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We recently demonstrated that cyclic GMP (cGMP)-dependent protein kinase (G-kinase) activates the
human fos promoter in a strictly cGMP-dependent manner (T. Gudi et al., J. Biol. Chem. 271:4597-4600, 1996).
Here, we demonstrate that G-kinase translocates to the nucleus by an active transport mechanism which
requires a nuclear localization signal (NLS) and is regulated by cGMP. Immunofluorescent staining of
G-kinase was predominantly cytoplasmic in untreated cells, but intense nuclear staining appeared in 8-bromo
(Br)-cGMP-treated cells. We identified a putative NLS in the G-kinase ATP binding domain which resembles
the NLS of the interleukin-la precursor. Fusion of the G-kinase NLS to the N terminus of -galactosidase
produced a chimeric protein which localized to the nucleus. Mutation of a single amino acid residue (K**’—E)
within the G-kinase NLS produced an enzyme with normal cGMP-dependent activity in vitro which did not
translocate to the nucleus and did not transactivate the fos promoter in the presence of 8-Br-cGMP in vivo. In
contrast, N-terminally truncated versions of G-kinase with constitutive, cGMP-independent activity in vitro
localized to the nucleus and transactivated the fos promoter in the absence of 8-Br-cGMP. These results
indicate that nuclear localization of G-kinase is required for transcriptional activation of the fos promoter and
suggest that a conformational change of the kinase, induced by cGMP binding or by removal of the N-terminal

autoinhibitory domain, functionally activates an otherwise cryptic NLS.

The NO/cyclic GMP (cGMP) signal transduction pathway is
present in many mammalian cells and involved in the regula-
tion of important physiological functions such as neurotrans-
mission, cell differentiation and proliferation, changes in vas-
cular smooth muscle tone, endothelial cell permeability, and
platelet aggregation (13, 36, 37, 39, 40, 44, 45). Whereas the
cyclic AMP (cAMP) signal transduction pathway is well known
to regulate gene transcription, regulation of gene expression by
the NO/cGMP signal transduction pathway has been demon-
strated only recently in different cell types (2, 5, 16, 18, 19, 24,
38, 41, 47). In rat embryo fibroblasts and thyroid epithelial
cells, we showed that NO-releasing agents and membrane-
permeable cGMP analogs increase c-fos and junB mRNA ex-
pression, AP-1 DNA binding, and the transcriptional activity of
promoters containing phorbol ester response elements (41).
We subsequently demonstrated that transfection of G-kinase
IR into G-kinase-deficient baby hamster kidney (BHK) cells
causes induction of endogenous c-fos mRNA and activation of
a cotransfected human fos promoter construct in a strictly
c¢GMP-dependent manner (18, 18a). The effect of G-kinase is
mediated by several sequence elements in the fos promoter,
most notably the cAMP response element, the AP-1 binding
site, and the serum response element with adjacent C/EBP-
binding site (18). The magnitude of G-kinase transactivation of
the fos promoter was similar to that of cAMP-dependent pro-
tein kinase (A-kinase), but there were significant differences
between G-kinase and A-kinase transactivation of single en-
hancer elements (18). G-kinase transduced signals to the nu-
cleus independently of A-kinase and Ca®"/calmodulin-depen-
dent protein kinase, although G-kinase appeared to utilize
some of the same transcription factors as those kinases (18).
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Regulation of gene expression by A-kinase requires dissoci-
ation of the A-kinase tetramer, translocation of the free cata-
Iytic (C) subunits of A-kinase into the nucleus, and direct
phosphorylation of transcription factors like CREB (26). Nu-
clear entry of the 38-kDa C subunit of A-kinase is thought to
occur by passive diffusion but appears to be the rate-limiting
step in coupling hormonal stimulation of cCAMP synthesis to
changes in transcription of cAMP-responsive genes (20). In
contrast to A-kinase, G-kinase I is a homodimer with a total
molecular mass of about 150 kDa which does not dissociate
upon binding of cGMP; the regulatory and catalytic domains of
G-kinase are located in tandem on each polypeptide. When
c¢GMP binds to the regulatory domain, the kinase undergoes a
major conformational change which results in activation of its
catalytic function (13, 22, 28). Since nuclear translocation of
proteins of >45 to 60 kDa requires a nuclear localization signal
(NLS) for docking at the nuclear pore complex (17), we ex-
amined G-kinase I for the presence of such a signal sequence.
Although there is no single established NLS consensus se-
quence, most NLS sequences consist of short stretches of pos-
itively charged amino acids (10), and we identified a cluster of
positively charged amino acids in the ATP binding domain of
G-kinase which is similar to the previously described NLS of
the interleukin-la precursor (32, 51). In the present work, we
show that G-kinase translocates to the nucleus and that nu-
clear localization of G-kinase is regulated by cGMP, requires
the putative NLS, and is necessary for transactivation of a
target gene.

