGMP release of inhibition
in ¢GKI (31).

To demonstrate the similarities of cGMP binding kinetics
between the wild type kinase and the truncation mutant, and
that the loss of inhibition by the R1SA/RIIOAVIZSATTRA4]17-762
was not because of a disruption of the overall conformation of
the regulatory domain, we examined the dissociation of
[*H]cGMP from the CNBSs. Both forms of ITRA417-762
showed identical stoichiometry of [*H]cGMP binding and sim-

75

25 1

75 4

10 100
[Inhibiter] nM

T T 1

i i0 100
[IIRA417-762] ;M

ilar kinetics of [PH]cGMP dissociation compared with the wild
type cGKII, IIRA417-762, and RUSARIIOAVIZSATIRA417-762
(Fig. 6B). These results demonstrated that the catalytic domain
of ¢cGKII was not required for effective cGMP binding and that
the R118A/R119A/V125A mutations of the IIRA417-762 did
not introduce general structural defects that would have com-
promised its integrity.

Taken together, these data demonstrate a surprising affinity
between the regulatory and catalytic domains of ¢cGKII. The
similarity of the mechanism of ¢cGKII autoinhibition and inhi-
bition by ITRA417-762 was demonstrated by the necessity for
the integrity of the Al subdomain in both conditions (compare
the effect of the R118A/R119A/V125A mutation on autoinhibi-
tion in Fig. 4A and RU1SA/RIIOAVIZEATTRAL]7-762 inhibition of
constitutively active cGKII in Fig. 6A). These data demonstrate
that the regulatory domain, which includes the AI subdomain,
is sufficient for autoinhibition, and that the AI subdomain is
necessary but not sufficient for autoinhibition.

Determination of Isoform Specificity of IIRA417-762 and
IBRA341-686—Because there is significant homology between
the catalytic domains of cGKs and cAKs, we tested whether the
ITRA417-762 could inhibit the catalytic subunit of cAK. Fig. 7A
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Fic. 8. Analysis of the inhibitory
properties of the cGKII regulatory
domain truncation mutant ITRA417- 21 o
762 in vivo. A, effect of overexpression of
the ITRA417-762 truncation mutant on 0 T T
¢GKII induction of gene expression. Using 10 100 1000
the luciferase reporter gene assay, the
suppression of cGKII by the ITRA417-762 [8Br cGMP] uM
truncation mutant results in a dramatic
shift in responsiveness to 8-Br-cGMP. In
this assay the amount of IIRA417-762 ex-
pression vector is in 2-fold excess of the
full-length wild type kinase. Wild type, e; B
wild type and ITRA417-762, O. The curves
were fitted using the mean values of trip-
licate samples at each cyclic nucleotide
concentration and the error bars repre- e .
sent the mean *= S.D. B, effect of overex- “ * = -
pression of ITRA417-762 truncation | 4
mutations on VASP phosphorylation.

FLAG-tagged VASP phosphorylation was
monitored by Western blotting using an
M2 antibody (1:5000) and horseradish L
peroxidase mouse antibody (1:5000). 12
ng of VASP expression vector was

co-transfected with the indicated R118A/R118A/V125A cGKII - + -+ +
amounts of constitutively active ¢cGKII 1IRA417-762 _ . + _
xpression vector and 8.75 f th

mbanovisNRag7 762, TiRA17- R1ISA/RI99A/VI2SAIIRA4IT-762

762, or empty expression vector. C,
quantification of VASP conversion to
slower migrating phosphorylated spe-
cies. The ratio of VASP conversion to the
slower migrating band under varying co-
transfection conditions is expressed as a
percentage of VASP conversion seen in (G 120 -

the presence of the constitutively active
kinase alone. These data are the average
of at least three independent experi- 100 4
ments with the error bars representing Ay T
mean *= S.E.; * indicates significant dif- 2
ference of p < 0.05 by the Student’s ¢ test >
between the noted condition and the con- .él 80 ~
trol (constitutively active cGKII alone). =3
(=]
2 60+
g 40 - *
X 0.
0 T T T
CONT IIRA417-762 R118A/R119A
VI125A
IIRA417-762

shows that IIRA417-762 does not inhibit Ca, even at concen- 7A), as demonstrated previously (32).

