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Many components of cellular signaling pathways are sensitive
to regulation by oxidation and reduction. Previously, we
described the inactivation of cAMP-dependent protein kinase
(PKA) by direct oxidation of a reactive cysteine in the activation
loop of the kinase. In the present study, we demonstrate that in
HeLa cells PKA activity follows a biphasic response to thiol oxi-
dation. Under mild oxidizing conditions, or short exposure to
oxidants, forskolin-stimulated PKA activity is enhanced. This
enhancement was blocked by sulfhydryl reducing agents, dem-
onstrating a reversible mode of activation. In contrast, forsko-
lin-stimulated PKA activity is inhibited by more severe oxidiz-
ing conditions. Mild oxidation enhanced PKA activity
stimulated by forskolin, isoproterenol, or the cell-permeable
analog, 8-bromo-cAMP. When cells were lysed in the presence
of serine/threonine phosphatase inhibitor, NaF, the PKA-en-
hancing effect of oxidation was blunted. These results suggest
oxidation of a PKA-counteracting phosphatase may be inhib-
ited, thus enhancing the apparent kinase activity. Using an in
vivoPKAactivity reporter,wedemonstrated thatmild oxidation
does indeedprolong thePKAsignal induced by isoproterenol by
inhibiting counteracting phosphatase activity. The results of
this study demonstrate in live cells a unique synergistic mecha-
nism whereby the PKA signaling pathway is enhanced in an
apparent biphasic manner.

cAMP-dependent protein kinase (PKA or cAPK)2 is a ubiq-
uitously expressed kinase, critical for diverse cellular functions
(1). Regulation of the kinase is primarily achieved by the pro-
duction and degradation of the second messenger cAMP in
response to extracellular stimuli, including hormones and neu-
rotransmitters (2). Binding of these ligands to Gs-coupled
receptors initiates the activation of adenylate cyclase and pro-

duction of cAMP fromATP. PKAnormally exists as an inactive
heterotetramer composed of two regulatory subunits and two
catalytic subunits (3–5). Binding of cAMP to the regulatory
subunits induces the release of the active catalytic subunit, ini-
tiating the phosphorylation of numerous downstream sub-
strates, including ion channels at the plasma membrane and
sarcoplasmic reticulum (1, 6), the transcription factor cAMP-
response element-binding protein in the nucleus (1, 7–9), and
phosphorylase kinase in the cytosol (1, 10). The PKA signal
persists until cAMP is hydrolyzed by phosphodiesterases (2) or
the free catalytic subunit is inhibited by the heat-stable inhibi-
tor PKI (11). Upon inactivation of PKA by the removal of
cAMP, the phosphorylated substrate will persist until reversed
by phosphatase activity.
Reactive oxygen species are capable of modulating the

response of numerous cell signaling pathways (12–15), includ-
ing that of PKA (16–21). Oxidants can potentially regulate the
PKA pathway at multiple points, including the production and
degradation of cAMP, and the phosphorylation and dephos-
phorylation of substrates. At the level of cAMP production,
biochemical evidence has demonstrated that hydrogen perox-
ide has a biphasic effect upon adenylate cyclase activity in rat
heart membranes, with activity increasing upon brief exposure
to oxidants, whereas inhibition is observed upon longer expo-
sure (19). Furthermore, perfusion of isolated rat hearts with a
high concentration of H2O2 was found to block the stimulation
of cAMP by forskolin, a potent activator of adenylate cyclase
(18). In contrast, treatment of cells in culture with hydrogen
peroxide enhances forskolin-dependent activation of adenylate
cyclase activity via a tyrosine phosphorylation-dependent
mechanism (20–23).
Oxidation can also regulate the phosphorylation and

