
Cellular Signalling 26 (2014) 2633–2644

Contents lists available at ScienceDirect

Cellular Signalling

j ourna l homepage: www.e lsev ie r .com/ locate /ce l l s ig
cGMP-dependent protein kinase I gamma encodes a nuclear localization
signal that regulates nuclear compartmentation and function
Jingsi Chen a,b,1, Jesse D. Roberts Jr. a,b,c,d,⁎
a Cardiovascular Research Center, Massachusetts General Hospital, Boston, MA, USA
b Harvard Medical School, Cambridge, MA, USA
c Departments of Anesthesia, Pediatrics, Massachusetts General Hospital, Boston, MA, USA
d Department of Medicine, Massachusetts General Hospital, Boston, MA, USA
Abbreviations: PKGI, cGMP-dependent protein kina
signal; CREB, cAMP response element-binding protein.
⁎ Corresponding author at: Cardiovascular Research

Hospital, East, 149 13th St., Charlestown, MA 02129,
fax: +1 617 726 5806.

E-mail address: roberts@cvrc.mgh.harvard.edu (J.D. Ro
1 Current address: Department of Fetal Medicine, Obs

Affiliated Hospital of Guangzhou Medical University, Gu
Republic of China.

http://dx.doi.org/10.1016/j.cellsig.2014.08.004
0898-6568/© 2014 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 July 2014
Accepted 15 August 2014
Available online 27 August 2014

Keywords:
cGMP-dependent protein kinase
cGMP signal transduction
Nuclear translocation
Smooth muscle cell
cGMP-dependent protein kinase I (PKGI) plays an important role in regulating how cGMP specifies vascular
smooth muscle cell (SMC) phenotype. Although studies indicate that PKGI nuclear localization controls how
cGMP regulates gene expression in SMC, information about themechanisms that regulate PKGI nuclear compart-
mentation and its role in directly regulating cell phenotype is limited. Herewe characterize a nuclear localization
signal sequence (NLS) in PKGIγ, a proteolytically cleaved PKGI kinase fragment that translocates to the nucleus of
SMC. Immuno-localization studies using cells expressing native and NLS-mutant PKGIγ, and treatedwith a small
molecule nuclear transport inhibitor, indicated that PKGIγ encodes a constitutively active NLS that requires
importin α and β for regulation of its compartmentation. Moreover, studies utilizing a genetically encoded
nuclear phospho-CREB biosensor probe and fluorescence lifetime imaging microscopy demonstrated that this
NLS controls PKGIγ nuclear function. In addition, although cytosolic PKGIγ-activity was observed to stimulate
MAPK/ERK-mediatednuclear CREB signaling in SMC, NLS-mediated PKGIγnuclear activity alonewas determined
to increase the expression of differentiation marker proteins in these cells. These results indicate that NLS-
mediated nuclear PKGIγ localization plays an important role in how PKGI regulates vascular SMC phenotype.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

cGMP-dependent protein kinase I (PKGI) is a cGMP-stimulated
phosphokinase that regulates SMC contractility [1–3]. This protein has
an NH2-terminal coiled-coil leucine zipper (LZ)-like autoinhibitory do-
main, tandem cGMP-binding pockets, and a catalytic region,which con-
tains Mg2+/ATP-binding, phosphokinase, and substrate recognition
domains. Although PKGI is the product of one gene, alternate splicing
of PKGImRNA shuffles the 5′ exons and results in the protein expression
of two PKGI isoforms, PKGIα and PKGIβ [4]. The variant LZ domains di-
rect PKGI isoform homodimerization [5] and differential interactions
with cytosolic anchoring proteins [6–8] and cytosolic compartmenta-
tion [7,9–12]. The PKGI isoform LZ domains also encode autoinhibitory
(AI) domains that interact with the substrate recognition domain in
the catalytic region and inhibit PKGI kinase activity in the absence of
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cGMP stimulation [13]. The PKGI isoforms exhibit differential cell and
tissue expression [14]. Moreover, the PKGI expression is regulated
through a number of mechanisms including cytokine-mediated signal-
ing [15–17]. In SMC, cGMP-stimulated PKGI regulates the cytoskeleton
by phosphorylating cytosolic protein targets that control intracellular
Ca2+ levels, Ca2+-sensitivity of contractile proteins, and perhaps the
thin filament (reviewed in [18]).

PKGI also plays an important role in regulating cell phenotype [1,2].
PKGI has been detected in the nucleus of several cell types [12,19,20]
and studies suggest that this compartmentation controls how PKGI in-
fluences gene expression. For example, over-expression of PKGIβ in
PKGI-deficient baby hamster kidney (BHK) cells increases nuclear
PKGI immuno-localization, the activation of fos promoter, through the
activation of the cAMP response element, the AP-1 binding site, and
the serum response element, and the induction of c-fos mRNA expres-
sion [20,21]. Also in these cells, PKGI transduces gene expression inde-
pendently of PKA, calmodulin-dependent protein kinase, and MAPK
signaling [22]. In SMC, PKGI increases the expression of contractile pro-
teins, such as calponin and smooth muscle myosin heavy chain (MHC)
[1,23–25], and decreases cell proliferation [26]. However, the mecha-
nisms that regulate nuclear PKGI translocation are variable and incom-
pletely understood. For example, in some experiments it is noted that
PKGI does not localize to the nucleus or regulate gene expression [9,
27–29]. In addition, the specific function of nuclear PKGI translocation
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in regulating SMC differentiation is incompletely understood. In some
cells, PKGI regulates cytoplasmic signaling systems [30,31] that can
transduce gene expression. These observations make it difficult to
knowwhether PKGI nuclear localization alone controls gene expression.
Understanding the mechanisms that regulate nuclear PKGI transloca-
tion and function will provide important information about how
cGMP signaling regulates SMC phenotype.