MATERIALS AND METHODS

Cell culture and transient transfections. BHK cells were maintained in Dul-
becco’s minimal essential medium (DMEM) as described previously (18). Early-
passage A10 rat embryonal smooth muscle cells were provided by W. Dillmann
(University of California, San Diego) and were cultured in DMEM supple-
mented with 20% fetal bovine serum (25). For subcellular localization studies,
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BHK cells were transfected with 6 pg of Lipofectamine (Life Technologies) and
500 ng of the indicated G-kinase expression vector or the indicated B-galactosi-
dase construct; for transactivation studies, cells were cotransfected with 50 ng of
pFos-CAT, 50 ng of pRSV-luciferase (internal control), and 500 ng of the
indicated G-kinase expression vector for 36 h as described previously (18). For
maximal activation of G-kinase, some cultures were treated with 1 mM 8-bromo
(Br)-cGMP for the indicated times (8 h for transactivation assays). Chloram-
phenicol acetyltransferase (CAT) and luciferase activities were measured as
described previously (18). Histochemical staining for B-galactosidase activity was
performed with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (41).

Immunofluorescent staining of G-kinase. Cells were fixed for 10 min in 1%
paraformaldehyde-75 mM cacodylate buffer—0.72% sucrose (pH 7.4) followed by
10 min in 3.7% formaldehyde—phosphate-buffered saline at room temperature, 4
min in methanol (—20°C), and 1 min in acetone (—20°C) as described by Pry-
zwansky et al. (42). After blocking with 5% bovine serum albumin, cells were
incubated with a previously characterized G-kinase I-specific antibody (diluted
1:500 for BHK and 1:200 for A10 cells) (33) followed by fluorescein-5-isothio-
cyanate-conjugated goat anti-rabbit immunoglobulin G (Cappel). In some cases,
nuclei were counterstained with propidium iodide (1 pg/ml). Neither incubation
of mock-transfected BHK cells with G-kinase-specific antibody nor incubation of
G-kinase-expressing BHK and A10 cells with preimmune rabbit serum produced
any fluorescent signal. Cells were visualized with a Zeiss fluorescence microscope
or a Bio-Rad MRC-1024 laser scanning confocal system equipped with a kryp-
ton-argon laser.

To determine the temperature and energy dependence of nuclear transloca-
tion, cells were transferred to glucose-deficient DMEM supplemented with ei-
ther 6 mM glucose or 6 mM deoxyglucose plus 10 mM NaNj; cells were cultured
in this medium at either 30 or 4°C (glucose-supplemented only) for 2 h prior to
addition 1 mM 8-Br-cGMP. After an additional 2-h incubation period, cells were
fixed for immunofluorescence studies; in replicate cultures, cells were extracted
to determine the intracellular ATP concentration, using a luciferase-based assay
(30).

Plasmid constructs. Wild-type G-kinase I cDNA (43) and all other G-kinase
constructs were expressed from the cytomegalovirus early promoter (34). Site-
directed mutagenesis was performed with wild-type G-kinase cDNA template in
pBluescript KS (Stratagene), using the principle of unique-site elimination (9),
or with the template in pAlter, using a selection primer which restores antibiotic
resistance (Promega Altered Sites kit). To introduce the desired mutation, the
following primers were used: 5'-AAG ATT CTC GAG AAA CGT CAC ATT
GTG GAC-3' (K*7—E, with generation of an Xhol site); 5'-AAG ATT CTC
AAG AAA CGT CAC ATT GTG GAC-3' (E*"—K, back mutation); 5'-AGT
GAA GAA TCC GAA ACG TTC GCG ATG AAG ATT C-3' (K***—E, with
generation of an Nrul site); 5'-GTA GAG CTC GTC CAG TTG GAA AGT
GAA G-3' (K***—E, with generation of an Xhol site); 5'-ATG AAG ATT CTC
GCG AAA CGT CAC ATT GTG GAC-3' (K*7—A, with generation of an Nrul
site); 5'-CGA ATG AAG ATT CTC GCG AAA GCT CAC ATT GTG GAC
AC-3" (K*Y—A/R*—A, with generation of an Nrul site); and 5'-CTG GTT
GCT TTT GGC TTC GCG AAG AAA ATA GG-3' (D°'®—A, with generation
of an Nrul site). In each case, the mutation was confirmed by DNA sequence
analysis.

For the NLS—B-galactosidase fusion construct, the following primer was used
to introduce an Xbal site followed by a translation initiation consensus sequence
and the sequence encoding the putative NLS of G-kinase fused in frame with
amino acid 8 of B-galactosidase: 5'-CTCTAGACCACC ATG GCT AAG ATT
CTC AAG AAA CGT CAC ATT CCC GTC GTT TTA CAA CGT CGT-3' (the
G-kinase sequence is underlined). This primer was used together with the anti-
sense primer 5'-CGCATCGTAACCGTGCATCTG-3' in a PCR with the tem-
plate pMC1871 (Pharmacia) containing the coding sequence of B-galactosidase.
The resulting PCR fragment was sequenced and spliced into the vector pCMV-
Bgal, using Xbal and Bsu36I to replace the 5’ end of B-galactosidase.

