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ABSTRACT: The spatial and temporal organization of biolog-
ical systems offers a level of complexity that is challenging to
probe with conventional reagents. Photoactivatable (caged)
compounds represent one strategy by which spatiotemporal
organizational complexities can be addressed. However, since
the vast majority of caged species are triggered by UV light, it is
not feasible to orthogonally control two or more spatiotemporal
elements of the phenomenon under investigation. For example, the cGMP- and cAMP-dependent protein kinases are highly
homologous enzymes, separated in time and space, which mediate the phosphorylation of both distinct and common protein
substrates. However, current technology is unable to discriminate, in a temporally or spatially selective fashion, between these
enzymes and/or the pathways they influence. We describe herein the intracellular triggering of a cGMP-mediated pathway with
360 nm light and the corresponding cAMP-mediated pathway with 440 nm light. Dual wavelength photoactivation was assessed in
A10 cells by monitoring the phosphorylation of vasodilator-stimulated phosphoprotein (VASP), a known substrate for both the
cAMP- and cGMP-dependent protein kinases. Illumination at 440 nm elicits a cAMP-dependent phosphorylation of VASP at
Ser157, whereas 360 nm exposure triggers the phosphorylation of both Ser157 and Ser239. This is the first example of wavelength-
distinct activation of two separate nodes of a common signaling pathway.

Biological behavior is inherently dynamic, be it at the cellular,
tissue, organ, or organismal level.1 The response of living

organisms and their component parts to environmental stimuli
often reflects the spatiotemporal elements associated with that
stimulus. For example, metastasis is driven by the directed
migration of tumor cells toward spatially focused chemoattrac-
tant gradients.2 However, spatiotemporal control of biological
behavior is not limited to just environmental stimuli. As a result
of evolution’s efficiency, individual proteins and the biochemical
pathways they inhabit are often used for more than one purpose.
The activation of a specific protein can have a multitude of bio-
logical consequences yet, within the appropriate spatiotemporal
context, elicit only a single response. Cytochrome c, as a key
member of the mitochondrial electron transport chain, is essen-
tial for life in eukaryotes. However, upon release from the mito-
chondrion, it serves as a purveyor of death.3 Only a micrometer
separates life from death, a fact that highlights the control exerted
by the spatiotemporal context under which the biological event
occurs. Unfortunately, conventional probes of cellular biochem-
istry, such as inhibitors, activators, or sensors, typically lack the
temporal or spatial resolution to adequately address biochemi-
cally driven behaviors, especially those that transpire during a
short time frame or occur within a restricted spatial environment.

A wide variety of photoactivatable (caged) compounds and
biomolecules have been described since their first introduction in
the late 1970s.4-9 These species are biologically inactive until
exposed to high intensity light, most commonly at the UV-vis
boundary (∼360 nm).7-15 This special property allows bioactive

species to be loaded into a biological system in an inert form.
Subsequent exposure to light, delivered as a high photon flux with
a sharp focus, can furnish a degree of spatiotemporal control not
feasible through conventional means. However, a number of
challenges remain before this technology can be utilized to
address some of the pressing issues that lie at the frontiers of
biological research. For example, the degree of spatial resolution
is constrained by both the diffraction limit of light as well as by
the rapid diffusion of caged and photoactivated molecules into
and out of the illuminated region of interest. In addition, the
investigator is typically forced to take, as an article of faith, that
uncaging has been successful. These issues have recently been
addressed by attaching caged compounds to localization sequen-
ces (spatial control)16 and by linking the photoactivation process
to a fluorescence increase (confirmation of uncaging).16-18

Perhapsmost challenging, however, is the complexity of signaling
pathways and the limited impact that a single agent may have in
helping to elucidate the dynamic properties associated with these
intracellular processes. A potentially powerful advance would be
the ability to selectively activate two ormore bioreagents, thereby
providing separate spatiotemporal control at two or more nodes
(e.g., activation and inhibition) of a signaling pathway.