Emerging evidence suggests that PKGI post-translational modifica-
tions control the nuclear PKGI localization and regulation of gene
expression in SMC [32]. In these studies, PKGI cleavage in a hinge region
of the molecule, which resides in a β-sheet that projects into the extra-
molecular milieu [33], was determined to generate an NH2-terminal
fragment of PKGI that remains in the perinuclear space and a constitu-
tively active COOH-terminal fragment that contains the kinase domain,
PKGIγ, that localizes to the nucleus [32]. The PKGI cleavage and nuclear
PKGIγ localization was stimulated by cGMP and mechanisms that in-
crease PKGI expression. Importantly, PKGI proteolysis was determined
to be required for nuclear PKGI localization and activity. This is because
PKGI cleavage, nuclear immunoreactivity, and transactivation of gene
expression were decreased in cells expressing PKGI with mutations in
the proteolytic site. Moreover, proprotein convertases (PCs) appear to
play a part in regulating PKGI proteolysis and nuclear localization of
PKGIγ [34]. This is because PKGI proteolysis was observed to be in-
creased in a variety of cells in which select PCs are overexpressed and
decreased in cells in which PC activity is defective or inhibited. More-
over, PC inhibition usingmembrane-permeable peptide decoys was de-
termined to inhibit proteolysis-dependent PKGI nuclear localization in
SMC. However, the mechanisms that govern PKGIγ nuclear localization
and function are largely unknown.

Here we examined the mechanisms that regulate PKGIγ nuclear
compartmentation and function in cells. Using cells expressing native
and mutant PKGIγ, an inhibitor of importin α and β function, and
immuno-localization studies, we report that PKGIγ harbors a classical
NLS that regulates its nuclear localization. Moreover, employing a
nucleus-localizing phospho-CREB biosensor and fluorescence lifetime
imaging microscopy (FLIM), we determined that nuclear PKGIγ locali-
zation is required for the activation of CREB signaling. Of importance,
in studies conductedwith aMEK1/2 inhibitor, we observed that nuclear
CREB activation by PKGIγ in SMC, but not in BHK cells, is also mediated
through MAPK/ERK signaling. Lastly, by assessing the expression levels
of SMC contractile proteins in transfected SMCusingflow cytometry,we
determined that nuclear but not cytoplasmic PKGIγ regulates the ex-
pression of cytoskeletal proteins that are indicative of SMC differentia-
tion. Therefore, this work details mechanisms that regulate nuclear
PKGI compartmentation and further enhances the view that the nuclear
transport of PKGI has an important role in regulating SMC.

2. Materials and methods

2.1. Plasmid constructs and materials

The plasmids encoding NLS-ICAP and NLS-ICAP-ΔS133 were a kind
gift of Michael Friedrich [35], and NH2-terminal FLAG-epitope tagged
vasodilator-stimulated phosphoprotein (FLAG-VASP)was fromMichael
Uhler [28]. pcDNA3-CFPwas obtained fromAddgene and pAcGFP1-Nuc,
which encodes GFP-NLS, was purchased from Clontech. To generate
pcDNA3-FLAG-PKGIγ, PCR was used to amplify a cDNA that encodes
PKGIγ from pcDNA3-PKGIβ [32] with BamHI and XbaI restriction site
ends. This fragment was then ligated in a 3′-position relative to a
DNA fragment that specifies the FLAG epitope tag into pcDNA3. The
PKGIγ cDNA fragment encodes a COOH-terminal portion of PKGIβ com-
mencing with E168. This is because amino acid microsequencing of
immunopurified A7R5 SMC nuclear PKGIγ suggested that PKGIγ is gen-
erated by PKGI cleavage just NH2-terminal to this amino acid [32]. Using
this plasmid and site-directed mutagenesis, additional plasmids were
constructed that encode PKGIγ with a mutant NLS (PKGIγ-ΔNLS) and
PKGIγ that was predicted to lack kinase activity (PKGIγ-DK). The
amino acid changes in the PKGIγ ΔNLS mutation are detailed below;
the mutation in PKGIγ-DK corresponds to a T516- N A switch in PKGIβ
thatwas determined by Feil et al. to abolish PKGIβ phosphokinase activ-
ity [36]. The FLAG-PKGIγ and FLAG-PKGIγ-ΔNLS cDNA fragments were
also introduced into the first open reading frame (ORF) of pCP2
(Clontech), a bicistronic plasmid withmCherry2 encoded in the second
ORF following an internal ribosome entry site. The expression of the
native and mutant PKGIγ transgenes was determined in soluble cell
lysates as described previously [32]. The authenticity of the plasmid
constructs was confirmed using dideoxynucleotide sequencing.