To generate an expression vector for the catalytic domain of G-kinase I, the
PCR primer 5'-AAGCGGCCGCC ATG GCA TAT GAA GAT GCA GAA
GCT AAA GC-3' was used to introduce a NotI site and a translation initiation
consensus sequence upstream of the codon for Ala**® of G-kinase IB. For
N-terminal truncation of the kinase at Val®3, the PCR primer 5'-CACTCTAGA
CCACC ATG GTG ACC CTG CCC TTC TAC CCC-3' was used to introduce
an Xbal site and a translation initiation consensus sequence upstream of the
codon for Val®? of G-kinase IB. In both cases, the antisense primer was 5'-CT
CGGTATGCTTGATGAGTCCTG-3'. The PCR products were sequenced and
spliced into the wild-type G-kinase IB expression vector, using NotI or Xbal and
Ncol, respectively, to replace the 5'-end of the coding sequence with the new
sequence.

G-kinase activity assay. G-kinase activity was measured in transfected BHK
cells by using the synthetic peptide Kemptide and the specific A-kinase inhibitor
PKI as previously described (18) except that the ATP concentration in the assay
was 300 M. The apparent K, for 8-Br-cGMP and the apparent K,,, for ATP
were measured as described previously (4, 34).

Western blots. Whole-cell lysates were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride
membranes as described previously (18). Western blots were incubated with
G-kinase-specific antibody (1:2,000), and bound antibody was detected by en-
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hanced chemiluminescence using a horseradish peroxidase-coupled secondary
antibody (18).

RESULTS

G-kinase translocates to the nucleus in response to activa-
tion by 8-Br-cGMP. The subcellular localization of G-kinase I
in neutrophils, macrophages, and primary aortic smooth mus-
cle cells appears to be predominantly cytoplasmic; however,
association of some G-kinase with cytoskeletal and nuclear
structures has been observed (8, 42, 52). These observations
suggest that G-kinase I may translocate to the nucleus, but the
mechanism and regulation of this process have not been inves-
tigated. In this study, we examined the subcellular localization
of G-kinase Ip in BHK cells which were transfected with a
G-kinase IB expression vector; the transfected cells express
G-kinase activity at a level that is within the physiological range
of G-kinase activities found in smooth muscle, neuronal cells,
and platelets (18). We used a G-kinase I-specific antibody
which showed no cross-reactivity with other cellular proteins,
since mock-transfected BHK cells demonstrated no fluores-
cent signal. We found diffuse cytoplasmic localization of the
kinase in logarithmically growing or serum-starved, Gj-ar-
rested BHK cells; however, within 30 min of exposure to 1 mM
8-Br-cGMP, prominent nuclear staining of G-kinase appeared
and a marked change in cell morphology from flat to a more
rounded shape was observed (Fig. 1A; results are shown for
transiently transfected BHK cells, but similar results were ob-
tained with stably transfected cells). The 8-Br-cGMP-induced
change in cell shape did not occur in G-kinase-deficient BHK
cells treated with 8-Br-cGMP and was therefore interpreted to
be a direct result of G-kinase activation; it was reminiscent of
the changes in cell morphology induced by membrane-perme-
able cAMP analogs in different cell types (21, 27). Immuno-
staining of G-kinase I at various times after exposure to 8-Br-
c¢GMP showed prominent perinuclear staining at 15 min;
nuclear staining was maximal at 30 min to 1 h and persisted for
more than 4 h in the presence of 8-Br-cGMP (Fig. 1A). Nu-
clear staining of G-kinase in 8-Br-cGMP-treated BHK cells
was confirmed by confocal laser scanning microscopy (Fig. 2).

In cells treated with 8-Br-cGMP for 2 h, washed, and re-
turned to stimulant-free culture media, intense nuclear G-
kinase staining was still observed up to 8 h later (data not
shown). The presence of nuclear G-kinase many hours after
removal of exogenous 8-Br-cGMP may be due to lack of nu-
clear export and a long half-life of the nuclear kinase, or it may
be because 8-Br-cGMP is poorly metabolized by phosphodies-
terases and active G-kinase is continuously transported into
the nucleus (15, 50).

To examine whether nuclear translocation of G-kinase was a
temperature- and energy-dependent process, cells were incu-
bated at 4°C or ATP-depleted prior to addition of 8-Br-cGMP.
In cells at 4°C and cells in which the intracellular ATP con-
centration was decreased to 20% of control levels, 8-Br-cGMP
failed to induce nuclear translocation of the kinase (Fig. 1B).

