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ABSTRACT
Cyclic GMP-dependent protein kinase (PKG) serves as an impor-
tant physiological regulator of vascular reactivity and tone. How-
ever, available inhibitors of PKG have exhibited variable effects in
intact tissue, hindering the elucidation of the functional role of PKG
in blood vessels. In this study, we have determined the effects of
our previously engineered potent and selective PKG I� inhibitor
DT-2 on basal and cGMP-stimulated purified recombinant PKG,
and compared DT-2 with commonly used PKG inhibitors
(8R,9S,11S)-(�)-9-methoxy-carbamyl-8-methyl-2,3,9,10-tetrahy-
dro-8,11-epoxy-1H,8H,11H-2,7b,11a-trizadibenzo-(a,g)-cy-
cloocta-(c,d,e)-trinden-1-one (KT-5823), Rp-8-(4-chlorophenyl-
thio)-guanosine-3�,5�-cyclic monophosphorothioate (Rp-8-pCPT-
cGMPS), and (�-phenyl-1,N2-etheno-8-bromoguanosine-3�,5�-
cyclic monophosphorothioate, Rp-isomer (Rp-8-Br-PET-
cGMPS). As expected, all inhibitors reduced cGMP-stimulated
PKG activity. However, only DT-2 decreased cGMP-independent
or basal PKG activity, whereas KT5823 showed no effect and the
Rp-compounds actually had partial agonist activity. To evaluate

the potential functional impact of this unique inhibition by DT-2
under physiologically relevant conditions, we analyzed the inhibi-
tors in isolated pressurized cerebral arteries. KT-5823 and Rp-8-
pCPT-cGMPS demonstrated marginal reversal of vasodilation in-
duced by 8-Br-cGMP. By comparison, DT-2 completely reversed
8-Br-cGMP induced dilations with comparable potency to Rp-8-
Br-PET-cGMPS. In fact, DT-2 constricted arteries beyond their
starting (pre-8-Br-cGMP) diameters and caused constriction even
in the absence of exogenous 8-Br-cGMP, an effect that was not
observed with any other inhibitor. The direct constricting effect of
DT-2 was essentially abolished in cultured arteries, where PKG
expression was reduced by approximately 90%. These findings
indicate that DT-2 not only effectively inhibits cGMP-stimulated
PKG activity but also reduces basal PKG activity both in vitro and
in vivo. Moreover, these distinctive inhibitory properties of DT-2
suggest an important role for constitutive PKG activity in the
continuous regulation of cerebral artery tone.

Type I cyclic GMP-dependent protein kinase (PKG I) me-
diates fundamental physiological functions of cGMP in vas-
cular smooth muscle (for review, see Pfeifer et al., 1999;
Lincoln et al., 2001; Schlossmann et al., 2003). Relaxation of
smooth muscle induced by important endogenous vasodila-
tors such as nitric oxide and natriuretic peptides is depen-
dent on the activation of soluble and particulate guanylyl

cyclases, respectively. The subsequent increase in intracellu-
lar cGMP leads to an activation of PKG by occupation of
cGMP-binding sites on the enzyme. PKG modulates excita-
tion-contraction coupling in smooth muscle by reducing in-
tracellular Ca2� levels (Wellman et al., 1996; Carrier et al.,
1997; Feil et al., 2002) and promoting dephosphorylation of
regulatory myosin light chains (Kawada et al., 1997; Wu et
al., 1998). The physiological targets of the two splice variants
PKG I� and PKG I�, believed to be critical for smooth muscle
relaxation, include large-conductance potassium channels
(Carrier et al., 1997), the GTPase RhoA (Sauzeau et al.,
2000), phospholipase C (Xia et al., 2001), inositol 1,4,5-
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trisphosphate receptor (Komalavilas and Lincoln, 1994),
phospholamban (Koller et al., 2003), Inositol trisphosphate
receptor-associated cGMP kinase substrate (IRAG; Schloss-
mann et al., 2000), and the myosin binding subunit of myosin
phosphatase (Surks et al., 1999; MacDonald et al., 2000).
PKG may also play a pivotal role in determining contractile
and proliferative smooth muscle cell phenotypes (Boerth et
al., 1997; Lincoln et al., 1998; Brophy et al., 2002).

The exact molecular mechanisms leading to PKG activa-
tion are not yet fully understood. The central dogma of PKG
activation involves a cGMP-induced conformational change,
unhinging of its auto-inhibitory site, and subsequent expo-
sure of the catalytic domain (Francis and Corbin, 1994;
Pfeifer et al., 1999). However, autophosphorylation of N-
terminal serine and threonine residues also seems to modu-
late kinase activity in all three isozymes, types I�, I�, and II
(Hofmann and Flockerzi, 1983; Smith et al., 1996; Vaan-
drager et al., 2003). Thus, it seems that PKG might maintain
some intrinsic basal or constitutive level of activity even in
the absence of cGMP. However, potential physiological roles
of this constitutive PKG activity are completely unknown.
The present study provides the first evidence for a possible
functional role of basal PKG activity.

For the elucidation of the functional roles of PKG in
smooth muscle cells, selective and, in particular, cell-perme-
able inhibitors of this enzyme would be of great value. Un-
fortunately, available inhibitors of PKG have exhibited con-
siderable variability in terms of selectivity, potency, efficacy,
and permeability. A number of PKG inhibitors have been
developed to aid in the dissection of PKG-dependent cellular
pathways. cGMP analogs derived from the diastereomer Rp-
cGMPS, intended to compete directly with cGMP at the reg-
ulatory domain of PKG (Schwede et al., 2000), are in wide
use. Various modifications have been made to Rp-cGMPS in
recent years to increase inhibitory potency, membrane per-
meability, resistance to degradation by cellular phosphodies-
terases, and selectivity for PKG over other cellular kinases
such as PKA (Butt et al., 1994, 1995). On the other hand,
KT-5823, a staurosporine analog, inhibits PKG by competing
directly with ATP at the catalytic domain. Unfortunately,
inconsistent and disparate experimental results with Rp-
cGMPS derivatives and KT-5823 have questioned the utility
and reliability of these agents. These problems are often even
more apparent in studies of living tissues or cells compared
with in vitro analyses of kinase activity (Wyatt et al., 1991;
Komalavilas and Lincoln, 1996; Burkhardt et al., 2000) and
may complicate interpretation of functional studies. In rec-
ognition of these issues, we have recently devised approaches
and strategies aimed at the development of new PKG inhib-
itors having higher potency and efficacy in vivo compared
with existing compounds.