2.2. Cell culture and transfection

The fibroblast BHK cells and rat embryonal SMC A10 cells [37] were
obtained from the American Tissue Culture Collection (ATCC). Rat aortic
SMC (RAoSMC) were obtained using an explant method as previously
described [26] and were used in the experiments before the seventh
passage. The cells were maintained in DMEM containing 10% v/v FBS,
penicillin (100 U/ml), and streptomycin (100 μg/ml) (Invitrogen) in a
humidified 37 °C incubator with 5% CO2. Cell transfection occurred
using Lipofectamine 2000 (Invitrogen) or Xfect (Clontech) according
to the manufacturer's instructions.

2.3. Cell imaging

To map PKGI immunoreactivity to the nucleus and cytosol of the
cells, laser scanning confocal microscopy was performed using a micro-
scope (Zeiss LSMS Pascal) with a pinhole and slide stage z-axis position
set to obtain a ~2 μm-thick image in the mid-nuclear plane, as deter-
mined by the DAPI-image and described previously [32]. To test the ef-
fect of ivermectin on nuclear PKGIγ localization, cells were imaged
using wide field microscopy (Nikon Eclipse Ti-E) and the mean fluores-
cence intensity in the nucleus and cytosol was determined using image
analysis software (Nikon NIS-Elements). To determine the activation
NLS-ICAP in fixed cells, time-correlated single-photon counting FLIM
wasperformedusing aNikon TiEmicroscope equippedwith a dedicated
FLIM system (Becker & Hickl GmbH, Berlin Germany). The CFP donor
fluorescence of the biosensor was excited with a 448-nm pulsed laser
diode. The fluorescence signal from the cells was collected using a
photomultiplier tube after the photons passed through a 40×oil immer-
sion objective lens (NA 1.30) and a 460 nmwavelength long-pass filter.
The data acquisition time adjusted so that N5 × 104 photons were sam-
pled per pixel. To demonstrate the co-expression of FLAG-PKGIγ
transgenes and mCherry2, SMCs were transfected with the
bicistronic plasmids, described above, fixed, permeabilized, and
then exposed to anti-FLAG and Alexa 488-labeled secondary anti-
bodies and then DAPI. The anti-FLAG, mCherry2, and DAPI fluores-
cence images were merged.

2.4. Detection of in vivo PKGI activity

After the cells were transfected with plasmids encoding PKGIγ con-
structs and FLAG-VASP, a cytosolic PKGI target, soluble proteins were
collected in a reducing lysis buffer and resolved using SDS-PAGE. After
electro-blotting the proteins onto a charged membrane, their FLAG
transgene and phospho-VASP S239 immunoreactivity were detected as
previously described [32].

2.5. Flow cytometry

Following transfection with plasmids, the SMCs were released from
the plates using type IV collagenase, which we observed preserves
membrane-bound mCherry2 fluorescence. Subsequently, the cells
were fixed for 20 min in 2% paraformaldehyde in phosphate buffered
saline, permeabilized with methanol, blocked with 5% bovine serum
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albumin, and then reacted with fluorescently labeled anti-calponin,
MHC, or equivalent amounts of isotype control antibodies. The anti-
calponin antibody was purchased from Abcam (ab46794) and the
anti-MHC antibody was obtained from Biomedical Technologies
(BT-562, StoughtonMA USA). Subsequently, the cells were subjected
to flow cytometry (LSRII, BD Biosciences) and at least 1 × 104 events
were analyzed.
2.6. Data analysis

The lifetime images were analyzed by exponential function fitting
and by determining goodness of fit of the photon decay curve using
SPC Image software (Becker &Hickl GmbH). The CFPmeanfluorescence
lifetime (tm)was determined using a bi-exponential functionmodel, as
detailed in Results.

After the flow cytometry data was gated for dead cells and debris,
and compensated for fluorescent spill-over, it underwent a linear-log
transformation, as described by Klinke and Brundage [38] using custom
scripts and a statistical programming language (R, [39]). The data were
then gated based on themCherryfluorescence to permit analysis of SMC
contractile protein expression in cells that were transfected with the
plasmids.

The experiments were repeated a minimum of three times and
typical results are shown. The data are represented as mean ± S.D.
and are compared using ANOVA. When indicated, a Tukey's range test
was performed post hoc. Where indicated in the figures, *P ≤ 0.05.
3. Results