To study the effect of 8-Br-cGMP on the subcellular local-
ization of G-kinase in cells expressing endogenous G-kinase
activity, we examined A10 rat embryonal smooth muscle cells
(25). In 8-Br-cGMP-treated A10 cells, the kinetics of nuclear
translocation of endogenous G-kinase were similar to those
observed for transfected G-kinase in BHK cells (Fig. 3).

Characterization of an NLS in G-kinase 1. Nuclear translo-
cation of proteins of >45 to 60 kDa through the nuclear pore
complex is a highly selective, energy- and temperature-depen-
dent process which involves recognition of NLSs in the trans-
located protein by the cytosolic transport factors importin-«
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FIG. 1. Transfected G-kinase activated by 8-Br-cGMP translocates to the nucleus of BHK cells: time course and temperature and energy dependence. (A) BHK
cells were transiently transfected with wild-type G-kinase vector as described in Materials and Methods. At 36 h after transfection, cells were treated with 1 mM
8-Br-cGMP for the indicated time prior to fixation and staining with a G-kinase-specific antibody and a fluorescently labeled secondary antibody. There was no
fluorescent signal in mock-transfected BHK cells (not shown). (B) Cells were transfected as described above, but 36 h after transfection they were either incubated as
described above (control), transferred to 4°C, or subjected to ATP depletion as described in Materials and Methods prior to the addition of 1 mM 8-Br-cGMP for 2 h.
Photographs were taken with a 40X objective lens (1.4 numerical aperture); the bar represents 20 wm.
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FIG. 2. Laser scanning confocal microscopy. BHK cells were transfected with wild-type G-kinase expression vector, treated with 8-Br-cGMP for 1 h, and stained
as described for Fig. 1; cells were optically sectioned at 0.5-wm intervals, using a Bio-Rad MRC-1024 laser scanning confocal microscope. (A) Phase-contrast
photograph; (B to D) immunofluorescence photographs of three consecutive sections through the nucleus. Photographs were taken with a 40X objective lens (1.3

numerical aperture); the bar represents 8 pm.

and -B (17). Examination of G-kinase I for the presence of a
potential NLS revealed a stretch of eight amino acids in the
ATP binding domain which closely resembles the NLS of the
interleukin-1a precursor with five of eight amino acids identi-
cal and the other three conservatively substituted (references
32 and 51 and Fig. 4).

To determine whether the putative NLS of G-kinase is re-
quired for nuclear localization of the kinase, we performed
site-directed mutagenesis to alter several of the basic amino
acids (the variant G-kinase constructs are summarized in Fig.
5). We first substituted Glu for Lys*°” of G-kinase If (K**"—
E), a mutation analogous to the one which renders the inter-
leukin-1a precursor exclusively cytoplasmic (51). We expected
that this mutation would not alter the catalytic activity of G-
kinase because the counterpart of Lys*®” in G-kinase I is an
acidic amino acid in the C-subunit of A-kinase (Asp””) (22, 46).
When the mutant K*”—E G-kinase was expressed in BHK
cells, we found that the kinase localized to the cytoplasm in the
absence or presence of 8-Br-cGMP (Fig. 5 and 6). To rule out
that the lack of nuclear translocation could be due to other,

unwanted mutations created during site-directed mutagenesis,
we showed that the phenotype of the K**’—E G-kinase mutant
could be reversed by mutating Glu**” back to Lys. The back-
mutated E*°”—K G-kinase underwent nuclear translocation in
response to 8-Br-cGMP exactly like the wild-type enzyme (data
not shown). To test the specificity of the putative NLS K*’—E
mutation, we performed Lys—Glu substitutions just upstream
of the putative NLS (K**°—E and K***—E). These control mu-
tants performed like wild-type G-kinase with respect to cGMP-
dependent nuclear translocation (Fig. 6 shows the K**°—E
G-kinase only). Interestingly, when we mutated Lys*®’ to Ala,
the K*”—A mutant enzyme was able to translocate to the
nucleus in response to 8-Br-cGMP, suggesting that the change
of Lys*” to a neutral amino acid was not sufficient to disrupt
the NLS (Fig. 6). However, when we replaced a second basic
amino acids in the NLS with Ala, the K*’—A/R**°—A dou-
ble-mutant enzyme remained predominantly cytoplasmic when
cells were exposed to 8-Br-cGMP (Fig. 6).

Amino acids 404 to 411 of G-kinase If3 can direct [3-galac-
tosidase to the nucleus. To determine whether the putative



5248 GUDI ET AL.

A

FIG. 3. Nuclear translocation of endogenous G-kinase in A10 cells. A10 cells
were left untreated (A) or treated with 1 mM 8-Br-cGMP for 30 (B) or 60 (C)
min and subjected to immunostaining with a G-kinase I-specific antibody as
described in Materials and Methods. Photographs were taken under the same
magnification as those in Fig. 1; the bar represents 20 pm.