In previous studies, we described DT-2, a novel and com-
petitive peptide inhibitor of PKG I� that consists of two
parts: 1) a substrate-competitive sequence identified for its
tight binding of PKG and 2) a membrane translocation signal
from the HIV-tat protein (Dostmann et al., 2000, 2002). DT-2
proved to be highly potent (Ki � 12.5 nM) against PKG-
dependent phosphorylation and exhibited substantial selec-
tivity (�1000-old) for PKG over PKA. In isolated blood ves-
sels, DT-2 exhibited potent and selective inhibition of type I
PKG, was internalized into vascular smooth muscle cells,
and antagonized nitric oxide-mediated vasorelaxation. Inhib-

itory properties of DT-2 are distinct from other agents such
as cGMP-competitive (Rp-cGMP enantiomers) and ATP-com-
petitive (KT-5823) inhibitors in that DT-2 interferes directly
with protein substrate-PKG interaction. This ability to di-
rectly block PKG binding and phosphorylation of cellular
target proteins provides a comprehensive type of inhibition
unique in the field of PKG inhibitors. Here we characterize
the functional utility of this peptide, comparing its effects
both in vitro and in intact arteries with those of the most
potent and selective PKG inhibitors currently available.
DT-2 not only demonstrates a very favorable profile of po-
tency and efficacy versus other PKG inhibitors; also, because
of its unique mechanism of kinase inhibition, it has revealed
a key role for basal PKG activity in regulation of vascular
tone.

Materials and Methods
Animal and Tissue Preparation. Male rats were euthanized

with an injection of sodium pentobarbital (120 mg/kg, i.p.) and sub-
sequent decapitation, in accordance with the University of Vermont
Institutional Animal Care and Use Committee and the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals. Brains were removed and placed in cold (4°C) physiological
saline solution (PSS) containing 119 mM NaCl, 4.7 mM KCl, 24 mM
NaHCO3, 1.2 mM KH2PO4, 0.03 mM EDTA, 1.2 mM MgSO4, 1.6 mM
CaCl2, and 10.6 mM glucose, pH 7.4. Cerebral arteries were dis-
sected, gently stripped of connective tissue, and treated as indicated
below.

Expression and Purification of Recombinant PKG I�. PKG
I� was prepared as described previously (Dostmann et al., 1999) with
the following modifications. Sf9 insect cells were grown in SF-900 II
SFM medium containing 50 �g/�l gentamicin, 2% pluronic acid, 2%
fetal bovine serum, and maintained in suspension at a replication
rate of 18 to 24 h (110 rpm at 28°C). Maximal viability and optimal
protein expression performance was achieved between passages 5
and 12. In general, 98% viability was confirmed using flow cytometry
(Epics XL-MCL; Beckman Coulter, Fullerton, CA) and incubating
cells in the presence of 2.5 �g/ml propidium iodide. In preparation for
baculovirus infection, cells were diluted to a density of 8 � 105

cells/ml and grown overnight to a density of 1.2 to 1.5 � 106 cells/ml
in SF-900 II SFM media containing 5% fetal bovine serum. Baculo-
virus stocks (Bac-to-Bac-system; Invitrogen, Carlsbad, CA) carrying
the PKG I� gene with typical titers of approximately 1.7 � 109

plaque-forming units/ml were obtained after three exhaustive 5-day
amplifications. Cells were infected with virus stock to a final 1:20
ratio and incubated for 72 h. After centrifugation at 4000g for 10
min, the pellet was resuspended in 1 ml of cold buffer A (50 mM
phosphate, pH 6.5, 10 mM DL-1,4-dithiothreitol (DTT), 5 mM EDTA,
5 mM EGTA, and 10 mM benzamidine) plus protease inhibitors [50
�g/ml L-1-chloro-3-[4-tosylamido]-7-amino-2-heptanone (TLCK), 100
�g/ml tosyl phenylalanyl chlormethyl ketone, 100 �g/ml soybean
trypsin inhibitor (SBTI), 50 �g/ml antipain, and 170 �g/ml PMSF]
per gram of wet cell pellets. The cells were lysed using a French
Pressure cell at 1200 psi, diluted with ice-cold buffer A plus 50 �g/ml
TLCK, 100 �g/ml L-1-chloro-3-[4-tosylamido]-4-phenyl-2-butanone
(TPCK), 100 �g/ml SBTI, 50 �g/ml antipain, and 170 �g/ml PMSF to
2 ml/g wet pellet and centrifuged at 25,000 rpm at 4°C for 30 min.
The clear supernatant was loaded on a 2.5 ml of 8-(2-aminoethyl-
)amino-cAMP-agarose column at 4°C and washed with 20 volumes
buffer A plus 50 �g/ml TLCK, 100 �g/ml TPCK, 100 �g/ml SBTI, 170
�g/ml PMSF, followed by 20 volumes of buffer A plus 500 mM NaCl
and 500 volumes of buffer A. PKG I� was recovered from the column
using a discontinuous and isocratic elution profile (2.5 ml per frac-
tion) at room temperature using buffer A plus 50 �g/ml TLCK, 100
�g/ml TPCK, 100 �g/ml SBTI, 170 �g/ml PMSF, and 1 mM cAMP.
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Peak fractions were pooled and dialyzed against a total volume of 10
liters of buffer B (50 mM phosphate, pH 6.8, 2 mM benzamidine, 1
mM EDTA, and 100 mM �-mercaptoethanol) changing the buffer 4 to
5 times over a period of 48 h. Additional dialysis for up to 5 days was
performed to assure the complete removal of cAMP. SDS-PAGE,
immunoblot analysis, and mass spectrometric analysis (MicroMass
LCT/z-spray nanoflow) confirmed that the enzyme preparations
were not degraded and virtually cyclic-nucleotide free. The typical
yield for PKG preparations was 5 to 10 mg/l Sf9 cell suspension.

Inhibition of PKG by DT-2, KT-5823, and Rp-cGMPS ana-
logs. We tested the ability of PKG inhibitors to suppress kinase
activity of basal and cGMP-stimulated enzyme using our standard
phosphotransferyl assay protocol (Dostmann et al., 1999) with the
following modifications. A constant concentration of the PKG specific
substrate W15 (TQAKRKKSLAMA; 16 �M) was incubated with
buffer A (25 mM MES, pH 6.9, 5 mM NaCl, 0.5 mM magnesium
acetate, 0.2 mM EDTA, 1 mg/ml bovine serum albumin, 10 mM
dithiothreitol, 100 �M ATP, 50 to 60 �Ci of [�-32P]ATP, specific
activity 250–350 cpm/pmol) at 30°C. The phosphorylation reaction
was started by adding PKG to a final concentration of 2 nM. Basal
and maximal PKG-mediated reaction (2 min) velocities were deter-
mined with buffer A and 500 nM cGMP, respectively. The inhibitors
were tested on basal and fully active PKG at concentrations 10-fold
above their published Ki/IC50 values. Autophosphorylation was in-
duced by incubating the enzyme for 30 min in the presence of 0.1 �M
Mg-ATP and 1 �M cGMP or 100 �M cAMP at 30°C according to Chu
et al. (1998). After extensive dialysis against buffer B plus 50 mM
�-mercaptoethanol, kinase activity was analyzed as described above.