We describe herein the use of wavelength-distinguishable
photolabile moieties to create triggers for two closely related
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signaling pathways, namely, those mediated by the cAMP- and
cGMP-dependent protein kinases (PKA and PKG, respectively)
(Figure 1). PKA and PKG possess 70% sequence homology in
their catalytic domains19 and exhibit the same consensus sequence
preferences with respect to peptide-based substrates. However,
their downstream effects range from overlapping to distinct.20-22

For example, both enzymes have been implicated in cell motility
through their direct action on vasodilator-stimulated phosphopro-
tein (VASP), a member of the Ena/VASP family of proteins.23

VASP is regulated by phosphorylation at Ser157, Ser239, and
Thr278, which promotes changes in protein-protein interactions
of the actin network.23 The latter interactions, in turn, regulate
cell motility.24 However, the PKA- and PKG-mediated phos-
phorylation of VASP, particularly in cells, is the subject of consi-
derable controversy.23,25-28 Although it has been reported that
PKA acts preferentially at Ser157, and PKG at Ser239,29 the
kinetics of phosphorylation appears to be a function of many
factors including levels of cyclic nucleotides, the intracellular
concentration of PKA and PKG, and cell type.23,25-28 A poten-
tially confounding issue is that pathway activation is dependent
upon a myriad of inputs and/or is subject to deactivation by endo-
genous regulatory mechanisms. We’ve addressed these issues in
the context of wavelength-selective triggering of PKA and PKG
action on VASP. First, since the activation of these pathways can
be initiated by cyclic nucleotides or by enzymes themselves, we’ve
explored both possibilities by generating a light activatable cyclic
nucleotide and using it in combination with a light-triggerable
protein kinase. Second, we’ve bypassed the assortment of intracel-
lular regulatory mechanisms by using caged species that, upon
photolysis, are constitutively activated and thus resistant to up- or
down-regulation by endogenous enzymes or other factors. These
strategies furnish the means to trigger, in a wavelength-selective
fashion, the cAMP- and cGMP-dependent protein kinase pathways.

’RESULTS AND DISCUSSION

There is overwhelming evidence that signaling pathways and
the cellular behavior that they mediate are profoundly influenced
by the spatial and/or temporal context in which they operate.
Indeed, cells exhibit a remarkable ability to process two or more
spatiotemporal inputs and subsequently render a decision con-
cerning the behavioral course of action.1 Unfortunately, conven-
tional reagents are limited in their ability to probe pathway
performance with a high degree of spatial or temporal resolution,
particularly with respect to multiple inputs. One attractive
strategy is the use of two or more photosensitive reagents that
can be activated with light in a selective fashion. This may be
achieved with reagents that are distinguished by pronounced
differences in their photolytic quantum yields, in their sensitivity
to two-photon (versus conventional) photolysis, or on the basis
of their wavelength sensitivity. For any given pair of reagents, a
minimum requirement is simply that one of the two reagents is
activatable without disturbing the other. Indeed, Ellis-Davies and
his colleagues recently employed two-photon illumination to
discriminate between a dinitroindolinyl caged glutamate and that
of an aminocoumarin-caged γ-aminobutyric acid.30 Desired
receptor activation was achieved via the proper control of laser
power, light wavelength, and caged compound concentrations.
An alternative strategy, namely, the use of photolysis wavelength
alone to distinguish between differentially caged species, enjoys
the potential advantage of ready application across a broad
biological platform such as subcellular-, cellular-, and multi-
cellular-based settings, including analyses that range from single
cells (e.g., microscopy) to large cell populations (e.g., Western
blot and flow cytometry readouts). In addition, a variety of
sources can be used to deliver light of desired wavelengths to the
sample, from relatively inexpensive systems (Hg or Xe lamps

Figure 1. Dual wavelength photoactivation of PKA and PKG pathways. (Top) Coumarin-caged cAMP is photolyzed with 440 nm light, resulting in the
activation of PKA and subsequent phosphorylation of VASP at Ser157. (Bottom) Nitrobenzyl-caged PKG is photolyzed with 360 nm light, resulting in
phosphorylation of VASP at Ser157 and Ser239.