dephosphorylation of protein substrates. Previously, we dem-
onstrated that site-specific oxidation of the catalytic subunit of
PKA occurs via oxidation of Cys199 in the kinase activation loop
(16). Oxidation of this site via the formation of a protein-gluta-
thione mixed disulfide inhibited kinase activity and primed a
critical phosphorylation site in the activation loop, pThr197, for
dephosphorylation (17). Deglutathionylation and reactivation
of the kinase is achieved by treatment with reducing agents or
the protein-glutathione reducing enzyme glutaredoxin (24). In
contrast, reactive oxygen species could potentially enhance the
persistence of the PKA cascade via inhibition of phosphatases.
Treatment of cells in culture enhances threonine phosphoryla-
tion via glutathionylation and inhibition of PP2A (25). Cal-
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cineurin has also been reported to be sensitive to H2O2-medi-
ated inactivation in a thiol-oxidation-dependent manner (26,
27). The relative sensitivity of PKA and phosphatases to inhibi-
tion by thiol oxidation and reactivation by reduction suggests
potentially critical points of redox regulation.
In the present study, we demonstrate the balance between

kinase and phosphatase oxidation in regulating the PKA phos-
phorylation signal. Incubating HeLa cells with increasing con-
centrations of the cell-permeable, sulfhydryl-specific oxidant,
diamide, induced an apparent biphasic effect upon phosphoryl-
ation of PKA substrate. Brief or a low concentration of diamide
enhanced phosphorylation induced by the PKA agonists for-
skolin, isoproterenol, or 8-Br-cAMP. In contrast, longer or
higher concentrations of diamide inhibited PKA phosphoryla-
tion induced by these same agonists. In vivomonitoring of PKA
activity using a genetically encoded FRET reporter confirmed
that mild oxidation enhances the duration of substrate phos-
phorylation via inhibition of phosphatase activity.

EXPERIMENTAL PROCEDURES

Materials—All chemicals and reagents were obtained from
Sigma-Aldrich unless otherwise noted.
PKA Oxidation Studies—HeLa cells (ATCC) were grown in

Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (CellGro) containing penicillin and strepto-
mycin. Prior to treatment, cells (�75% confluent) were washed
with phosphate-buffered saline and then placed in serum-free
Dulbecco’s modified Eagle’s medium. Cells were incubated
with indicated concentrations of forskolin, isoproterenol, or
8-Br-cAMP, and then incubated for 10 min at 23 °C. Indicated
concentrations of diamide were then added to the cells for 30
min, or stated otherwise, and then allowed to incubate for indi-
cated times at 23 °C. Cells were then washed with phosphate-
buffered saline, scraped, and collected in 1.0 ml of phosphate-
buffered saline, and pelleted by spinning 5 min at 500 � g. Cell
pellets were then resuspended in 0.5 ml of phosphate-buffered
saline and spun again. Pellets were then lysed by resuspending
the pellet in 200 �l of a buffer containing 150 mM NaCl, 50 mM
Tris, pH 7.2, and 1.0% Nonidet P-40 (Buffer B) with DTT, NaF,
or the indicated amounts of okadaic acid (EMDBiosciences) or
FK506 (Sigma). After incubating on ice for 10 min, the lysate
was spun for 5 min at 9300 � g, and the soluble fraction was
collected. Western blot analysis indicated nearly complete sol-
ubilization of PKA under these conditions. Protein concentra-
tions of cell lysates were determined usingCoomassie Blue Pro-
tein Assay Reagent (Pierce) with bovine serum albumin as the
standard.
PKAActivity—PKAactivity is determined using a non-radio-

active PKA assay system (16, 28) utilizing fluorescently labeled
Kemptide (Caliper), the prototypical PKA substrate. In the
absence of phosphorylation the substrate has no net charge.
Upon phosphorylation, the peptide substrate has a net negative
charge. For this assay, 7.0 �g of cell lysate was added to a reac-
tionmixture containing 1.0mMATP, 5.0mMMgCl2, and 25mM
Tris, pH7.2, in the presence or absence 5.0�McAMP for 10–30
min, and then stopped by the addition of the PKA-specific
inhibitor PKI (50�M final).Negatively charged, phosphorylated
peptide is then separated from neutral, uncharged peptide by

agarose (0.8%) gel electrophoresis run at 100 V for 25 min fol-
lowed by UV imaging analysis. All kinase activities are deter-
mined to be both cAMP-dependent and PKI-sensitive as well as
linear within the time frame of the reaction.
Statistical Analysis—Statistical analyses were performed