Western Analysis and Immunofluorescence. For Western
blots, cerebral arteries were harvested from rat brains, frozen in
liquid nitrogen and homogenized in lysis buffer containing 150 mM
NaCl, 10 mM EDTA, 15 mM MgCl2, 40 mM CAPS, 1 mM NaVO3, 1
mM NaF, 2.5 mM urea, 1 mM DTT, 15 mM PMSF, and 0.2% deoxy-
cholate (w/v), 0.2% SDS (w/v), 1% Nonidet P-40 (w/v), and 10% (w/v)
glycerol. Lysis buffer also contained mammalian (1:100; Sigma) and
bacterial (1:1000; Sigma) protease inhibitor cocktail. Samples were
centrifuged, added to sample buffer containing 0.1 mM DTT, and
heated (95°C) for 2 min. Proteins were separated by SDS-PAGE,
transferred to nitrocellulose membranes, and blocked by 30 min of
exposure to Tris-buffered saline containing 0.2% Tween 20 and 5%
dry milk. Membranes were exposed to the following primary anti-
bodies overnight at 4°C: polyclonal rabbit anti-PKGI (Calbiochem,
San Diego, CA), monoclonal mouse anti-smooth muscle myosin
heavy chain (MHC II) (Abcam Limited, Cambridgeshire, UK), and
mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Chemicon Labs, Temecula, CA). Membranes were then exposed to
the following fluorescence-labeled secondary antibodies in the dark
at room temperature for 40 min: anti-rabbit Alexa Fluor 680 (Molec-
ular Probes, Eugene, OR) for PKG and anti-mouse Alexa Fluor 800
(Rockland Immunochemicals, Gilbertsville, PA) for MHC II and
GAPDH. Protein detection was carried out using an Odyssey Infra-
red Imaging System (LI-CORE Inc. Biosciences, Lincoln, NE) and
associated software (excitation at 680 nm and emission at 750 nm for
PKG; excitation at 780 nm and emission at 810 nm for MHC II and
GAPDH).

For immunofluorescence staining, cerebral artery segments were
fixed with 4% formaldehyde PBS for 15 min. Segments were then
washed with fresh PBS, transferred to glass slides, permeabilized
with 0.2% Triton X, and blocked with 1% bovine serum albumin PBS
for 1 h. Arteries were then exposed to rabbit-anti PKGI (primary; see
above) antibody overnight at 4°C and subsequently treated with
fluorescent-labeled (Cy5) anti-rabbit (Molecular Probes, Eugene,
OR) antibody for 1 h at room temperature. Arteries were washed
with PBS and topped with coverslips. Immunofluorescence was de-
tected with a Bio-Rad 2000 laser scanning confocal microscope (ex-
citation at 650 nm, emission at 670 nm for Cy5). Identical settings
(laser intensity, iris, and signal gain) were applied for assessment of
fresh and cultured arteries.

Arterial Diameter Measurements. Posterior cerebral arteries
(internal diameter, 100–200 �m) were isolated in ice-cold PSS and
cannulated on glass pipettes within a glass-bottomed pressure myo-
graph chamber. The chamber bath was continuously superfused
with warmed (37°C), gassed (95% O2/5% CO2) PSS. Pipettes were
connected to a PSS-containing reservoir, such that intravascular
pressure could be increased and decreased by raising and lowering
the reservoir. An in-line manometer allowed for continuous monitor-
ing of pressure. Arterial diameters were measured using a video
dimension analyzer (Living Systems, Inc., Burlington, VT). Arteries
were tested for viability with 60 mM KCl (those attaining less than
30% constriction were discarded). For concentration-effect curves,
vessels were pressurized to 80 mm Hg and allowed to develop myo-
genic tone. Arteries were dilated by approximately 75% with 8-Br-
cGMP (50 �M) and subsequently exposed to various PKG inhibitors.
Maximal (passive) arterial diameters were obtained via treatment
with Ca2�-free PSS containing EGTA (2 mM) and the Ca2� channel
blocker nisoldipine (10 �M).

Arterial Culture. Posterior cerebral arteries dissected from rat
brains were placed in serum-free Dulbecco’s modified Eagle’s media
with Ham’s F-12 nutrient supplement containing penicillin (100
units/ml) and placed in an incubator at 37°C and 5% CO2. Arteries
were removed from media after 2 to 5 days and subjected to molec-
ular and/or functional assessments as indicated.

Materials. [�-32P]ATP (4500 Ci/mmol) was obtained from ICN
Biomedicals Inc. (Costa Mesa, CA). Insect Sf9 cells, SF-900 II SFM
media, gentamycin, pluronic acid, and the Bac-to-Bac expression
system was from Invitrogen. 8-(2-Aminoethyl)amino-cAMP columns,
cAMP, cGMP, and cGMP analogs were purchased from BioLog (Bre-
men, Germany). KT-5823 was obtained from Calbiochem (San Diego,
CA). Propidium iodide was purchased from Serologicals Corp.
(Norcross, GA). Phosphocellulose filters were from Whatman
(Clifton, NJ). TLCK, TPCK, SBTI, PMSF, benzamidine, DTT, 1,4-
bis[2-(5-phenyloxazolyl)]-benzyl, 2,5-diphenyloxazol, and all other
chemicals were purchased from Sigma (St. Louis, MO).

Data Analysis. Data are given as mean � S.E.M. For functional
data, nonlinear regression curves were calculated using Prism soft-
ware (GraphPad, San Diego, CA) and used to determine IC50 values.
For group comparisons, data were subjected to one-way analysis of
variance and, where appropriate, individual comparisons were made
with a Newman-Keuls post test. Statistical significance is indicated
where p � 0.05.