379 dx.doi.org/10.1021/cb100398e |ACS Chem. Biol. 2011, 6, 377–384

ACS Chemical Biology ARTICLES

coupled with appropriate filters) to higher end lasers. The
photolabile nitrobenzyl moiety (near UV), in conjunction with
far UV31-33 or visible light-sensitive caging groups,34-38 has
paved the way for wavelength-selective photoactivatable pairs,
such as protecting groups recently reported for thiols.38 We
employed the latter to create wavelength-selective triggers for the
highly homologous PKA and PKG pathways.
Selection of Photosensitive Moieties. Dual wavelength

photoactivation of multiple biological molecules requires the
use of photosensitive groups that can be cleaved at separate wave-
lengths. For this reason the o-nitrobenzyl moiety was employed
in combination with an amino-substituted coumarin derivative36,37

to cage PKG and 8-Br-cAMP, respectively (Figure 1). The
coumarin absorbs at wavelengths longer than 450 nm, whereas
the nitrobenzyl moiety displays no significant absorbance be-
yond 400 nm (Figure 2). A “white light” source (Hg arc lamp)
was employed, in combination with a 440 ( 10 nM bandpass
filter, to selectively photolyze the coumarin-caged cAMP (vide
infra). By contrast, a UV bandpass filter (300-390 nm window
that is centered at 360 nm) was used to activate the nitrobenzyl-
caged PKG (Figure 2 and vide infra).
Caged cGMP-Independent PKG. The caged reagents devel-

oped in this study are endowed with the following key property:
upon photoactivation, the active species is impervious to either
up- or down-regulation by intracellular processes. Specifically, we
employed a cAMP derivative that is not prone to inactivation by
phosphodiesterase-mediated hydrolysis. Furthermore, we con-
structed a PKG mutant that is not dependent upon cGMP for
activity. Consequently, in both cases, the corresponding caged
analogues, upon photolysis, produce species that are instanta-
neously active and remain so throughout the duration of the
experiment.
Single site-directed mutagenesis was carried out using a baculo-

virus expression vector to generate a constitutively active, cGMP-
independent, Ile63Ser PKG.39 This mutation was confirmed by
sequence analysis. The mutant enzyme was expressed in Sf9
insect cells using a baculoviral expression system as previously
described.40 The PKG mutant was purified on a 8-(2-ami-
noethyl)aminoadenosine-30,50-cyclic monophosphate (8-AEA-
cAMP) agarose resin with typical yields of 2-3 mg per liter of
harvested Sf9 cells, at greater than 95% purity (Supplemental

Figure 1). Activation of wild-type and Ile63Ser PKGwas assessed
in the absence and presence of cGMP, thereby confirming that
themutant enzyme is constitutively active (specific activity of 1.44(
0.05 μmol/min/mg without and 1.53 ( 0.04 μmol/min/mg
with cGMP) but that wild-type PKG activity is dependent
on cGMP (0.16 ( 0.02 μmol/min/mg without and 1.00 (
0.10 μmol/min/mg with cGMP) (Supplemental Figure 2).
Preparation of a caged Ile63Ser PKG required modification of

one or more residues at or near the active site so that catalytic
activity is compromised. Previous studies have revealed that
modification of Cys518 inactivates PKG.41 Therefore, we em-
ployed a thiol reactive reagent to generate a caged PKG whose
activity can be restored by 360 nm photolysis (Figure 3a). We do
note that PKG contains 11 cysteine residues per monomer, of
which eight are accessible without denaturation.42 Ellman’s
titration revealed that nitrobenzylbromide modifies 5-6 cy-
steine residues on Ile63SerPKG (Supplemental Figure 3). Re-
storation of PKG activity is in proportion to illumination time
(Figure 3a and Supplemental Figure 4a), thereby confirming that
the process is light dependent. Complete activation requires
20 min of photolysis. This relatively long time frame is a
consequence of the experimental setup, namely, benchtop photo-
lysis of a macroscopic sample contained within an eppendorf tube.

Figure 2. UV scans of nitrobenzyl bromide (black) and the coumarin
(gray) caging groups overlaid with the transmittance of the UV (blue)
and 440 nm (green) bandpass filters. Absorbance of nitrobenzyl
bromide and coumarin caging units was normalized setting the major
peak at 100.