NLS of G-kinase can function as an NLS on a heterologous
protein, we fused amino acids 404 to 411 of G-kinase IB to the
N terminus of B-galactosidase. When the fusion protein was
expressed in BHK cells, histochemical staining showed a sig-
nificant amount of nuclear B-galactosidase activity (compare
cells expressing the NLS fusion protein in Fig. 7A to cells
expressing wild type B-galactosidase in Fig. 7B). These results
indicate that the putative NLS of G-kinase is sufficient to direct
B-galactosidase to the nucleus.

Subcellular localization of constitutively active or inactive
G-kinase constructs. Since nuclear translocation of G-kinase
requires activation of the enzyme by 8-Br-cGMP, we next ex-
amined truncated versions of the kinase which are cGMP in-
dependent and constitutively active because they lack the N-
terminal autoinhibitory domain (13). First, we truncated the
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G-kinase I cDNA at the codon corresponding to Ala** to
produce an expression vector for the carboxyl-terminal cata-
Iytic domain of G-kinase (Fig. 4 and Fig. 5). When the trun-
cated enzyme (AA>*?) was expressed in BHK cells, it was found
to localize to the nucleus in the absence as well as in the
presence of 8-Br-cGMP (Fig. 5 and 8). Substitution of Lys*”
with Glu in the catalytic domain of G-kinase did not change
the constitutive nuclear localization of the truncated enzyme
(Fig. 5). Since this isolated catalytic domain of G-kinase I is
only 38 kDa in size (Fig. 9), it may enter the nucleus by passive
diffusion in the absence of a functioning NLS (17).

Next, we removed the dimerization and autoinhibitory do-
mains of G-kinase by N-terminal truncation of G-kinase If at
Val®® (AV®?) to generate a monomeric enzyme which is cGMP
independent and constitutively active (reference 13 and Table
1). Although this approximately 65-kDa protein (Fig. 9) should
be too large to enter the nucleus by passive diffusion, the
subcellular localization of the Val®*>-truncated kinase was pre-
dominantly nuclear in the absence as well as in the presence of
8-Br-cGMP (Fig. 5 and 8). Substitution of Lys**” with Glu in
the Val®*-truncated G-kinase (AVal®*/K**’—E) rendered the
enzyme exclusively cytoplasmic in the presence or absence of
8-Br-cGMP, suggesting that nuclear localization of the Val®*-
truncated kinase was dependent on the presence of an intact
NLS (Fig. 5).

Substitution of Asp®'® with Ala in the catalytic domain of
G-kinase IB resulted in a catalytically inactive enzyme (Table
1); Asp®'® of G-kinase IB corresponds to Asp'®* of the C sub-
unit of A-kinase, which coordinates with the Mg®" that is
complexed with the o- and B-phosphates of ATP in the active
center of the enzyme (14, 46). The dead (inactive) G-kinase
D’!'°—>A was found to localize to the nucleus in the presence
of 8-Br-cGMP (Fig. 5), suggesting that catalytic activity of the
kinase is not required for nuclear translocation.

Expression levels and enzymatic activities of the variant
G-kinases. Since amino acid substitutions and truncations of
G-kinase could alter the activity and/or stability of the enzyme,
we measured G-kinase activity by using a synthetic peptide
substrate and examined G-kinase protein levels by Western
blotting in BHK cells transfected with the various G-kinase
constructs. The in vitro activities and protein expression levels
of the G-kinase mutant K**’—E, the back mutant E**’—K,
the mutants K**°—E and K**’—A, and the double mutant
K*"—A/R*—A were very similar to those of wild-type G-
kinase (Table 1 and Fig. 9; compare lanes 3 to 7 with lane 2
[wild-type G-kinase]). The protein expression level of the dead
kinase D*'®—>A was also similar to that of wild-type G-kinase
(Fig. 9, lane 8); however, G-kinase activity in cells transfected
with the dead kinase was the same as that found in mock-
transfected cells (Table 1).

Since the putative NLS of G-kinase is located in the ATP
binding domain of the enzyme, mutagenesis of Lys**” and
Arg*” could potentially influence ATP binding. The apparent
K, values for ATP of wild-type and mutant G-kinases were
determined to be 10 uM (wild type), 110 M (K*"—=E), 9 uM
(K*7=A), and 12 pM (K*"—A/R***—A). Thus, substitution
of Lys**” and Arg*®® with Ala did not alter ATP binding sig-
nificantly, whereas substitution of Lys*"” with Glu decreased
the mutant enzyme’s affinity for ATP. However, this increase in
K, should not significantly influence the activity of the mutant
K*7E G-kinase inside the cell, since the intracellular ATP
concentration is =1 mM (reference 3 and unpublished obser-
vation). The apparent K, for 8-Br-cGMP was 1 uM for the wild
type and for all mutant G-kinases tested, in agreement with
previous reports for G-kinase If (15, 34).