Results
Inhibition of basal and stimulated PKG activity. In

our earlier work, we demonstrated that the novel peptide
inhibitors DT-2 and DT-3 are potent and highly selective
inhibitors of PKG type I (Dostmann et al., 2000). In addition,
their cell-penetrating properties as fusion constructs with
fragments derived from the Drosophila melanogaster Anten-
napedia protein (DT-3) and the HIV transactivator of tran-
scription (tat) protein (DT-2), made them ideal tools to study
the physiological roles of PKG in vivo (Dostmann et al.,
2002). We now provide a direct comparative study of these
inhibitors against other well-known and widely used PKG
inhibitors. For kinase assays, recombinant PKG I� was pu-
rified from insect Sf9 cells using the baculovirus expression
system (Feil et al., 1993; Dostmann et al., 1999). Special care
was taken to prevent the formation of the tryptic fragment
	1–77, which exhibits constitutive kinase activity (Heil et al.,
1987). In addition, all protein preparations were subjected to
an extensive dialysis protocol to obtain approximately 90%
cyclic nucleotide free enzymes (only cAMP was detected; see
Materials and Methods). Nanoflow-electrospray-ionization
mass spectrometry confirmed purity, low N-terminal auto-
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phosphorylation, and minor cyclic nucleotide levels (data not
shown). Figure 1 compares the reaction velocities of basal
and fully activated PKG I� using the substrate TQAKRKK-
SLAMA (Dostmann et al., 1999). Responses were obtained in
the presence and absence of PKG inhibitors. In the presence
of saturating levels of cGMP (500 nM), all inhibitors (at
concentrations 10-fold above their reported IC50/Ki values)
reduced PKG I� activity, albeit to very different levels. KT-
5823 (5 �M) had only a marginal inhibitory effect, whereas
the Rp-cGMPS analogs inhibited the kinase significantly al-
though not completely. 5 �M Rp-8-pCPT-cGMPS and 350 nM
Rp-8-Br-PET-cGMPS caused reductions in Vmax for the ac-
tive kinase from 9.52 � 0.48 to 4.66 � 0.16 �mol/min/mg (p �
0.001) and 3.79 � 0.27 �mol/min/mg (p � 0.001), respec-
tively. In contrast, DT-2 had a much greater inhibitory effect,
reducing cGMP-activated kinase activity below basal levels
to 0.66 � 0.06 �mol/min/mg (p � 0.001). In the absence of
cGMP, PKG I� showed an intrinsic kinase activity of 1.23 �
0.09 �mol/min/mg, which again was significantly reduced by
DT-2 to 0.32 � 0.03 �mol/min/mg (p � 0.01). It should be
noted that basal activity could be raised to 2.5 � 0.2 �mol/
min/mg, and again inhibited with DT-2, when the enzyme
was subjected to autophosphorylation in the presence of
cGMP/cAMP and Mg/ATP to mimic in vivo conditions (data
not shown) (Chu et al., 1998). In separate experiments,
KT5823 showed no effect on basal PKG activity, whereas the
cyclic nucleotide antagonist Rp-8-pCPT-cGMPS actually ac-
tivated the kinase with Vmax values of 2.47 � 0.39 �mol/

min/mg (p � 0.05). Rp-8-Br-PET-cGMPS showed a similar
tendency to increase PKG activity to 2.16 � 0.41 �mol/
min/mg although this trend did not reach statistical signifi-
cance. The results from Fig. 1 demonstrate that only DT-2
has the capacity to effectively inhibit PKG I� to levels well
below the enzyme’s resting activity.

Reversal of 8-Br-cGMP dependent vasodilations in
cerebral arteries. To extend our evaluation to the whole-
tissue level, we compared the effects of DT-2 with other PKG
inhibitors in intact resistance arteries (Fig. 2). Posterior ce-
rebral artery segments (internal diameter, 150–200 �m)
were constricted by increasing intravascular pressure to 80
mm Hg (inducing myogenic tone; Davis et al., 1999) and were
subsequently dilated by approximately 75% with the cGMP
analog 8-Br-cGMP. These experiments were conducted in the
presence of 10 �M 1H-[1,2,4]oxadiazolo[4,3a]-quinoxaline-1-
one to prevent endogenous cGMP production. The ATP-com-
petitive inhibitor KT-5823 (Fig. 2A) had a modest effect on
8-Br-cGMP–dilated vessels, producing a maximal reversal of
24 � 11% and an IC50 of 7.2 � 2.5 �M, n � 5. The cGMP-
analog inhibitor Rp-8-pCPT-cGMPS (Fig. 2B) elicited moder-
ate reversal of 8-Br-cGMP dilation (maximum, 54 � 14%, n �
5) at higher concentrations (
30 �M) but exhibited relatively
poor inhibition overall (IC50 � 27.4 � 2.2 �M). In fact, Rp-
8-pCPT-cGMPS often enhanced vasodilation at concentra-
tions less than 50 �M. We employed another cGMP-compet-
itive inhibitor, Rp-8-Br-PET-cGMPS (Fig. 2C), which is
currently considered the most permeable, selective, and po-

Fig. 1. Basal and stimulated PKG activity. Inhibition of PKG I� by KT-5823, Rp-8-pCPT-cGMPS, and Rp-8-Br-PET-cGMPS (A) and DT-2 (B) was
assayed in the absence and presence of cGMP as described under Materials and Methods. Dashed lines indicate basal levels of PKG activity (activity
in the absence of cGMP) for control experiments. *, P � 0.05; **, P � 0.01 versus (�cGMP) control; †††, P � 0.001 versus (�cGMP) control.
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tent inhibitor available. Rp-8-Br-PET-cGMPS substantially
and potently (IC50 � 1.3 � 0.2 �M, n � 6) reversed 8-Br-
cGMP dilations, although the net recovery of tone was incom-
plete (maximal of 72 � 3%). DT-2, on the other hand, com-
pletely reversed 8-Br-cGMP dilations with considerable
potency (IC50 � 3.7 � 0.4 �M, n � 15; Fig. 2D). In fact, at
concentrations above 3 �M, DT-2 consistently decreased ar-
terial diameter beyond its starting (pre-8-Br-cGMP) point
(maximum, 152 � 13% reversal), indicating a recovery of
tone in excess of the cGMP-mediated dilation. Arteries were
similarly treated with either the cell penetrating peptide
(DT-6; YGRKKRRQRRRPP) or the nonpermeable PKG in-
hibitor (W45; LRK5H) to serve as controls for DT-2. Figure 3
shows concentration-effect curves for all the inhibitors and
peptides tested. Maximal reversal and IC50 values are sum-
marized in Table 1. Overall, Rp-8-Br-PET-cGMPS was
slightly but significantly more potent than DT-2 against
8-Br-cGMP dilations whereas DT-2 elicited significantly
greater net recovery of tone (152 � 13% versus 72 � 3%, p �
0.01). Importantly, the control peptide W-45 (10 �M) had no
effect and DT-6 (10 �M) had only a modest effect on 8-Br-
cGMP-dilated arteries (Fig. 3 and Table 1).