3.1. PKGIγ harbors an NLS that regulates PKGI nuclear compartmentation

A putative NLS was previously characterized in PKGIβ that appears
to regulate its cGMP-dependent nuclear localization and gene expres-
sion transactivation [20]. This NLS consists of a single cluster of basic
amino acids that resides within the catalytic region of PKGIβ (Fig. 1A).
Some but not all mutations of the NLS were observed to inhibit cGMP-
stimulated PKGI nuclear localization of PKGI. However, others deter-
mined that this NLS does not to fully regulate nuclear PKGIβ localiza-
tion. Inspection of the amino acid sequence of PKGIγ reveals that this
putative PKGIβ NLS is conserved within that kinase fragment (Fig. 1A).
To test whether this NLS directs PKGIγ nuclear compartmentation, we
used site-directedmutagenesis tomake a single amino acid substitution
of the P1 of the putative NLS of PKGIγ, as indicated in the figure. A sim-
ilar approachwas employed byGudi et al. to characterize the function of
the PKGIβ NLS [20]. As shown in Fig. 1B, transient transfection of BHK
cells, which are cells that do not express appreciable levels of PKGI
[20], with these constructs led to the expression of the PKGIγ
transgenes of the expected size. To test the role of the putative NLS in
regulating nuclear PKGIγ compartmentation, rat aortic SMC, A10 cells,
and BHK cells were transiently transfected with these plasmids and
one that we previously observed expressed PKGIβ with a COOH-
terminal FLAG tag [32]. Subsequently, the PKGIγ transgenes were local-
ized using indirect immunofluorescence and laser scanning confocal
microscopy. As shown in Fig. 1C, whereas nuclear PKGI immunoreactiv-
ity was detected in the cells expressing PKGIγ and PKGIβ, it was not ob-
served in those that were transfected with PKGIγ-ΔNLS. Moreover, it
was noted that the nuclear PKGIγ compartmentation did not require
cGMP stimulation, as was described for the full-length PKGI isoforms
in other studies [32]. Although, we and others observed that PKGIβ
overexpression increases nuclear PKGI immunoreactivity [8,11,32].
The specificity of the antibodies used to detect the FLAG epitope and
the catalytic domain of PKGI is shown in Fig. 1D and elsewhere [32].
These data support the role of the NLS in regulating PKGIγ nuclear
compartmentation.
3.2. PKGIγ nuclear localization is regulated through a classical NLS

Classical NLSs direct the nuclear importation of cytoplasmic cargo
proteins through binding to the adapter protein importin α. Thereafter,
NLS-bound importinα recruits importin β to the protein assembly, and
importin β facilitates the binding of the trimeric complex to the nuclear
pore complex and its transport into the nucleus [40,41]. Recently, iver-
mectin was observed to block importin α and β interaction and to
inhibit the nuclear transport facilitated by prototypical NLS-mediated
mechanism [42]. In order to test whether importin α and β play a role
in regulating PKGIγ localization, BHK cells were transfected with plas-
mids that encode FLAG-PKGIγ and treatedwith andwithout ivermectin.
Subsequently, the cells were fixed and permeabilized and the PKGIγ
transgene was immunolocalized in the cells using an anti-FLAG anti-
body. To analyze the PKGIγ nuclear compartmentation themean nucle-
ar and cytoplasmic fluorescence ratios were quantified using a method
described by others [42]. In control studies, the cells were transfected
plasmids that encode FLAG-PKGIγ-ΔNLS or GFP-NLS, which is GFP
that was engineered to have COOH-terminal tandem repeats of the
SV40 large T-antigen NLS. As shown in Fig. 2, ivermectin exposure
inhibited nuclear PKGIγ localization in the cells to levels detected
for PKGIγ with the mutant NLS. Moreover, the disruption of NLS-
mediated nuclear localization by ivermectin in these studies was con-
firmed by observing that it reduced the nuclear compartmentation of
the GFP harboring a classical NLS. These studies indicate that the
PKGIγ NLS requires importinα and β interaction to facilitate its nuclear
localization in cells.

3.3. PKGIγ nuclear compartmentation regulates CREB activation in BHK
cells

Although the studies detailed above characterized an NLS that regu-
lates nuclear PKGIγ compartmentation, they do not demonstrate how it
might control nuclear PKGI function. We and others have shown that
nuclear PKGI localization is associated with transactivation of gene
expression. However, even when detected in the nucleus, PKGIγ, the
PKGI isoforms, and many of their targeted transcription factors also re-
side in the cytosol. Therefore, it would be important to understand
whether the NLS-regulated PKGIγ nuclear compartmentation plays a
direct role in controlling nuclear PKGI function. Because cGMP stimu-
lates CREB-mediated signaling [43], and PKGIγ transactivates CREB sig-
naling [32], we examined whether the PKGIγ NLS regulates nuclear
CREB activation. Although CREB resideswithin thenucleus, it is detected
and phosphorylated in the cytoplasm as well [44,45]. To improve the
specificity of detecting CREB activation by PKGIγ residing in the nucleus,
a phospho-CREB biosensor that is localized in the nucleus was
employed for these studies. Previously, Friedrich et al. showed that a fu-
sion protein consisting of the CREB kinase-inducible domain (KID), a
linker, and the CREB-binding protein KID-interaction domain (KIX)
sandwiched between an NLS and cyan fluorescent protein (CFP) on
the NH2-terminal end and yellow fluorescence protein (YFP) on the
COOH-terminal (referred to as NLS-ICAP) exhibited reduced fluores-
cence resonance energy transfer (FRET)when PKAor calmodulin kinase
induced CREB KID phosphorylation and KID-KIX interaction decreased
CFP and YFP photonic interaction [35]). Because of the high variation
in NLS-ICAP expression observed in the transfected cells during pilot
studies, we first analyzed whether the activation of this phospho-
CREB biosensor could be detected using fluorescence lifetime imaging
microscopy (FLIM) instead of FRET. This is because in contrast with
FRET, FLIM is insensitive to the expression level or concentration of
the donor fluorescent protein.