using unpaired Student’s t test, with p � 0.05 differences con-
sidered significant. Values are expressed as means � S.E. of
means.
Constructs—The cAMP-dependent protein kinase activity

reporter (AKAR2.2) was a generous gift of Dr. Jin Zhang (Johns
Hopkins University) and has been previously described (29).
Briefly, this construct contains a YFP (YFP), cyan fluorescent
protein (CFP), a PKA-specific phosphorylation site, and a fork-
head-associated domain. Phosphorylation of the substrate site
induces binding to the forkhead-associated domain and causes
a subsequent increase in FRET intensity.
Imaging—Cells were imaged in the dark at room temper-

ature, with forskolin or diamide added as indicated. Images
were acquired on a Zeiss Axiovert microscope (Carl Zeiss
Microimaging, Inc.) using a MicroMax digital camera (Roper-
Princeton Instruments) controlled by MetaFluor 3.0 software
(Universal Imaging, West Chester, PA). Data were collected
through a 10% neutral density filter. Yellow fluorescent protein
images were acquired through a 495/10 nm excitation filter, a
505 nm dichroic mirror, and a 568/55 nm emission filter. CFP
images were obtained through a 420/10 nm excitation filter, a
450 nm dichroic mirror, and a 475/40 nm emission filter.
FRET images were obtained through the same excitation fil-
ter, and dichroic mirror as CFP images, but the emission
filter was 535/25 nm. The integration time was 100 ms.

RESULTS

PKA Phosphorylation Follows a Biphasic Response to Increas-
ing Oxidation—As previously described, PKA is inhibited by
oxidation via either glutathionylation of Cys199 in the activation
loop, or the formation of an internal disulfide bond between
Cys199 and Cys343 (16). However, in HeLa cells treated with a
low concentration of adenylate cyclase activator, forskolin (10
�M), and increasing concentrations of the sulfhydryl specific
oxidant, diamide, there is a biphasic response in apparent PKA
activity. As shown in Fig. 1A, following treatment of cells with
concentrations of diamide up to 100 �M, PKA activity in cell
lysates was enhanced in a linear manner. Kinase activity
nearly doubled following treatment of cells with 100 �M dia-
mide (control activity of 595 � 43.6 versus 1022 � 103.6
pmol � min�1 � mg�1 following 100 �M diamide treat-
ment). In contrast, and consistent with previous results (16),
concentrations of diamide above 100 �M inhibited PKA
activity in a concentration-dependent manner. Incubation
of cells with 2.0 mM diamidemaximally reduced PKA activity
to 326 � 74.1 pmol � min�1 � mg�1.
Diamide is a strong sulfhydryl-specific oxidant that preferen-

tially oxidizes small thiol-containing molecules and promotes
protein glutathionylation (30). In addition, diamide can cata-
lyze the formation of intra- and intermolecular disulfide bonds
via oxidation of protein cysteines. As shown in Fig. 1B, inclu-
sion of DTT (25mM) to cell lysates reversed the enhanced PKA
phosphorylation induced by 100 �M diamide. This result dem-
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onstrates that the activity-enhancing effect that diamide had on
PKA phosphorylation is dependent upon the oxidation state of
sulfhydryls. In contrast, DTT was unable to recover the inhibi-
tion of PKA at 2.0 mM diamide.

To characterize themechanismwhereby oxidation enhances
PKA activity, we next examined the ability of diamide to
enhance phosphorylation under cAMP-saturating conditions.
It was hypothesized that, if a low concentration of diamide
enhances adenylate cyclase activity, the effect it has on PKA
substrate phosphorylation would be blocked under conditions
of high cellular cAMP in which the total pool of PKA was acti-
vated. Using a high concentration of forskolin (50 �M) and
including a phosphodiesterase inhibitor, IBMX (100 �M),
induced a 6-fold increase in PKA activity as compared with 10
�M forskolin alone (Fig. 1C). PKA activity with 50 �M forskolin
and 100 �M IBMXwas 2948.9 � 148 versus 595 � 43.6 pmol �
min�1 � mg�1 for cells treated with 10 �M forskolin. This
increase in activity was not further enhanced by including
cAMP (5.0mM) to reactions, indicating the entire pool of kinase