PKG Expression and DT-2–Induced Constriction.
Based on our initial in vitro observation of cGMP-indepen-
dent PKG activity (Fig. 1), we hypothesized that basal PKG
activity may contribute to continuous modulation of vascular
tone. Consequently, short-term DT-2–induced PKG inhibi-
tion might favor constriction. Therefore, we tested the direct
effects of DT-2 on arterial tone in the absence of cGMP and
the presence of the guanylyl cyclase inhibitor 1H-
[1,2,4]oxadiazolo[4,3a]-quinoxaline-1-one to minimize the in-
fluence of endogenous cGMP. In fresh pressurized cerebral

arteries, 10 �M DT-2 caused substantial constriction, sug-
gesting a possible contribution of constitutive PKG activity to
the regulation of myogenic tone (Fig. 4A). This constriction
was 148 � 13% (n � 5) of the constriction elicited by direct
smooth muscle depolarization using 60 mM KCl. We next
hypothesized that if the constrictor effect of DT-2 were in fact
dependent on inhibition of basal PKG activity, then its effect
would be markedly decreased with reduced PKG expression.
Detection of PKG by Western analysis using a PKG I�/I�
antibody (Keilbach et al., 1991) (Fig. 4B) revealed that arter-
ies cultured in serum-free media for 5 days reduced PKG
expression by 87 � 3%. Expression of neither GAPDH nor
smooth muscle myosin heavy chain type II was changed
during the culture period. Immunostaining confirmed consid-
erable down-regulation of PKG in smooth muscle cells of
cultured arteries (Fig. 4B). Although the contractile re-
sponses to increasing pressure and to KCl were preserved in
cultured arteries, 10 �M DT-2 elicited little or no constriction
(3 � 1% of 60 mM KCl, n � 5; Fig. 4C). This finding is
summarized in Fig. 4D and clearly indicates a direct depen-
dence of DT-2 constrictor effects on PKG.

Discussion
The actions of PKG may be extremely important for the

regulation of vascular smooth muscle contractility and hence
maintenance of blood pressure and flow. Although various
inhibitors have been employed over the past 2 decades to
specifically study PKG, a number of problems associated
with stability, cell permeability, potency, efficacy, and selec-
tivity have limited their use as discriminating tools. Never-
theless, much of our current understanding of the role of

Fig. 2. Effects of PKG inhibitors on 8-Br-cGMP–induced dilations in pressurized cerebral arteries. Arteries were pressurized to 80 mm Hg, dilated with
50 �M 8-Br-cGMP, and exposed to increasing concentrations of KT-5823 (A), Rp-8-pCPT-cGMPS (B), Rp-8-Br-PET-cGMPS (C), and DT-2 (D). For each
trace, dashed lines indicate resting diameters at 80 mm Hg pressure (bottom) and diameters after 8-Br-cGMP exposure (top).
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PKG in vascular smooth muscle signaling has been inferred
from the effects of these agents. We recently described DT-2,
a novel competitive inhibitor of PKG, consisting of a library-
derived PKG I� inhibitor peptide (W45) coupled to the
tat(43–58) membrane translocation peptide (Dostmann et al.,
2000). Although the mechanism of translocation is not en-
tirely clear, we showed that DT-2 readily internalized into
intact cerebral artery smooth muscle cells. Moreover, DT-2
antagonized NO-mediated vasodilations but did not inhibit
PKA-dependent responses (Dostmann et al., 2002).

In the present study, we compared DT-2 with other com-
monly used compounds that are considered the most potent
and effective PKG inhibitors currently available. In estab-
lishing a reliable protein kinase activity assay system for this
comparative analysis, we found that purified recombinant
PKG exhibited significant activity even in the absence of
cGMP. As expected, addition of cGMP considerably enhanced
PKG activity well above this basal level. The ATP-competi-
tive inhibitor KT-5823 had no effect on basal kinase activity
and only marginally reduced cGMP-stimulated activity.
These limited effects on PKG activity were reflected in the
minimal influence of KT-5823 on 8-Br-cGMP dilations in
functional experiments. This ineffectiveness of KT-5823 may
reflect inconsistent cell permeability and/or stability and
suggests that negative results with KT-5823 in intact tissues
may reflect poor inhibition rather than noninvolvement of
PKG (Fouty et al., 1998; Shimoda et al., 2002). The Rp-
cGMPS derivatives Rp-8-pCPT-cGMPS and Rp-8-Br-PET-
cGMPS demonstrated partial inhibition of cGMP-stimulated

PKG activity, with Rp-8-Br-PET-cGMPS proving to be more
effective. These effects were likewise mimicked by the func-
tional data, in which Rp-8-Br-PET-cGMPS more potently
and effectively reversed 8-Br-cGMP mediated vasodilations.
Interestingly, the Rp-cGMPS compounds, particularly Rp-8-
pCPT-cGMPS, actually tended to increase basal PKG activity
(see Fig. 1). This finding was unexpected and suggests a dual
role for Rp-cGMPS derivatives as partial agonists. Indeed, in
functional experiments, Rp-8-pCPT-cGMPS augmented va-
sodilation at concentrations less than 50 �M, and similar
small dilations to Rp-8-Br-PET-cGMPS were observed in the
absence of 8-Br-cGMP (data not shown). Concentration de-
pendent partial agonistic properties of the related Rp-cAMPS
analogs have recently been reported (Gjertsen et al., 1995).
Such partial activation of PKG by Rp-cGMP analogs implies
that complete inhibition of PKG is probably unattainable
with these agents. Certainly, caution should be used when
interpreting effects of KT-5823 and Rp-cGMPS inhibitors,
especially because application of these compounds is com-
monly used as the sole method for discerning PKG-dependent
mechanisms in cells and intact tissues.

In our kinase assay, DT-2 exhibited powerful inhibition of
PKG. This inhibition was distinct from other inhibitors in
that it included reductions in basal as well as cGMP-stimu-
lated kinase activity. Unlike other inhibitors tested, DT-2
always depressed PKG activity significantly below basal lev-
els, regardless of whether the kinase was exposed to cGMP.
Correspondingly, in functional experiments, DT-2 completely
reversed vasodilations to 8-Br-cGMP, actually constricting
arteries beyond their starting (pre-8-Br-cGMP) diameters.
Importantly, the combinatorial library derived PKG inhibi-
tory sequence of DT-2, W-45, alone had no significant influ-
ence on cerebral artery tone, whereas the membrane trans-
location signal part of DT-2, DT-6, alone had only modest
effects (approximately 25% reversal) on 8-Br-cGMP–medi-
ated dilations. This is consistent with our previous findings
(Dostmann et al., 2000) showing that W45 alone is not inter-
nalized into cerebral artery smooth muscle cells and that
DT-6 alone, although readily internalized, exhibits relatively
weak PKG inhibition. Together, these data indicate that the
merging of the two sequences is necessary to provide intra-
cellular delivery and effective inhibition of PKG. Even in the
absence of exogenous cGMP, DT-2 caused a significant in-
crease in resting tone, consistent with reductions in basal or
constitutive PKG activity in arterial myocytes. Overall, our
results indicate that DT-2 elicits vasoconstriction through
comprehensive inhibition of PKG activity (i.e., both basal and
stimulated), and suggest a key role for constitutive PKG
activity in continuous regulation of vascular tone (Fig. 5).
Indeed, this proposal is consistent with the recently observed
hypertensive effect of PKG I ablation in mice (Pfeifer et al.,
1998).