Using fixed BHK cells expressing NLS-ICAPwe defined the criteria to
be used tomodel the photon decay curves of this probe and then tested
whether FLIM could detect differences in the kinetics of the decay
curves imparted by treatment with agents known to phosphorylate
the CREB-based biosensor. As shown in Fig. 3A, the photon decay data
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of the CFP donor in NLS·ICAP can be modeled using the two-exponent
equation as defined by others [46]. The goodness of fit of the modeling
equation, particularly within the nuclear region, is shown in the Chi2

image. Following sequential application of functions containing increas-
ing numbers of exponential factors, the goodness of fit of the model is
first optimal when a two exponent equation is applied. Moreover, in-
spection of the photon decay curve residual data shows that there is
no systematic departure from the model following the application of a
bi-exponential equation. These data are in agreement with those of
others showing that CFP photon decay is efficiently modeled using a
two-exponent equation [47]. Because cell fixation can affect the effi-
ciency of protein fluorescence, we tested whether NLS-ICAP activation
could be detected in formaldehyde-fixed cells using FLIM. In these stud-
ies, NLS-ICAP was modulated using forskolin because this had been
shown to phosphorylate andmodulate FRET of this CREBKID-basedbio-
sensor [35]. As shown in Fig. 3B, we observed that treating fixed BHK
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cells with forskolin decreased the CFP tm of NLS-ICAP. These studies
indicate that FLIM can be used to detect NLS-ICAP activation in fixed
BHK cells.

We next testedwhether the PKGIγNLS regulates nuclear PKGI phos-
phokinase activity through examining the activation of NLS-ICAP using
FLIM. The anticipated model of the effect of PKGI-mediated NLS·ICAP
phosphorylation on the CFP–YFP interaction is shown in Fig. 4A. The in-
teraction between the photon donor CFP and acceptor YFP is expected
to shorten the photon relaxation time in non-phosphorylatedNLS·ICAP.
In contrast, phosphorylation of the CREB KID is expected to increase
phospho-KID and KIX interaction, decrease the CFP–YFP interaction,
and prolong the photon relaxation time. For these studies, BHK cells
were co-transfected with plasmids that encode NLS-ICAP and PKGIγ
or PKGIγ-ΔNLS, fixed, and then the mean CFP photon relaxation time
(tm) was determined following FLIM. The cellular compartmentation
of the NLS·ICAP sensor is shown in Fig. 4B in typical BHK cells in the
CFP fluorescence intensity image. The CFP intensity images confirmed
the localization of NLS-ICAP within the nucleus of the cells. Moreover,
the CFP tmheatmap images demonstrate that this CREB KID-based bio-
sensor is activated by PKGIγ primarily in the nucleus.Moreover, very lit-
tle activation of NLS-ICAP is observed in the cytosol of the cells by PKGIγ
and PKGIγ-ΔNLS. This supports the nuclear partitioning of this probe.
The composite photon relaxation curve plot obtained from the cell
nuclei and shown in Fig. 4C confirms a shift in the CFP photon release
kinetics in the PKGIγ- but not the PKGIγ-ΔNLS-expressing BHK cells.

Next were defined the mechanisms through which nuclear PKGIγ
regulates the phospho-CREB biosensor. In these studies, BHK cells
were transfected with the indicated plasmids and either: 1) fixed and
subjected to FLIM and the CFP tm was measured in the nuclear region,
or 2) lysed and the indicated protein levels were detected using anti-
bodies and protein blot hybridization. As shown in Fig. 5A, whereas
PKGIγ increased the CFP tm of NLS-ICAP, PKGIγ-ΔNLS did notmodulate
the mean relaxation time of this phospho-CREB sensor. The data in
Fig. 5B indicate that the lack of CFP tm modulation by PKGIγ-ΔNLS
was not due to a deficiency in PKGIγ-ΔNLS kinase activity; PKGIγ-
ΔNLS was observed to phosphorylate over-expressed VASP, a PKGI
phosphorylation target and member of the Ena/VASP family of proteins
that resides in the cytosol, and to cause a known shift in its apparent
molecular weight when over-expressed in the BHK cells. Because the
NLS·ICAP CREB KID harbors several amino acid residues that are
targeted by kinases that phosphorylate CREB [35,48], we testedwhether
PKGIγ modulates the NLS-ICAP CFP tm through the consensus cyclic
nucleotide-dependent phosphorylation site (-RRFS-, [49]). As shown
in Fig. 5A, in contrast with the increase in CFP tm observed in the nuclei
of BHK cells expressing PKGIγ and NLS·ICAP, those expressing PKGIγ
and NLS·ICAP with a mutation in the KID residue mapping to CREB
S133 did not exhibit a change in the photon relaxation time. Previous
studies show that the control plasmid used in this experiment expresses
NLS-ICAP ΔS133 and that themutant NLS-ICAP is not phosphorylated by
PKA [35].

To determine whether the activation of NLS-ICAP was due to the in-
teraction of PKGIγ with another kinase, we tested whether NLS-ICAP
CFP tm increased in cells that expressed an inactive PKGIγ kinase
(PKGIγ-DK). Previous studies by Feil et al. demonstrated that mutation
in an auto-phosphorylation site of PKGIα inhibited PKGI kinase activi-
ty [36]. Although it was unknown whether a corresponding mutation
in PKGIγ would inhibit its activity, as shown in Fig. 6A, over-expressed
PKGIγ-DK was observed to not phosphorylate FLAG-VASP in BHK cell
lysates as determined by immunoblotting and exposure to phospho-
VASP antibodies. In additional studies using anti-FLAG antibodies, we
observed that BHK cells transfected with pcDNA3-FLAG-PKGIγ-DK
expressed a protein of the expected size by immunoblotting and that
the protein was observed within the nucleus by immunofluorescence
microscopy (data not shown). Importantly, we found that BHK cells
co-transfected with the plasmid that encodes PKGIγ-DK and NLS-ICAP
did not exhibit the increase in CFP tm observed in the cells co-
expressing PKGIγ (Fig. 6B).