Figure 3. Photoactivation of nitrobenzyl-caged PKG and coumarin-
caged 8-Br-cAMP. (a) Fold increase in specific activity of caged PKGdue
to photolysis using either the 360 nm bandpass filter (solid, b) or the
440 nm bandpass filter (dashed,1). (b) Fold increase in specific activity
of PKA holoenzyme due to photoactivation of caged 8-Br-cAMP with
either the 360 nmbandpass filter (solid,b) or the 440 nmbandpass filter
(dashed, 1). Data are represented as averages with standard errors of
three independent assays.
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By contrast, photolysis under a microscope transpires through a
narrow beam that delivers an intense photon flux to a highly
focused region (e.g., a single cell), resulting in photolysis times
sorter than 1 s.14 Caged Ile63Ser PKG displays a specific activity
of 0.06 ( 0.05 μmol/min/mg, which is 4.6% of the activity
displayed by Ile63Ser PKG, and 360 nm photolysis of the caged
enzyme generates a 15.7-fold increase of enzymatic activity
(0.94 ( 0.04 μmol/min/mg). By contrast, no increase in
enzymatic activity was observed upon exposure of the caged
enzyme to 440 nm light. The relative activity values (15.7-fold)
displayed by pre- and postphotolyzed caged PKG compare
favorably to those of unstimulated and cGMP-stimulated wild-
type PKG (i.e., 6- to 10-fold).43 Photoactivation of caged PKG
was examined at a variety of wavelengths (Supplemental
Figure 5). As expected, regeneration of PKG activity is most
efficient at 360 nm, presumably due to the large overlap with the
absorbance spectrum of the nitrobenzyl moiety. Nevertheless,
there is significant activation of the caged enzyme at 400 nm, 405
and 410 nm. Although photolysis of the nitrobenzyl moiety likely
proceeds with a low quantum yield at these wavelengths,44 the
intenseH-line emission (405 nm) of the Hg arc lamp light source
may be responsible for the photocleavage observed in the 400-
410 nm range. However, illumination at 420 or 440 nm (Hg G
line) fails to activate caged PKG.
Caged 8-Substituted cAMP. 8-Substituted-cAMP derivatives

are hydrolyzed very slowly by phosphodiesterases relative to cAMP
itself.45 Consequently, we utilized a caged derivative of 8-Br-cAMP
so that, upon photolysis, a comparatively long-lived active analogue
of cAMP is unleashed. The 7-[bis(carboxymethyl)amino]coumarin
derivative of 8-Br-cAMP was prepared as previously reported.36,37

The PKA holoenzyme (0.08 ( 0.01 μmol/min/mg) displays a
2-fold increase (0.16 ( 0.02 μmol/min/mg) in activity upon
exposure to 8-Br-cAMP (10 μM). All commercially available
sources of PKA holoenzyme tested have a high level of residual
activity, and all display a similar modest response to cAMP. The
coumarin-caged 8-Br-cAMP was unable to stimulate PKA holo-
enzyme (0.08 ( 0.01 μmol/min/mg) until photolyzed at either
360 nm (0.15 ( 0.01 μmol/min/mg) or at 440 nm (0.16 (
0.01 μmol/min/mg) (Figure 3b and Supplemental Figure 4b).
PKA- and PKG-Mediated Phosphorylation of VASP. PKA

and PKG regulate VASP activity by phosphorylating residues
Ser157 and Ser239, but the pattern and kinetics of phosphoryla-
tion by these two enzymes remains controversial.23,25-28 We
investigated the selectivity of PKA- and PKG-catalyzed phos-
phorylation at these two sites in A10 cells. Cells were serum
starved and then stimulated with either 100 μM 8-Br-cAMP or
8-Br-cGMP. VASP phosphorylation was monitored by Western
blot (lysates) and by immunofluorescence (fixed cells) using
pSer157-selective and pSer239-selective antibodies. VASP is
only phosphorylated at Ser157 by cAMP stimulation but both
Ser157 and Ser239 are phosphorylated when the cells are
stimulated with cGMP (Supplemental Figures 6a and 7a-c).
Lysates from serum starved cells were also incubated with
increasing concentrations of constitutively active PKA or PKG
(Supplemental Figure 6b). The phosphorylation pattern is
similar to that observed with the cyclic nucleotide treated cells,
namely, PKA fails to phosphorylate Ser239 except at very high
concentrations (5.3 μM) and PKG phosphorylates both residues
even at the lowest concentration tested (26 nM). The distinct
VASP phosphorylation patterns induced by these cyclic nucleo-
tide-dependent protein kinases furnished the means to monitor
wavelength-selective activation of PKA and PKG.