trations that maximally inhibited the constitutively active To determine whether ITRA417-762 could inhibit ¢cGKI ac-
c¢GKII (100 nm ITRA417-762). However, the Ca is almost com-  tivity, we tested its ability to inhibit a previously characterized
pletely inhibited by equimolar amounts of PKla-(5-24) (Fig. truncation mutant of ¢cGKI (cGKI-C) that possessed only the
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Fic. 9. Isoform-specific effect of the regulatory domain truncation mutants IIRA417-762 and IBRA341-686 on constitutively active
c¢GKs in vivo. A, 2 pg of the constitutively active cGKII expression vector (either R118A/R119A/V125A ¢GKII or S79D c¢GKIB) was co-transfected
with 6.6 ug of FLAG-tagged VASP expression vector and 15 pg of either IIRA417-762 or IBRA341-686 expression vectors. These samples were
collected as described under “Experimental Procedures.” B, quantification of in vivo isoform specificity. The abscissa expresses the percent
conversion of VASP under the indicated condition relative to maximal conversion seen with the constitutively active kinase (either R118A/R119A/
V125A ¢GKII or S79D ¢GKIB), determined from the average for three independent experiments. The error bars represent the mean = S.E.; *,
indicates a significant difference of p < 0.05 (Student’s ¢ test) between the indicated conditions and the maximum VASP phosphorylation; T
indicates the significant difference (p < 0.05; Student’s ¢ test) between the conditions that have the presence of IIRA417-762 and IBRA341-686.

catalytic domain (18). The catalytic activity of the ¢GKI-C
showed a small but consistent inhibition at the highest concen-
trations of IIRA417-762 (25% inhibition; Fig. 7B) and this
inhibition was not seen in the presence of cGMP (data not
shown). The magnitude of inhibition of ¢cGKII by the ITRA417—
762 was significantly greater (75% inhibition; Fig. 7B). The
specificity of ITRA417-762 inhibition for the constitutively ac-
tive cGKII relative to cAK Ca and c¢GKI-C was also observed
using Kemptide as substrate (data not shown).

In Vivo Inhibition of Wild Type and Constitutively Active
c¢GKII by Overexpression of a Regulatory Domain—The in vivo
inhibition of ¢GKII activity by IIRA417-762 was examined by
co-transfection experiments in HEK-T cells. Fig. 8A shows that
overexpression of the IIRA417-762 caused a 12-fold rightward
shift in the 8-Br-cGMP-dependent induction of gene transcrip-
tion by c¢GKII, suggesting that IIRA417-762 co-expression in-

hibited the wild type kinase. Quantitative Western blot anal-
ysis demonstrated that the levels of wild type ¢cGKII expression
were identical in all conditions (data not shown), which was
consistent with the observation that the maximum relative
light units in both conditions were equivalent. However, these
results did not distinguish between competitive, indirect, or
noncompetitive modes of inhibition by ITRA417-762. Direct
binding and inhibition of the full-length ¢cGKII would mediate
competitive inhibition by the ITRA417-762 protein. However,
instead of competing directly at the catalytic cleft for substrate,
co-expression of the ITIRA417-762 might have indirectly inhib-
ited the activity by simply binding cGMP or co-expression may
have reduced ¢GKII kinase activity in a noncompetitive man-
ner by forming a nonfunctional heterodimer with a full-length
c¢GKII protein. These indirect and noncompetitive modes of
inhibition are not likely, because the large increase (12-fold) of
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FiG. 10. Model for ITR417-762 inhibition of cGKII. A, in the absence of cGMP (G), the kinase activity of the catalytic domain is sterically
inhibited by the regulatory domain of the enzyme. B, in the presence of cGMP, the regulatory domain undergoes a conformation change to relieve
the steric inhibition of the catalytic domain to increase phosphorylation (stars) of the substrate (irregular lines). C, in the presence of both cGMP
and the ITRA417-762 protein (R), the IIRA417-762 protein is able to bind to the catalytic domain in vivo and sterically inhibit enzyme activity.
In the absence of cGMP, IIRA417-762 has a nanomolar inhibition constant (Fig. 6A) in vitro but in the presence of cGMP IIRA417-762 has a
inhibition constant above 100 nM (Fig. 6B). In vivo, cGMP IIRA417-762 is proposed to inhibit ¢cGKII enzyme activity (Figs. 8 and 9) because the
ITRA417-762 protein is estimated to be present at micromolar concentrations.