Moreover, we tested whether the nuclear activation of NLS-ICAP by
PKGIγ was mediated through PKA signaling. These studies were
performed because under certain conditions, PKGI can cross-activate
PKA signaling and because this biosensor was optimized to identify nu-
clear PKA activity. As shown in Fig. 7, the activation of NLS-ICAP by
PKGIγ persisted during treatment of the BHK cells with myr-PKI, a
membrane-permeable PKA inhibitor, even though this compound
inhibited the forskolin-mediated increase in CFP tm. Together these
studies indicate that the PKGIγ NLS regulates nuclear PKGI phosphoki-
nase activity in BHK cells.
3.4. Nuclear and cytoplasmic PKGIγ regulate CREB activation in vascular
SMC

Although the studies detailed in BHK cells above indicated that
PKGIγ nuclear localization alone activates CREB, others observed in vas-
cular SMC that PKGI can stimulate cytosolic MAPK signaling [30], which
could indirectly regulate nuclear CREB signaling. To examine this possi-
bility, we tested whether NLS-mediated PKGIγ nuclear localization
alone regulates CREB activation in vascular SMC. For these studies,
early passage rat aortic SMCwere co-transfectedwith plasmids that en-
code NLS-ICAP and PKGIγ, with or without the NLS mutation detailed
above, and the NLS·ICAP activation was assessed using FLIM after the
cells were fixed. Pilot studies for this investigation confirmed that
NLS-ICAP localizes to the nuclei of the SMC and that a bi-exponential
model reliably details the photon relaxation curve of the CFP donor
(data not shown).

Similar to the results in BHK cells,we observed that PKGIγprolonged
CFP tm in the aortic SMC (Fig. 8A). However, in contrast, PKGIγ-ΔNLS
expression increased the CFP tm to a level that was intermediate be-
tween that determined in PKGIγ expressing and pcDNA3 transfected
control SMC. To determine whether this change in NLS-ICAP activation
was mediated through the cytoplasmic stimulation of MAPK signaling,
aortic SMC were co-transfected with plasmids that encode NLS-ICAP
and PKGIγ or PKGIγ-ΔNLS, and then treated with U0126, a MEK1/2 in-
hibitor, or DMSO, the diluent. As shown in Fig. 8B, U0126 treatment fully
inhibited the PKGIγ-ΔNLS modulation of CREB activation. However,
U0126 treatment only partially inhibited the change in CFP tm associat-
ed with PKGIγ expression. These data suggest that in SMC PKGIγ
modulates CREB activation through direct nuclear mechanisms as well
as cytosolic ones that require MAPK.
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3.5. Nuclear PKGIγ regulates SMC differentiation

Previous studies indicate that cGMP regulates SMC differentiation
through stimulating PKGI [1,43]. However, it is unknown whether
PKGI can regulate SMC differentiation through nuclear mechanisms
alone. Because the NLS detailed above was determined to regulate nu-
clear PKGIγ localization and activity, we next tested whether or not
the PKGIγ compartmentation influences SMC differentiation. Primary
vascular SMCs are difficult to transfect. To facilitate our studies, we
employed plasmids and analytic techniques that would allow us
to study PKGIγ-mediated changes of differentiation primarily in
transfected SMC. We constructed bicistronic plasmids in which cDNA
encoding PKGIγ or PKGIγ-ΔNLSwas inserted into the first ORFwhile se-
quence encoding mCherry2, a red fluorescent protein that localizes to
the plasma membrane [50], resided in the second ORF. Because of the
relative efficiency of gene transcription, we observed that each SMC
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transfected with this construct that exhibited mCherry2 fluorescence
also expressed the PKGIγ transgene encoded by the first ORF (as
shown in typical cells in Fig. 9A). Therefore, to examine the effect of
PKGIγ nuclear compartmentation on SMC differentiation, we gated
the flow cytometry fluorescence data to select for SMC that exhibited
mCherry2 fluorescence.

Rat aortic SMC transfected with plasmids that encode PKGIγ exhib-
ited increased SMC contractile protein expression in comparison with
those exposed to the PKGIγ·ΔNLS-encoding or control vectors. As
shown in Fig. 9B and C, SMC expressing PKGIγ but not PKGIγ-ΔNLS
had increased numbers of cells exhibiting a higher mean fluorescence
signal associated with calponin and MHC expression. Together these
data indicate that PKGIγ regulates SMC differentiation through direct
nuclear mechanisms.