Light-Triggered VASP Phosphorylation with Caged Ana-
logues of cAMP and PKG. A10 cells were loaded with the long
wavelength (440 nm) caged analogue of cell-permeable 8-Br-
cAMP and the short wavelength (360 nm) caged derivative of
PKG, which was microinjected. VASP phosphorylation was
monitored in the absence and presence of photolysis (360 or
440 nm). VASP phosphorylation at Ser157 and Ser239 was
observed in cells containing caged PKG, but only upon illumina-
tion at 360 nm (Figure 4a-c). Microinjection of mouse IgG,
caged PKG in the absence of photolysis, or caged PKG exposed
to 440 nm all fail to induce VASP phosphorylation. Illumination
of noninjected cells at 360 or 440 nm likewise has no effect on
phosphorylation status. It should be noted that in all phospho-
Ser157 VASP immunofluorescence experiments there appears to
be low levels of phosphorylation even prior to stimulation. This is
a consequence of the antibody used in these experiments, which
appears to display some affinity for nonphosphorylated VASP as
assessed by Western blot analysis (data not shown). In addition,
the total fluorescence reading for each experiment varied as a
result of storage of the antibody over time. Consequently, 8-Br-
cAMP and 8-Br-cGMP were always run as controls for all
experiments. We note as an aside that the released photolyzed
caging byproducts (in particular the potentially electrophilic o-
nitrosobenzaldehyde) do not appear to have deleterious con-
sequences in terms of VASP phosphorylation. These results are
consistent with the general absence of observed harmful con-
sequences of these species on cellular integrity.46

Cell-permeable caged 8-Br-cAMP was simply incubated with
A10 cells for 30 min at 37 �C prior to photolysis at either 360 or
440 nm. Both photolytic conditions induce phosphorylation of
the PKA-specific site Ser157 (Figure 5a-c). This selective
phosphorylation is consistent with the results observed with
8-Br-cAMP stimulation. In the absence of photolysis, however,
caged 8-Br-cAMP fails to trigger VASP phosphorylation, demon-
strating that intracellular PKA was not activated. Finally, dual
wavelength photoactivation of PKA and PKG signaling pathways
in A10 cells was carried out by loading cells with both the long
wavelength sensitive caged 8-Br-cAMP and the UV sensitive
caged PKG. Photolysis at 440 nm furnishes selective activation of
the PKA pathway, namely, phosphorylation of VASP at Ser157,
whereas both the PKA and PKG pathways are activated at
360 nm, as demonstrated by the phosphorylation of Ser157
and Ser239 (Figure 6a-c).
The caged reagents employed in this study were designed with

several features in mind. First, these species, upon photoactiva-
tion, are constitutively active and thus impervious to potentially
interfering up- or down-regulation by the endogenous biochem-
istry of the cell. A previously described cGMP-independent PKG
mutant39 and the phosphodiesterase-resistant 8-Br-cAMP45

were used as the biochemical triggers to activate the PKG and
PKA pathways, respectively. Second, selective photolysis was
achieved by employing two photosensitive moieties, only one of
which is removed by wavelengths greater than 420 nm. Specifi-
cally, the nitrobenzyl-caged PKG is only photolyzed at wave-
lengths shorter than 410 nm, whereas the coumarin-caged cyclic
nucleotide is sensitive to wavelengths up to and including 440
nm. Third, caged enzymes, upon photolysis, enjoy “specificity of
action” but lack cell permeability, whereas caged small molecules
(e.g., cAMP) can be rendered cell-permeable but often display
off-target effects. We chose one example from each category to
demonstrate the utility of wavelength-selective perturbation of
cell signaling. Fourth, photolysis was achieved using a white light
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Figure 4. Photoactivation of nitrobenzyl-caged PKG leads to phos-
phorylation of Ser157 and Ser239 on VASP in A10 cells. Quanti-
fication of the immunofluorescence of phospho157VASP (a) and
phospho239VASP (b) in A10 cells microinjected with caged PKG.
(c) Immunofluorescent images of A10 cells microinjected with
caged PKG. A10 cells were either stimulated with 100 μM 8-Br-
cGMP or microinjected with 50 μM caged PKG. Data are repre-
sented as averages of 5-25 cells with standard errors. Scale bar is
40 μm.