In culture, arterial myocytes lose PKG expression (Boerth
et al., 1997). Similarly, in our study, culture of intact cerebral
arteries for 5 days decreased PKG expression by approxi-
mately 90%. Loss of PKG expression in cultured myocytes
has been linked to down-regulation of contractile proteins
and the transition of these cells to a noncontractile pheno-
type (Boerth et al., 1997; Brophy et al., 2002). Although
arterial tone was somewhat reduced in our 5-day cultured
arteries compared with fresh arteries, contractility was es-
sentially preserved (as indicated by responses to KCl and

Fig. 3. Concentration-effect curves for PKG inhibitors against 8-Br-
cGMP–induced dilations. Plot shows percentage reversal of 8-Br-cGMP
dilations in cerebral arteries for all inhibitors tested. Values below the
dashed line indicate additional dilation. Means � S.E.M. and nonlinear
regression curves are shown for each inhibitor. Open symbols indicate
mean responses to control peptides W45 and DT-6.

TABLE 1
Relative potencies and efficacies of various PKG inhibitors on
8-Br-cGMP–induced vasodilation

Inhibitor IC50 Maximum Reversal

�M %

KT-5823 7.2 � 2.5 24 � 11 (n� 5)
Rp-8-CPT-cGMPS 27.4 � 2.2 54 � 14 (n� 5)
Rp-8-Br-PET-cGMPS 1.3 � 0.2 72 � 3 (n� 6)
DT-2 (YGRKKRRQRRRPP-LRK5H) 3.7 � 0.4 152 � 13 (n�15)
DT-6 (YGRKKRRQRRRPP) 29 � 12 (n� 7)
W45 (LRK5H) 4 � 8 (n� 4)

1116 Taylor et al.



increasing pressure), suggesting that at least in intact ves-
sels, this period of culture does not significantly alter pheno-
type. Indeed, we observed only very slight reductions in MH-
CII expression (see Fig. 4) after 5 days in culture. Certainly,
the expression of contractile proteins other than MHC may in

fact decline after 5 days in culture, contributing to reduced
contractility. However, down-regulation of PKG would pre-
sumably concomitantly reduce the modulation of tone af-
forded by constitutive activity of the kinase, making the net
effect of culture rather difficult to predict. In any case, given

Fig. 4. Dependence of DT-2–induced constriction on PKG ex-
pression. A, fresh cerebral arteries were pressurized to 80 mm
Hg and exposed to 7 �M DT-2. Responses to 60 mM KCl were
recorded in the same arteries. B. Western blots (left) show
substantial down-regulation of PKG I protein expression in
cerebral artery lysates after 5 days in serum-free culture com-
pared with fresh arteries. Expression of the housekeeping pro-
tein GAPDH and the contractile protein myosin heavy chain II
(MHC II) were also monitored. Immunohistochemistry (right)
reveals PKGI-positive staining in smooth muscle of intact ce-
rebral arteries, which is considerably decreased after 5 days in
culture. C, constrictor responses to DT-2 were greatly reduced
in 5-day cultured arteries although responses to KCl were
preserved. D, the bar graph summarizes DT-2 mediated con-
strictions relative to 60 mM KCl constrictions in fresh and
cultured arteries (***. p � 0.001 versus fresh).
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that cultured arteries exhibited down-regulation of PKG,
with stable tone, this approach allowed us to assess whether
the constrictor effect of DT-2 was related to PKG or to some
other mechanism. Under conditions of low smooth muscle
PKG expression, DT-2–induced constriction was essentially
abolished, indicating that the constrictor effect of DT-2 is
largely if not entirely dependent on PKG inhibition.

In our study, we have detected PKG activity in the absence
of cGMP. The molecular nature of intrinsic PKG activity is
still poorly understood, partly because in the absence of a
crystal structure, molecular models fail to describe the inter-
play of N-terminal autophosphorylation and cGMP-binding
in modulating kinase activity. Recent studies have shown
that autophosphorylation and cGMP-binding mediate PKG
stimulation and that both events induce similar conforma-
tional changes necessary for kinase activity (Chu et al., 1998;
Busch et al., 2002; Wall et al., 2003). Our N-terminal phos-
phate-free and 90% cyclic nucleotide-free PKG I� prepara-

tions have never been exposed to cGMP and Mg/ATP; thus,
the enzyme was kept in the lowest possible basal state. We
determined basal activities of approximately 1.2 and 2.5
�mol/min/mg for nonautophosphorylated and autophospho-
rylated kinase preparations, respectively. Given the maximal
reaction velocity of approximately 10 �mol/min/mg, the high
degree of relative cGMP stimulation of PKG activity (4 to 8
fold) usually measured from mammalian and recombinant
sources, may reflect different autophosphorylation levels. Ir-
respective of the state of autophosphorylation, the conditions
used in our experiments shown in Fig. 1 represent the most
stringent conditions possible to assess a possible functional
role of basal PKG activity. In future studies, we aim to
investigate the degree of PKG autophosphorylation in
smooth muscle of intact blood vessels as well as its contribu-
tion to vascular function.

Basal or constitutive PKG activity may be particularly
critical in vascular smooth muscle, where multiple cellular
targets that regulate excitation-contraction coupling are
known to be modulated by PKG dependent phosphorylations.
Short-term regulation of these proteins is known to decrease
cellular Ca2� concentration and reduce the Ca2� sensitivity
of the contractile apparatus, leading to depressed contractil-
ity. Our findings suggest that even without short-term stim-
ulation by cGMP, a permissive level of PKG-I dependent
phosphorylation of one or more of these targets is sufficient to
provide a constant brake on contraction, opposing vascular
tone.