4. Discussion

PKGI has a pivotal role in regulating how cGMP controls vascular
SMC phenotype. Previous investigations demonstrated that PKGI
increases the differentiation of SMC [1,23,25,26,51]. These studies led
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to the investigation of whether nuclear PKGI localization has a role in
regulating the expression of SMC genes. Investigations identified a
cryptic, cGMP-regulated NLS residing in the catalytic domain of PKGIβ
that is required for PKGI nuclear compartmentation. Gudi et al. detected
a single cluster of basic amino acids in PKGIβ that regulated the appear-
ance of nuclear PKGI immunofluorescence and function, as detected by
fos promoter activation [20]. This PKGIβ NLS amino acid sequence
was thought to have a similar structure as one distinguished in
interleukin-1α [20,52]. Although the general structure of NLSs is
variable, we note that the putative PKGIβNLS follows the consensus se-
quence of (K/R)X(K/R), which is thought to be typical of monopartite
NLSs [53]. Moreover, this PKGIβ NLS resides within the Mg2+/ATP
binding region of the small lobe of the catalytic domain, which is likely
to have access to the extramolecular environment and the adaptor
proteins that are required to guide nuclear pore-dependent protein
transport. Gudi et al. showed that the nuclear PKGI translocation was
ATP-dependent, supporting the role of energy-dependent, nuclear
pore-regulated PKGI nucleoplasm transport. The PKGIβ NLS also ap-
peared to be cryptic because cGMP stimulation appeared to be impor-
tant in activating the nuclear PKGI localization and activity. While
characterizing the NLS activity, they observed that switching the P1 ly-
sine to a negatively charged amino acid in the putative NLS generated a
mutant PKGIβ that was catalytically active although it no longer exhib-
ited cGMP-stimulated nuclear localization or transactivation of a c-fos
promoter. In addition, fusing the putative NLS with β-galactosidase
was found to be sufficient to cause the nuclear localization of that
enzyme. However, in studies by other investigators, PKGI has been ob-
served not to localize to the nucleus of cells and the putative PKGIβ
NLS was shown to incompletely regulate cGMP-dependent PKGI nucle-
ar compartmentation. For example, Collins and Euler observed that
mutations of P1 and P3 amino acids in the putative PKGIβ NLS did
not completely block the cGMP-stimulated PKGI nuclear activity in
HEK293 cells [28]. Therefore, the mechanisms regulating nuclear PKGI
translocation and activity are incompletely understood.

The work presented here provides important refinements to
the knowledge about the mechanisms that regulate nuclear cGMP
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signaling. Previously we showed that PKGI proteolysis plays a critical
role in regulating nuclear PKGI localization [32]. In these studies,
cGMP-treatment or PKGI overexpression in SMC or cell lines was
observed to cause PKGI proteolysis and the generation of a COOH-
terminal kinase fragment with constitutive activity. Moreover, we de-
termined that although the NH2-terminal LZ portion of cleaved PKGI is
retained in the cytosol, the kinase fragment localizes to the nucleus.
Using antibodies that detect the NH2-terminal portion of the PKGI
isoforms, we have not been able to detect full-length, uncleaved PKGI
in the nucleoplasm. Although we observed that PKGI proteolysis was
critical for nuclear PKGIγ localization and the regulation of gene expres-
sion by PKGIγ, themechanisms controllingnuclear PKGIγ compartmen-
tation were unknown.

PKGIγ is ~60 kDa and too large to passively diffuse into the nucleus.
This is supported by our observation that PKGIγ with a mutation in
the NLS was not immunolocalized to the nucleus and did not activate
NLS-ICAP, unless mediated through cytosolic MAPK signaling. More-
over, the role of the NLS in PKGIγ nuclear transport is supported by
studies of the compartmentation of synthetic PKGI catalytic domain
fragments. For example, although Gudi et al. showed that whereas the
putative NLS was not required for regulation of the nuclear compart-
mentation of a ~37 kDa fragment PKGIβ [20], it did control the nuclear
localization and transactivation of gene expression by a 65 kDa frag-
ment that contained more NH2-terminal amino acids. Browning and
colleagues showed that a ~63 kDa PKGI kinase fragment that was
fused with GFP and contained the putative NLS, localized to the nucleus
of cells [29]. Moreover, other investigators showed that COOH-terminal
fragments of PKGI had important activities in regulating vascular SMC
phenotype in cultured cells [23,54,55] and in injured systemic vessels
[54]. However, in these studies, the role of nuclear localization in medi-
ating these effects of the PKGI fragments in SMC was not investigated.

To further detail how the NLS characterized in this report influences
PKGI nuclear localization,we examinedwhether importinα plays a part
in regulating PKGIγ nuclear compartmentation. For these studies,
we utilized a recently identified specific inhibitor of importin α and β-
dependent protein localization. During the use of an AlphaScreen
protein-protein binding assay designed to detect small molecules that
disrupt viral protein nuclear import, ivermectin was identified as a po-
tential inhibitor of importin α and β interaction [56]. Subsequently,
this compound was determined to be a specific inhibitor of importin
α andβ-dependent nuclear localization using a variety of reference pro-
teins [42]. Of interest, ivermectin did not inhibit the nuclear transloca-
tion of proteins that alone require importin β1 (e.g. parathyroid
hormone-related protein [57]) or importin 13 (such as the SUMO-
conjugating enzyme, UBC9 [58]) [42]. Our observation that ivermectin
inhibits nuclear PKGIγ localization to similar levels observed for
PKGIγ·ΔNLS indicate that importin α and β regulate PKGIγ nuclear
compartmentation. The inhibition of GFP-NLS nuclear compartmenta-
tion by ivermectin was expected because the SV40 large T-antigen
NLS encoded in this transgene has been shown to require importin α
and β for nuclear localization regulation [59]. Moreover, Wagstaff
showed that ivermectin inhibited the nuclear compartmentation of
another fluorescent protein-SV40 large T-antigen fusion protein [42].
Together these results determine for the first time mechanisms that
regulate PKGIγ nuclear localization in cells.