Expression levels of the truncated kinases appeared consis-
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Protein Substrate

Autophosphorylation Mg/ATP Binding Interaction
AA 354 490 615 686
Dimerization cGMP Binding Sites
D N
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KILKKRHI GK | putative NLS
KVLKRRRL  Interleukin-To NLS
KILDKQKV C-Subunit of AK

FIG. 4. Structural features of G-kinase If. G-kinase I and IB appear to be splice products of the same gene which differ only in the first ~100 amino acids (AA)
(the dimerization and autoinhibitory domains) (13). Shown enlarged is the sequence of a putative NLS of G-kinase (GK). The NLS of the interleukin-la precursor
(amino acids 79 to 86) and amino acids 72 to 79 of the C subunit of A-kinase (AK) which correspond to amino acids 404 to 411 of G-kinase IB are shown for comparison

(32, 46, 51).

tently lower than that of wild-type G-kinase (Fig. 9; compare
lanes 10 and 11 to lane 9; five times more protein was loaded
in lanes 10 and 11 than in lane 9). This could be secondary to
altered antibody recognition of the kinases because of the
truncation; however, the ¢cGMP-independent activity of the
truncated kinases was less than half of the cGMP-dependent
activity of the full-length kinases (Table 1), suggesting that
indeed less protein was present intracellularly, possibly be-
cause of altered stability of the truncated enzymes, corre-
sponding to the short half-life of the free C subunit of A-kinase

(29). The K*”—E mutant versions of the truncated kinases
showed protein expression levels and cGMP-independent pro-
tein kinase activities very similar to those of the corresponding
truncated kinases without mutation.

Transactivation of the fos promoter by the variant G-ki-
nases. We have previously shown that transfection of G-kinase
into G-kinase-deficient BHK cells causes transactivation of the
fos promoter in a strictly cGMP-dependent manner (18). To
determine whether transcriptional activation of the fos pro-
moter by G-kinase requires nuclear translocation of the kinase,

Yariant G-Kinase Constructs Kinase Activity = Nuclear Localization c-fos Activation
~¢cGMP  +cGMP -¢cGMP  +cGMP -¢cGMP  + ¢GMP
NEBAAAAASA NN\ HRRR AT I + - + - +
m 111
KILKKRHI
v -+ - - -
KW.E
v - + - + - +
K¥.E
Vv - + - + - +
K404
vV - + - - - -
KW A/RI®A
v - - -+ - -
pil6.A
AVaP? + + + + + +
93 -
AVal — + + - - -
KY.E
Al + + + + + +
¥ + + + + +
KYW. E

FIG. 5. Summary of the variant G-kinases. Wild-type G-kinase is shown with its functional domains in various shading patterns as in Fig. 4; the NLS sequence is
shown enlarged (amino acids 404 to 411). The mutations and N-terminal truncations of the variant G-kinases are indicated. Kinase activity, nuclear localization, and
c-fos promoter transactivation in the presence or absence of cGMP are indicated for all variant G-kinase constructs. For kinase activity, — denotes the activity of
mock-transfected cells as described in Table 1; for nuclear localization, — indicates not observed; and for c-fos transactivation, — indicates <2-fold c-fos promoter

transactivation as described for Fig. 10.
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Control + 8-Br-cGMP

Wild Type

K407 —>E

K399 . o)

K407 il A
R409 A

FIG. 6. Specific amino acid substitutions in the putative NLS of G-kinase prevent nuclear localization of the enzyme. BHK cells were transfected with expression
vectors encoding wild-type G-kinase IB or the indicated mutant G-kinase. Cells shown on the left were left untreated, whereas cells shown on the right were treated
with 1 mM 8-Br-cGMP for 1 h prior to fixation. Immunostaining for G-kinase was performed as described in Materials and Methods. Photographs were taken under
the same magnification as those in Fig. 1; the bar represents 20 pm.
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FIG. 7. The putative NLS of G-kinase directs B-galactosidase to the nucleus. BHK cells were transfected with a construct in which the putative NLS of G-kinase
(amino acids 404 to 411, KILKKRHI) was fused to the N terminus of B-galactosidase (A; the two panels show cells from two independent experiments). BHK cells
transfected with the wild-type B-galactosidase vector are shown for comparison (B). Histochemical staining for B-galactosidase activity was performed as described in
Materials and Methods. Photographs were taken at a magnification of X80.

we cotransfected BHK cells with the reporter pFos-CAT and
the various G-kinase constructs described above. While wild-
type G-kinase activated the fos promoter approximately five-
fold in the presence of 1 mM 8-Br-cGMP, the mutant, K**’—E
G-kinase was ineffective, consistent with its predominantly cyto-
plasmic localization (Fig. 5 and 10). The back mutant E**’—K
and the mutant K**°—E performed similarly to wild-type G-
kinase. Mutant K**’—A G-kinase transactivated the fos pro-

moter approximately fourfold in the presence of §-Br-cGMP,
whereas the double mutant K**’—A/R**—A transactivated
less than twofold, again consistent with the ability of the mu-
tant kinases to translocate to the nucleus. The constitutively
active, N-terminally truncated kinases (AV®® and AA**°) both
efficiently transactivated the fos promoter and localized to the
nucleus in the absence of 8-Br-cGMP (Fig. 8 and 10). In cells
transfected with the AA>*° truncation, there was no effect of