To our knowledge, a vasoregulatory role for basal PKG
activity has not been previously reported. Schubert et al.
(1999) have suggested that tonic activity of PKG does not
contribute to continuous regulation of rat cerebral artery
tone based on the lack of effect of Rp-8-Br-PET-cGMPS on
arterial tone under resting conditions. However, as our data
indicate, Rp-8-Br-PET-cGMPS inhibits only cGMP-stimu-
lated activity, not basal PKG activity, and is therefore not an
effective tool for discerning the vascular influence of PKG at
very low cellular cGMP levels. The current study demon-
strates that the novel competitive peptide inhibitor DT-2 is a
unique and comprehensive tool for the study of PKG in intact
tissues and suggests a potentially important role for basal
PKG activity in the regulation vascular contractility. Fur-
thermore, our findings indicate that development and refine-
ment of this new class of peptide inhibitors is warranted.

Acknowledgments

We thank Kristina Laskovski for excellent technical assistance.
Martijn Pinske and Dr. Albert Heck, Department of Biomolecular
Mass Spectrometry, Utrecht University, The Netherlands provided
the mass spectrometry analysis.

References
Boerth NJ, Dey NB, Cornwell TL, and Lincoln TM (1997) Cyclic GMP-dependent

protein kinase regulates vascular smooth muscle cell phenotype. J Vasc Res
34:245–259.

Brophy CM, Woodrum DA, Pollock J, Dickinson M, Komalavilas P, Cornwell TL, and
Lincoln TM (2002) cGMP-dependent protein kinase expression restores contractile
function in cultured vascular smooth muscle cells. J Vasc Res. 39:95–103.

Burkhardt M, Glazova M, Gambaryan S, Vollkommer T, Butt E, Bader B, Heermeier
K, Lincoln TM, Walter U, and Palmetshofer A (2000) KT5823 inhibits cGMP-
dependent protein kinase activity in vitro but not in intact human platelets and rat
mesangial cells. J Biol Chem 275:33536–33541.

Busch JL, Bessay EP, Francis SH, and Corbin JD (2002) A conserved serine juxta-
posed to the pseudosubstrate site of type I cGMP-dependent protein kinase con-
tributes strongly to autoinhibition and lower cGMP affinity. J Biol Chem 277:
34048–34054.

Fig. 5. Model of vascular smooth muscle PKG activity and its impact on
vascular tone. We propose that constitutive activity of PKG (Basal PKG
Activity) exerts continuous modulation of vascular tone even at minimal
cGMP levels. Increased cGMP further stimulates the kinase (High PKG
Activity), enhancing its modulatory influence. Available inhibitors, in-
cluding KT-5823 (blue arrow) and the Rp-cGMPS derivatives (green
arrow), such as Rp-8-pCPT-cGMPS and Rp-8-Br-PET-cGMPS, reverse
cGMP-stimulated PKG activity to varying degrees, but only toward basal
levels. Rp-cGMPS derivatives may also yield partial kinase stimulation
as indicated by the double-headed arrow. DT-2 (red arrow), on the other
hand, inhibits not only the cGMP-stimulated PKG activity but also a
substantial portion of the basal PKG activity, essentially abolishing va-
soregulation by the kinase.

1118 Taylor et al.



Butt E, Eigenthaler M, and Genieser HG (1994) (Rp)-8-pCPT-cGMPS, a novel cGMP-
dependent protein kinase inhibitor. Eur J Pharmacol 269:265–268.

Butt E, Pohler D, Genieser HG, Huggins JP, and Bucher B (1995) Inhibition of cyclic
GMP-dependent protein kinase-mediated effects by (Rp)-8-bromo-PET-cyclic
GMPS. Br J Pharmacol 116:3110–3116.

Carrier GO, Fuchs LC, Winecoff AP, Giulumian AD and White RE (1997) Nitrova-
sodilators relax mesenteric microvessels by cGMP-induced stimulation of Ca-
activated K channels. Am J Physiol 273:H76–H84.

Chu DM, Francis SH, Thomas JW, Maksymovitch EA, Fosler M, and Corbin JD
(1998) Activation by autophosphorylation or cGMP binding produces a similar
apparent conformational change in cGMP-dependent protein kinase. J Biol Chem
273:14649–14656.

Davis MJ and Hill MA (1999) Signalling mechanisms underlying the vascular
myogenic response. Physiol Rev 79:387–423.

Dostmann WR, Nickl C, Thiel S, Tsigelny I, Frank R, and Tegge WJ (1999) Delin-
eation of selective cyclic GMP-dependent protein kinase Ialpha substrate and
inhibitor peptides based on combinatorial peptide libraries on paper. Pharmacol
Ther 82:373–387.

Dostmann WR, Taylor MS, Nickl CK, Brayden JE, Frank R, and Tegge WJ (2000)
Highly specific, membrane-permeant peptide blockers of cGMP-dependent protein
kinase Ialpha inhibit NO-induced cerebral dilation. Proc Natl Acad Sci USA
97:14772–14777.

Dostmann WR, Tegge W, Frank R, Nickl CK, Taylor MS, and Brayden JE (2002)
Exploring the mechanisms of vascular smooth muscle tone with highly specific,
membrane-permeable inhibitors of cyclic GMP-dependent protein kinase Ialpha.
Pharmacol Ther 93:203–215.

Feil R, Gappa N, Rutz M, Schlossmann J, Rose CR, Konnerth A, Brummer S,
Kuhbandner S, and Hofmann F (2002) Functional reconstitution of vascular
smooth muscle cells with cGMP-dependent protein kinase I isoforms. Circ Res
90:1080–1086.

Feil R, Muller S, and Hofmann F (1983) High-level expression of functional cGMP-
dependent protein kinase using the baculovirus system. FEBS Lett 336:163–167.

Fouty B, Komalavilas P, Muramatsu M, Cohen A, McMurtry IF, Lincoln TM, and
Rodman DM (1998) Protein kinase G is not essential to NO-cGMP modulation of
basal tone in rat pulmonary circulation. Am J Physiol 274:H672–H678.

Francis SH and Corbin JD (1994) Structure and function of cyclic nucleotide-
dependent protein kinases. Annu Rev Physiol 56:237–272.

Gjertsen BT, Mellgren G, Otten A, Maronde E, Genieser HG, Jastorff B, Vintermyr
OK, McKnight GS, and Doskeland SO (1995) Novel (Rp)-cAMPS analogs as tools
for inhibition of cAMP-kinase in cell culture. Basal cAMP-kinase activity modu-
lates interleukin-1 beta action. J Biol Chem 270:20599–20607.

Heil WG, Landgraf W, and Hofmann F (1987) A catalytically active fragment of
cGMP-dependent protein kinase. Occupation of its cGMP-binding sites does not
affect its phosphotransferase activity. Eur J Biochem 168:117–121.

Hofmann F and Flockerzi V (1983) Characterization of phosphorylated and native
cGMP-dependent protein kinase. Eur J Biochem 130:599–603.