Previous studies have shown that PKGI activates gene expression.
For example, PKGI proteolysis and nuclear PKGI compartmentation
were observed to correlate with transactivation of phospho-CREB-
dependent gene expression [20,32]. However, it is possible that this
CREB-dependent gene regulation was modulated by activation of
CREB in the cytosol and the nuclear translocation of phospho-CREB.
For example, phospho-CREB has been detected in the cytosol of cells
and other kinases have been observed to stimulate the nuclear localiza-
tion of cytosolic phospho-CREB [44,45]. Therefore, to determine the role
of the NLS characterized above in partitioning nuclear PKGIγ function,
we employed a nuclear phospho-CREB based biosensor and mapped
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its activation by PKGIγ in the nuclear compartment using FLIM.
Friedrich et al. used phospho-specific antibodies and immunoblotting
to show that PKA and CAM kinase phosphorylate this sensor and FRET
methods to demonstrate that the biosensor ismodulatedwithin the nu-
cleus of cells. Moreover, in the FLIM studies detailed here we observed
that this sensor detects selective nuclear CREB activation, as we did
not observe appreciable cytosolic NLS-ICAP CFP tm prolongations in
cells expressing PKGIγ or PKGIγ-ΔNLS despite showing that the phos-
phorylation of a cytoplasmic PKGI target, FLAG-VASP. Moreover, using
mutant NLS-ICAP and PKGIγ and PKA inhibitors, we confirmed that
PKGIγ phosphorylated a typical PKA/PKGI motif, and did not modulate
NLS-ICAP through cross-activation of PKA signaling. These data indicate
that PKGIγ exhibits direct nuclear function, which is regulated through
its nuclear compartmentation.

We found it interesting to note that, in contrast with the results ob-
served in BHKcells, cytosolic PKGIγ activity regulated CREB activation in
aortic SMC. These observations suggested that PKGIγ stimulates a cyto-
solic CREB-regulating signaling pathway that is not present in BHK cells.
Previous investigators observed that PKGI activates MAPK signaling in
aortic SMC [30]. Because this pathway stimulates CREB-signaling, we
tested whether PKGIγ might regulate the phospho-CREB biosensor
through cytoplasmic as well as nuclear mechanisms. Our observation
of NLS-ICAP activation by PKGIγ-ΔNLS as well as PKGIγ in rat
aortic SMC suggested this possibility. It is interesting that the lack of
phospho-CREB sensor activation by PKGIγ-ΔNLS in BHK cells is consis-
tent with the observations by others that PKGIβ does not stimulate
MAPK signaling in these cells. This suggests that either the effector mol-
eculesmight not be expressed or that PKGImight not share a similar cy-
tosolic compartment with MAPK signaling components in these cells.
Moreover, the inhibition of the NLS-ICAP activation by PKGIγ-ΔNLS by
U0126 supports the potential role of MEK signaling in cytosolic PKGIγ
activity. Nevertheless, the persistence of NLS-ICAP modulation in
PKGIγ expressing U0126-treated cells supports a direct stimulation of
CREB by nuclear PKGIγ in these cells.

Several studies indicate that PKGI regulates SMC differentiation. For
example, PKGI expression reduction via cell passaging or RNAi, PKGI in-
hibition usingmembrane-permeable inhibitory peptides, and PKGI res-
cue by over-expression has been observed to modulate the mRNA and
protein levels of contractile proteins in vascular SMC [1,25,51,60].More-
over, over-expression of a COOH-terminal PKGI fragment that was
engineered to have constitutive phosphokinase activity was observed
to increase SMC contractile protein expression [23] and to decrease
glucose- and serum-stimulated SMC proliferation in culture [54,55].
However, although PKGI has been determined to regulate nuclear sig-
naling systems [20,22], it was unknown whether PKGI regulates SMC
differentiation through nuclear or cytosolic mechanisms. We observed
that PKGIγ but not PKGIγ·ΔNLS increased the protein expression of
calponin and MHC in the SMC. These studies suggest that although
PKGIγ can be observed to regulate cytosolic signaling systems, such as
MAPK, the nuclear localization has an important role in controlling
how it regulates SMC differentiation. These results lead us to speculate
that mechanisms that inhibit the nuclear localization and activity of
PKGIγ may play an important role in the pathogenesis of vascular
diseases associated with SMC dedifferentiation.

5. Conclusion

We determined for the first time that an NLS residing in PKGIγ, an
important constitutively active kinase fragment of PKGI in SMC, defines
PKGI's role in regulating nuclear signaling and SMC phenotype determi-
nation. These findings are significant because they demonstrate that al-
though PKGI can regulate nuclear signaling through cytoplasmic as well
as nuclear pathways in SMC, it is the nuclear compartmentation of
PKGIγ itself that plays a role in regulating SMC phenotype. Moreover,
investigations detailed here promote the utility of using a nucleus-
localizing CREB KID-based biosensor and FLIM in detailing nuclear
PKGI function and the use of bicistronic plasmids with a fluorescent
protein marker to examine the effects of gene expression on cell
function in transfected SMC.
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