FIG. 8. Subcellular localization of constitutively active G-kinases. BHK cells were transfected with expression vectors encoding wild-type G-kinase If (A), AV (B),
or AA3* (C). Immunostaining for G-kinase and laser scanning confocal microscopy were performed as described for Fig. 2; shown are optical sections through the
middle of nuclei with photographs taken under the same magnification as shown in Fig. 2. Unstimulated cells are shown, but similar results were obtained when cells
transfected with the truncated kinases were treated with 8-Br-cGMP (not shown).
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FIG. 9. Protein expression levels of the variant G-kinases. BHK cells were
transfected with 0.5 pg of each G-kinase construct; Western blots were prepared
with whole-cell lysates and probed with a G-kinase-specific antibody as described
in Materials and Methods. Lane 1, mock-transfected cells; lanes 2 and 9, wild-
type G-kinase; lane 3, NLS mutant K*”’—E; lane 4, back-mutant E*'7—K; lane
5, mutant K3*°—E; lane 6, NLS mutant K*’—A; lane 7, NLS double mutant
K*7->A/R*P—A; lane 8, dead kinase D>1°—A; lane 10, AV®3; lane 11, AA3%,
Lanes 1 to 9 were loaded with whole-cell extracts corresponding to 10* cells,
whereas lanes 10 and 11 were loaded with extracts corresponding to 5 X 10* cells;
note an empty lane between lanes 1 and 2. The exposure time for lanes 9 to 11
was twice the exposure time for lanes 1 to 8.

8-Br-cGMP, whereas in cells transfected with the AV®? trun-
cation, there was a small but reproducible increase in pFos-
CAT expression when cells were treated with 8-Br-cGMP. The
K*”—E mutant version of the AV**-truncated G-kinase (AVal®/
K*”—E) did not transactivate the fos promoter in the presence
or absence of 8-Br-cGMP, consistent with its exclusively cytoplas-
mic localization (Fig. 5 and 10). In contrast, the K**’—E mutant
version of the AA**-truncated kinase transactivated the fos pro-
moter independently of cGMP and to the same degree as the
AA**-truncated enzyme without mutation; this observation is
consistent with the constitutive nuclear localization of the mutant
AA**-truncated kinase (Fig. 5). As expected, the dead kinase
D3'*—A did not show any transactivation of the fos promoter in
spite of its nuclear localization in the presence of 8-Br-cGMP.

DISCUSSION

The widespread importance of the NO/cGMP signal trans-
duction pathway is recognized, but our knowledge of the mo-
lecular mechanisms mediating the downstream effects of this
pathway is still limited. In particular, there is very little infor-

TABLE 1. G-kinase activities in BHK cells transfected
with different G-kinase constructs

G-kinase activity

Cells” (nmol/min/mg
of protein)®
Mock transfected........oovvviiininiincininic 0.02 = 0.01¢

Transfected with:
Wild-type G-kinase 0.98 = 0.10°
0.97 = 0.09¢
1.16 = 0.18°
1.09 = 0.17¢
0.98 = 0.13¢
0.90 = 0.05¢
0.02 = 0.01¢
0.55 = 0.10¢
0.57 = 0.04¢
0.50 = 0.03¢

D3'%—A (dead kinase)
AA** (truncated kinase).
AV?? (truncated Kinase)...............
AV93/K4O7ﬁE

“ BHK cells were transfected with 0.5 g of the indicated G-kinase expression
vector as described in Materials and Methods.

® Data represent the mean = standard deviation of three independent trans-
fections performed in duplicate.

¢ G-kinase activity in mock-transfected cells and in cells transfected with the
full-length kinases was calculated as the difference between Kemptide phosphor-
ylation in the presence and absence of 8-Br-cGMP (see Materials and Methods).

¢ Activity of the truncated, cGMP-independent kinases was calculated as the
difference between Kemptide phosphorylation in transfected and mock-trans-
fected cells (see Materials and Methods).
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FIG. 10. Transactivation of the fos promoter by variant G-kinases. BHK cells
were cotransfected with 50 ng of pFos-CAT, 50 ng of pRSV-luciferase (internal
control), and 500 ng of the indicated G-kinase expression vector as described in
Materials and Methods. Cells were either left untreated (striped bars) or treated
with 1 mM 8-Br-cGMP (black bars). CAT activity was normalized to the lucif-
erase activity in each sample, and the CAT/luciferase ratio of untreated cells
transfected with empty vector (Vector) was assigned a value of 1.

mation concerning the mechanisms how NO and cGMP regu-
late gene expression, although NO-releasing agents and cGMP
analogs have been shown to increase the mRNA levels of c-fos,
junB, microtubule-associated protein 2, cyclooxygenase 2, and
tumor necrosis factor alpha « and to decrease mRNA levels of
gonadotropin-releasing hormone and the atrial natriuretic
peptide receptor (2, 5, 16, 19, 24, 38, 41, 47). In some cases, the
effect of cGMP requires the presence of calcium ionophores
(2, 38). We have recently shown that G-kinase, one of the
major intracellular targets of the NO/cGMP signal transduc-
tion pathway, mediates cGMP stimulation of the fos promoter
independently of changes in calcium or cAMP (18). We now
show that G-kinase translocates to the nucleus in response to
activation by 8-Br-cGMP and that this translocation is required
for transactivation of the fos promoter.