Kawada T, Toyosato A, Islam MO, Yoshida Y, and Imai S (1997) cGMP-kinase
mediates cGMP- and cAMP-induced Ca2� desensitization of skinned rat artery.
Eur J Pharmacol 323:75–82.

Keilbach A, Ruth P, and Hofmann F (1992) Detection of cGMP dependent protein
kinase isozymes by specific antibodies. Eur J Biochem 208:467–473.

Koller A, Schlossmann J, Ashman K, Uttenweiler-Joseph S, Ruth P, and Hofmann F
(2003) Association of phospholamban with a cGMP kinase signaling complex.
Biochem Biophys Res Commun 300:155–160.

Komalavilas P and Lincoln TM (1994) Phosphorylation of the inositol 1,4,5-
trisphosphate receptor by cyclic GMP-dependent protein kinase. J Biol Chem
269:8701–8707.

Komalavilas P and Lincoln TM (1996) Phosphorylation of the inositol 1,4,5-
trisphosphate receptor. Cyclic GMP-dependent protein kinase mediates cAMP and
cGMP dependent phosphorylation in the intact rat aorta. J Biol Chem 271:21933–
21938.

Lincoln TM, Dey NB, Boerth NJ, Cornwell TL, and Soff GA (1998) Nitric oxide–cyclic
GMP pathway regulates vascular smooth muscle cell phenotypic modulation:
implications in vascular diseases. Acta Physiol Scand 164:507–515.

Lincoln TM, Dey N, and Sellak H (2001) cGMP-dependent protein kinase signaling

mechanisms in smooth muscle: from the regulation of tone to gene expression.
J Appl Physiol 91:1421–1430.

MacDonald JA, Walker LA, Nakamoto RK, Gorenne I, Somlyo AV, Somlyo AP, and
Haystead TA (2000) Phosphorylation of telokin by cyclic nucleotide kinases and
the identification of in vivo phosphorylation sites in smooth muscle. FEBS Lett
479:83–88.

Pfeifer A, Ruth P, Dostmann W, Sausbier M, Klatt P, and Hofmann F (1999)
Structure and function of cGMP-dependent protein kinases. Rev Physiol Biochem
Pharmacol 135:105–149.

Pfeifer A, Klatt P, Massberg S, Ny L, Sausbier M, Hirneiss C, Wang GX, Korth M,
Aszodi A, Andersson KE, et al. (1998) Defective smooth muscle regulation in cGMP
kinase I-deficient mice. EMBO (Eur Mol Biol Organ) J 17:3045–3051.

Sauzeau V, Le Jeune H, Cario-Toumaniantz C, Smolenski A, Lohmann SM, Berto-
glio J, Chardin P, Pacaud P, and Loirand G (2000) Cyclic GMP-dependent protein
kinase signaling pathway inhibits RhoA-induced Ca2� sensitization of contraction
in vascular smooth muscle. J Biol Chem 275:21722–21729.

Schlossmann J, Feil R, and Hofmann F (2003) Signaling through NO and cGMP-
dependent protein kinases. Ann Med 35:21–27.

Schlossmann J, Ammendola A, Ashman K, Zong X, Huber A, Neubauer G, Wang GX,
Allescher HD, Korth M, Wilm M, et al. (2000) Regulation of intracellular calcium
by a signalling complex of IRAG, IP3 receptor and cGMP kinase Ibeta. Nature
(Lond) 404:197–201.

Schubert R, Lehmann G, Serebryakov VN, Mewes H, and Hopp HH (1999) cAMP-
dependent protein kinase is in an active state in rat small arteries possessing a
myogenic tone. Am J Physiol 277:H1145–H1155.

Schwede F, Maronde E, Genieser H, and Jastorff B (2000) Cyclic nucleotide analogs
as biochemical tools and prospective drugs. Pharmacol Ther 87:199–226.

Shimoda LA, Welsh LE, and Pearse DB (2002) Inhibition of inwardly rectifying K�

channels by cGMP in pulmonary vascular endothelial cells. Am J Physiol 283:
L297–L304.

Smith JA, Francis SH, Walsh KA, Kumar S, and Corbin JD (1996) Autophosphory-
lation of type Ibeta cGMP-dependent protein kinase increases basal catalytic
activity and enhances allosteric activation by cGMP or cAMP. J Biol Chem 271:
20756–20762.

Surks HK, Mochizuki N, Kasai Y, Georgescu SP, Tang KM, Ito M, Lincoln TM, and
Mendelsohn ME (1999) Regulation of myosin phosphatase by a specific interaction
with cGMP- dependent protein kinase Ialpha. Science (Wash DC) 286:1583–1587.

Vaandrager AB, Hogema BM, Edixhoven M, van den Burg CM, Bot AG, Klatt P,
Ruth P, Hofmann F, Van Damme J, Vandekerckhove J, et al. (2003) Autophos-
phorylation of cGMP-dependent protein kinase type II. J Biol Chem 278:28651–
28658.

Wall ME, Francis SH, Corbin JD, Grimes K, Richie-Jannetta R, Kotera J, Macdonald
BA, Gibson RR, and Trewhella J (2003) Mechanisms associated with cGMP bind-
ing and activation of cGMP-dependent protein kinase. Proc Natl Acad Sci USA
100:2380–2385.

Wellman GC, Brayden JE, and Nelson MT (1996) A proposed mechanism for the
cardioprotective effect of oestrogen in women: enhanced endothelial nitric oxide
release decreases coronary artery activity. Clin Exp Pharmacol Physol 23:260–
266.

Wu X, Haystead TA, Nakamoto RK, Somlyo AV, and Somlyo AP (1998) Acceleration
of myosin light chain dephosphorylation and relaxation of smooth muscle by
telokin. Synergism with cyclic nucleotide-activated kinase. J Biol Chem 273:
11362–11369.

Wyatt TA, Pryzwansky KB, and Lincoln TM (1991) KT5823 activates human neu-
trophils and fails to inhibit cGMP-dependent protein kinase phosphorylation of
vimentin. Res Commun Chem Pathol Pharmacol 74:3–14.

Xia C, Bao Z, Yue C, Sanborn BM, and Liu M (2001) Phosphorylation and regulation
of G-protein-activated phospholipase C-�3 by cGMP-dependent protein kinases.
J Biol Chem 276:19770–19777.

Address correspondence to: Dr. Wolfgang Dostmann, University of Vermont,
Department of Pharmacology, Health Science Research Facility 330, 149 Beau-
mont Avenue, Burlington, VT 05405-0075. E-mail: wolfgang.dostmann@uvm.edu

DT-2 Reveals PKG Regulation of Arterial Tone 1119