the ¢GKII EC;, in the presence of the ITRA417-762 likely
exceeded the amount of suppression expected if the two binding
sites of the truncation mutant were absorbing cGMP. Second,
active monomers of ¢cGKII resulting from endogenous proteol-
ysis have been observed in some preparations (33), suggesting
that each monomer of the ¢cGKII dimer is independently capa-
ble of catalysis. Additionally, high affinity interactions ob-
served between the two domains in vitro (Fig. 6A) show that
heterodimerization is not required for IIRA417-762 inhibition.

It should be noted that the inhibitory efficacy of IIRA417—
762 toward wild type c¢GKII in the presence of a cyclic GMP
analog is likely because of two factors that are unique to the in
vivo assay. First, because IIRA417-762 and wild type c¢GKII
are overexpressed, the intracellular concentration of each
would be much higher than the IC; of their interaction, which
increases the likelihood of complex formation by the high prob-
ability of interaction with a binding partner. Second, there is
likely a limited availability of endogenous substrate relative to
the ITRA417-762 inhibitor, which increases the likelihood of
the enzyme remaining bound to inhibitor, rather than forming
an enzyme-substrate complex.

To confirm the mode of inhibition by the IIRA417-762 mu-
tant in vivo, a second in vivo approach was used. A phospho-
rylation dependent shift in the SDS-PAGE mobility of the cGK
substrate VASP has been used to quantify the changes of
c¢GKIB activity in vivo (18). We used this in vivo phosphoryla-
tion assay to determine the inhibitory activity of IIRA417-762
by coexpressing it with both a constitutively active c¢cGKII
(R118A/R119A/V125A ¢GKII) and VASP in the absence of cy-
clic nucleotide.

The Western blot in Fig. 8B shows that in the absence of
transfected ¢cGKII, VASP migrates at the more rapidly migrat-
ing dephospho form. Co-transfection with the constitutively
active cGKII results in the full conversion to the slowly migrat-
ing phosphorylated form of VASP. Co-transfection of the con-
stitutively active cGKII with the ITRA417-762 truncation
mutant significantly inhibits VASP phosphorylation when an
8-fold excess of IIRA417-762 DNA was expressed (79 *+ 11.3%
inhibition; the ratio of expression of IIRA417-762 to constitu-
tively active cGKII was confirmed by quantitative Western blot
analysis). The intensity of the upper and lower bands was
quantified and the % maximum conversion of VASP to phos-
pho-VASP (% conversion relative to the condition with VASP
expressed with the constitutively active ¢cGKII alone) is ex-
pressed on the ordinate axis of Fig. 8C.

To determine whether the Arg!!8, Arg!®, and Val'?® resi-

dues were required for the inhibitory properties of this regula-
tory domain truncation mutant in vivo, similar experiments
were performed with the RISA/RIIOANVIZSATIRA4]17_762 trunca-
tion mutant (Fig. 8B). At levels of expression equivalent to
IIRA417-762, the RIISA/RIIIANVIZBATIRA417-762 mutant
demonstrated a lack of inhibition of the constitutively active
c¢GKII (5 * 4% inhibition; p < 0.05 when comparing the differ-
ence between % inhibition between ITRA417-762 and
RIISAlRllgA/V125AIIRA417—762).

Taken together, these data show that the IIRA417-762 trun-
cation mutant could suppress cGKII kinase activity in vivo
even at a low stoichiometry of IIRA417-762. In addition, the
residues that were necessary for inhibition in vitro are also
required in vivo, suggesting that inhibition by the IIRA417-762
truncation mutant was not simply because of cGMP binding or
heterodimerization with ¢cGKII.