We have identified an NLS sequence located in the ATP
binding domain of G-kinase which is necessary for nuclear
transport of the kinase and sufficient to mediate nuclear trans-
port of a heterologous protein. Interestingly, replacing a single
basic amino acid with a negatively charged residue or replacing
two basic amino acids with neutral residues disrupted the NLS,
whereas replacing a single basic amino acid with a neutral
residue did not. These results suggest that the function of the
NLS relies on its total positive charge rather than on a single
crucial amino acid residue. The fact that nuclear translocation
of G-kinase requires activation of the kinase by cGMP suggests
that the NLS is cryptic in the inactive enzyme. It is possible that
the NLS is exposed by the conformational change that occurs
when cGMP binds to the native enzyme or when the autoin-
hibitory domain is removed by truncation (28); the latter would
explain the predominantly nuclear localization of the AV®*-
truncated, constitutively active G-kinase (Fig. 8). The predom-
inant cytoplasmic localization of the K**’—E mutant version
of the Val®*-truncated G-kinase suggests that a single NLS
which includes Lys*’” is functional and constitutively active in
the monomeric enzyme.

Our results with G-kinase If should be directly applicable to



VoL. 17, 1997

G-kinase Ia, since these two isoforms differ only in the N-
terminal ~100 amino acids and have the same mechanism of
activation (13). Our results may also be relevant for G-kinase
I, because the cluster of basic amino acids which comprise the
G-kinase I NLS is conserved in G-kinase II, except that a Cys
residue replaces Ile in the second position of the putative NLS
(KCIRKKHI) (23). It will be interesting to determine whether
G-kinase II can translocate to the nucleus and serve to regulate
gene expression; however, this enzyme is tightly associated
with the plasma membrane and differs from G-kinase I in its
tissue distribution and function (23, 48).

The subcellular localization of A-kinase and protein kinase
C, the two serine/threonine kinases most closely related to
G-kinase, is determined by specific anchoring proteins desig-
nated A-kinase anchoring proteins and receptors for activated
protein kinase C, respectively (11, 35). Since certain A-kinase
anchoring proteins appear to be important for cAMP signal-
ling to the nucleus (7, 12), it is plausible that G-kinase local-
ization in different subcellular compartments is relevant for the
effects of cGMP on gene expression. Preliminary experiments
from our laboratory suggest that about 30% of G-kinase If is
associated with particulate fractions of unstimulated A10 cells
or transfected BHK cells, and Western blots probed with pu-
rified, radioactively labeled G-kinase I indicate the presence
of several G-kinase binding proteins in these two cell types
(reference 6 and unpublished observation). One of these G-
kinase binding proteins may be the intermediate filament pro-
tein vimentin (31). Nuclear transport of inactive G-kinase
could be prevented by extranuclear anchoring proteins, and
c¢GMP activation of the kinase could release the enzyme from
anchoring proteins. Theoretically, truncation or site-directed
mutagenesis of G-kinase could alter the interaction of the
kinase with important anchoring proteins.

The kinetics of nuclear entry of G-kinase I are similar to
those of the C subunit of A-kinase: upon cAMP binding to the
regulatory subunit of A-kinase, the C subunit of A-kinase is
released and accumulates in the nucleus over a 30-min period
(20). However, the C subunit of A-kinase is rapidly and actively
exported from the nucleus by its physiological inhibitor PKI
(50), whereas G-kinase appears to remain in the nucleus for a
prolonged period of time. G-kinase does not bind to PKI with
high affinity, and the sequence of G-kinase I does not reveal
any similarity to known nuclear export sequences (22, 43, 50).
Therefore, removal of G-kinase from the nucleus may be de-
termined by the rate of proteolytic breakdown in the nucleus.
Additionally, G-kinase action in the nucleus could be termi-
nated by protein phosphatases, as described for A kinase (1,
49). Clearly, more work needs to be done to identify the nu-
clear targets of G-kinase, which may include CREB-related
transcription factors (18, 38). The work presented here estab-
lishes a link between the activation of receptor guanylate cy-
clases by peptide hormones or of soluble guanylate cyclase by
NO leading to an increase in the intracellular cGMP concen-
tration and cGMP-dependent nuclear translocation of G-ki-
nase leading to changes in gene expression.
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