Figure 5. Photoactivation of coumarin-caged 8-Br-cAMP leads to
phosphorylation of Ser157 and Ser239 on VASP in A10 cells. Quanti-
fication of the immunofluorescence of phospho157VASP (a) and
phospho239VASP (b) in A10 cells loaded with caged 8-Br-cAMP.
(c) Immunofluorescent images of A10 cells loaded with caged 8-Br-
cAMP. A10 cells were either stimulated with 100 μM 8-Br-cAMP, 100 μM
8-Br-cGMPor loadedwith 100μMcaged 8-Br-cAMP.Data are represented
as averages of 5-25 cells with standard errors. Scale bar is 40 μm.
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source in conjunction with edge or band filters, all of which are
inexpensive and commercially available. Finally, we note that both
the coumarin and nitrobenzyl moieties absorb and suffer photolysis
at 360 nm. Consequently, orthogonal activation of two separate
phenomena requires that long wavelength (440 nm) light serves as
the initial trigger and short wavelength (360 nm) as the concluding
trigger. However, the coumarin and nitrobenzyl moieties can be
interchangeably used as caging moieties on bioactive species, there-
by providing the investigator with the triggering sequence option of
his or her choice.

’METHODS

Materials. 2-Nitrobenzyl bromide, 8-Br-cAMP, 8-Br-cGMP, and
PKA holoenzyme were purchased from Sigma. GST tagged PKGIR was
purchased from Invitrogen. All primary antibodies and HRP secondary
antibodies were from Santa Cruz Technologies. Secondary antibodies
used for immunofluorescence were from Invitrogen. Cell culture media
and solutions were from Invitrogen. Competent DH5R cells were from
Stratagene, Sf9 insect cells were from Invitrogen, and A10 cells were
from the tissue culture facility at the University of North Carolina. All
other chemicals were from Fisher or Sigma unless otherwise noted.
Assessment of PKG and PKA Activity. The in vitro activities of

PKG and the PKA holoenzyme were determined using a coupled enzyme
assay and either Leu-Arg-Arg-Arg-Arg-Phe-Ser-amide or Leu-Arg-Arg-
Ala-Ser-Leu-Gly substrates, both of which were synthesized by standard
Fmoc solid phase peptide synthesis.47 Briefly, phosphorylation of the
peptide was coupled to pyruvate kinase and lactate dehydrogenase resulting
in the oxidation of NADH. Formation of the latter was monitored at 340
nm. Pyruvate kinase and lactate dehydrogenase weremaintained as nonrate
limiting enzymes. The activities of PKG and PKA were determined in
50 mM Tris pH 7.5, 100 mM NaCl, 10 mM MgCl2, 10% glycerol, 1 mM
peptide, 1 mM ATP, 1 mM DTT, 1 mM phosphoenol pyruvate, and
0.2 mM NADH ( 10 μM 8-Br-cAMP or 8-Br-cGMP.
Preparation of Caged Ile63Ser PKG. Ile63Ser PKG was ex-

tensively dialyzed against 50 mM Tris pH 7.5, 100 mM NaCl, 10 mM
MgCl2, and 10% glycerol to remove all trace amounts of reducing
reagents prior to modification with nitrobenzyl bromide. The latter was
conducted with 6 μM Ile63Ser PKG and 1 mM nitrobenzyl bromide
maintained at 4 �C for 4 days. The reaction was quenched with 10 mM
DTT and then dialyzed against buffer to remove the nitrobenzyl-DTT
adduct.
Photolysis. Photolysis was carried out using an Oriel 200 W Hg arc

lamp (model 68700) equipped with a beam bending filter. A UV bandpass
colored glass filter (Newport, FSQ-UG1), 400 nm(10 nM bandpass filter
(Newport, 10BPF10-400), 405 nm (10 nM bandpass filter (Newport,
10BPF10-405), 410 nm(10 nMbandpass filter (Newport, 10BPF10-410),
420 nm(10 nM bandpass filter (Newport, 10BPF10-420) and a 440 nm
(10 nM bandpass filter (Newport, 10BPF10-440) were used for wave-
length-selective photolysis. For in vitro assays, caged-PKG or caged-cAMP
were photolyzed in an eppendorf tube and irradiated for up to 40min on ice
and then added to the coupled assay. A10 cells were photolyzed using the
same filters in MatTek gridded glass bottom dishes for 15 min and then
allowed to recover for 1 h at 37 �C with 5% CO2.
Microscopy. All fluorescentmicroscopy imaging was performedwith