Isoform Specificity of IIRA417-762 and IBRA341-686 in
Vivo—The VASP phosphorylation assay was used to assess the
in vivo isoform specificity of the cGK regulatory domains. To do
so, the ¢cGKIB regulatory domain truncation mutant (IBRA341-
686) was co-expressed with the constitutively active ¢cGKII or
with a constitutively active form of ¢cGKIB (S79D c¢GKIp) that
has been characterized previously (18). Interestingly, it was
demonstrated that the IBRA341-686 inhibits constitutively
active ¢cGKII (59 = 15% inhibition) to an extent comparable
with IIRA417-762 (49 = 10% inhibition; Fig. 9, A and B), in
addition to inhibiting the constitutively active form of cGKIB
(18 = 5%, p < 0.05 when compared with activity in the absence
of inhibitor). IIRA417-762 was exclusive in its inhibitory influ-
ence toward the constitutively active ¢cGKII, and did not influ-
ence the constitutively active ¢cGKIB (101 * 5%; Fig. 9B),
matching observations seen in the in vitro assay (Fig. 8B,
closed circles). Thus the ¢cGKII truncation mutant showed iso-
form-specific inhibition, whereas the corresponding cGKIp
truncation mutant inhibited both ¢GKII and ¢cGKIg.

Conclusions—A major goal of this study was to characterize
the residues required for autoinhibition in the type II ¢cGMP-
dependent protein kinase. Our results showed that ¢GKII did
undergo significant autophosphorylation in the presence of
cAMP and ¢cGMP. However, cGKII autoinhibition was distinct
from other cyclic nucleotide-dependent protein kinases in that
autophosphorylation did not lead to activation of the c¢GKII
kinase. These findings suggested that the AI subdomain of
c¢GKII might involve residues that are not conserved with the
cAK and c¢GKI isoforms.

To identify potentially unique interactions between the reg-
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ulatory and catalytic domains, we characterized the contribu-
tion of several cGKII residues near the Al subdomain identified
by sequence comparison of autoinhibitory sequences. It was
found that ¢GKII was unique because autoinhibition was de-
pendent upon residues that reside outside the conserved
pseudosubstrate site. Because the presence of basic residues at
both P-5 and P-6 is not conserved with ¢GKI isoforms, these
observations may explain the distinct modes of activation be-
tween ¢GKI and II, as is reflected in their differences in the
contribution of each CNBS toward kinase activation (11) and
their response to autophosphorylation.

However, the residues identified within the Al subdomain of
c¢GKII were not sufficient for inhibition of the enzyme as de-
termined from in vitro studies using synthetic peptides derived
from the AI subdomain. However, a truncation mutant of
c¢GKII containing only the regulatory domain was a potent
inhibitor of the full-length enzyme in vitro and this inhibition
required the same residues (Arg''® Arg!!® and Val'?®) shown
to be required for autoinhibition.

The conclusions concerning ¢GKII autoinhibition were ex-
tended to in vivo experiments with the ¢GKII truncation
mutant. In vivo inhibition of the constitutively active ¢cGKII
by this truncation mutant was demonstrated to be a high
affinity, isoform-specific interaction that could be disrupted
by ¢cGMP or by mutation of residues surrounding the AI
subdomain (Fig. 10). Although 5 nm ¢cGMP reversed the inhi-
bition of the IIRA417-762 protein when used to inhibit low
concentrations of ¢cGKII (Fig. 6A), significantly higher con-
centrations of 8-Br-cGMP were required to overcome
IIRA417-762 inhibition in vivo (Fig. 8A), presumably because
of the much higher concentrations of cGKII and ITRA417-762
found in vivo. These findings are clearly applicable to the
design of isoform-specific inhibitors of ¢cGKs as well as the
more detailed elucidation of the activation mechanisms for
the cyclic nucleotide-dependent protein kinases. Pharmaco-
logical attempts to discriminate ¢cGK contribution to physio-
logical phenomena have been limited by cross-reactivity of
inhibitors between cAKs and ¢cGKs (15), and thus far there is no
isoform-specific inhibitor of any ¢cGK available. The present stud-
ies offer a molecular probe for ¢GKII inhibition in vivo in an
isoform-specific manner, a tool that would be useful in discrimi-
nating ¢cGK activity in cells where the two ¢cGK isoforms have
been indicated to be co-expressed (34, 35).
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