an invertedOlympus IX81microscope equippedwith aHamamatsuC8484
camera, 60X oil immersion Plan S-Apo objective and FITC, TxRed, and
Cy5.5 filter cubes (Semrock). Microinjection was conducted with an
Eppendorf FemtoJet and InjectmanNI 2 systemattached to themicroscope
set at 100 hPa injection pressure for 0.7 s. Metamorph or Image J software
were employed for imaging analysis and overlays.
Cell Culture. A10 rat aortic smooth muscle cells were passaged by

treatment with 0.5% trypsin þ 0.53 mM EDTA before reaching
confluence and maintained in DMEM containing 20% fetal bovine

Figure 6. Wavelength-selective triggering of PKA and PKG in A10 cells.
Quantification of (a) phospho157VASP and (b) phospho239VASP via
immunofluorescence in A10 cells loaded with caged 8-Br-cAMP and/or
microinjected with caged PKG. (c) Images of A10 cells loaded with caged
8-Br-cAMP and/or microinjected with caged PKG. A10 cells were either
stimulated with 100 μM 8-Br-cAMP, 100 μM 8-Br-cGMP, loaded with
100 μM caged 8-Br-cAMP, and/or microinjected with 50 μM caged PKG.
Data are represented as averages of 5-25 cells with standard errors.
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serum (FBS) supplemented with gentamycin and kanamycin at 37 �C in
a 5% CO2 incubator. Two days prior to microscopy experiments, cells
were plated into either MatTek 6-well glass bottom dishes for cell-
permeable studies or MatTek 50 mm gridded glass bottom dishes for
microinjection studies. The day prior to the microscopy experiments, all
cells were serum starved in DMEM containing 2% FBS with gentamycin
and kanamycin at 37 �C in a 5% CO2 incubator. On the day of the
microscopy experiments, the media was replaced with Leibovitz’s L-15
without phenol red supplemented with 2% FBS.
Immunofluorescence. Serum starved A10 cells were loaded with

100 μM coumarin 8-Br-cAMP for 30 min at 37 �C and then washed
3 times with L-15 media or were microinjected with 10 mg/mL purified
mouse IgG (sigma) ( 50 μM PKG constructs. Photolysis of cells was
carried out as described above and cells were allowed to recover for 1 h at
37 �C with 5% CO2 before fixing. Noninjected control cells were
stimulated with 100 μM 8-Br-cAMP and/or 8-Br-cGMP for 1 h prior
to fixation. All cells were briefly washed with PBS and fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) for 15 min at RT.
Cells were then washed with PBS, permeablized with 0.5% triton on ice
for 20min, washed with PBS, and blocked with 5% donkey serum for 3 h.
Fixed cells were incubated with 1:50 dilution of the primary antibodies in
donkey serum overnight at 4 �C, washed, and incubated with 1:500
secondary antibodies in donkey serum at RT for 2 h. After incubation
with antibodies, cells were washed with PBS and imaged on the
microscope with the appropriate filters. Primary antibodies: (1) for
controls, 1:125 normal goat IgGþ 1:125 normal rabbit IgG as controls;
(2) for phospho239 VASP and VASP staining, 1:50 goat anti-phos-
pho239VASP þ 1:50 rabbit anti-VASP; and (3) for phospho239VASP
and phospho157VASP staining, 1:50 goat anti-phospho239VASP þ
1:50 rabbit anti-phospho157VASP. Secondary antibodies: (1) for
studies with cell-permeable reagents, 1:500 donkey anti-goat Alexa
568 þ 1:500 donkey anti-rabbit Alexa 488 and (2) for microinjection
studies, 1:500 donkey anti-goat Alexa 568 þ 1:500 donkey anti-rabbit
Alexa 488 þ 1:500 donkey anti-mouse Alexa 680.

’ASSOCIATED CONTENT

bS Supporting Information. This material is available free
of charge via the Internet at http://pubs.acs.org.
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