was activated under these conditions (data not shown). Never-
theless, incubation of cells with 100 �M diamide increased PKA
activity under these experimental conditions but was less dra-
matic than seenwith low (10�M) forskolin concentrations (Fig.
1C). As shown, 100 �M diamide increased activity by 31% in
high forskolin/IBMX-treated cells as compared with a 72%
increase in activity with low forskolin treatment. The biphasic
effect of increasing diamide concentrationswas also seen under
maximal PKA stimulation, with 2.0mMdiamide decreasing for-
skolin/IBMX-induced PKA activity by 66%. Inclusion of DTT
in the cell lysates was able to partially lower kinase activity
enhanced by 100 �M diamide and largely recovered activity
induced by 2.0 mM diamide (Fig. 1C). These results suggest
that oxidation is not enhancing PKA activity through
increased adenylate cyclase activity and that the effect dia-
mide is having on phosphorylation of the peptide substrate is
thiol-oxidation-dependent.
To further characterize the effect of oxidation on PKA sub-

strate phosphorylation, we next looked at the effect of 1.0 mM

FIGURE 1. Forskolin-stimulated PKA activity follows a biphasic response to an increasing concentration of diamide. A, HeLa cells were incubated with 10
�M forskolin for 10 min at 23 °C prior to the addition of indicated amounts of diamide. B, following incubation with indicated amounts of diamide, HeLa cells
were lysed in the presence (light gray) or absence (dark gray) of 25 mM DTT. C, HeLa cells were incubated with 50 �M forskolin and 100 �M IBMX for 10 min at
23 °C prior to the addition of indicated amounts of diamide, and then either lysed in the presence (light gray) or absence (dark gray) of 25 mM DTT. For all
experiments, cells were incubated with indicated diamide concentrations for 30 min at 23 °C, collected, and lysed, protein concentrations were standardized,
and PKA activity was determined as described under “Experimental Procedures.” Values are means � S.E. (n � 5); *, significant difference between indicated
sample treatments (p � 0.05).
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diamide, a concentration that inhibited PKA activity at 30 min
(Fig. 1A), with increasing time. As shown in Fig. 2, incubation of
cells with 10 �M forskolin and 1.0 mM diamide resulted in an
immediate enhancement of PKA activity with decreasing activ-
ity over time. Diamide added just prior to cell lysis had a PKA
activity of 1137� 235 pmol�min�1�mg�1 as comparedwith
595 � 43 pmol � min�1 � mg�1 for those that were treated
with forskolin alone. Activity peaked after 10min, increasing to
2537 � 407 pmol � min�1 � mg�1, and then decreasing over
the next 20 min to below that of the zero time. The effect of
diamide on PKA activity was dependent upon the oxidation
state of sulfhydryls. Addition of DTT (25mM) to the cell lysates
largely reversed the enhanced PKA activity seen by short dura-
tions of exposure to diamide.
Diamide Enhances Receptor-mediated and Direct Activation

of PKA—Physiological activation of PKA normally proceeds
through a pathway whereby an extracellular ligand binds a G
protein-coupled receptor. Activation of a Gs type G protein is
followed by downstream activation of adenylate cyclase and
production of cAMP. The amount of cAMP available for PKA
activation is in turn regulated by phosphodiesterases. The
phosphorylation of substrates is reversed by serine/threonine
protein phosphatases. Thus, there are several regulatory points
at which the observed PKAactivity can be redox-regulated. The
results in Fig. 1B suggested that the observed enhanced PKA
activity was not a result of increased adenylate cyclase activity.
We therefore next looked at the ability of thiol oxidation to
enhance PKA activity with either isoproterenol, a �-adrenergic
agonist, or 8-Br-cAMP, a cell-permeable cAMP analog.

As shown in Table 1, HeLa cells treated with isoproterenol (5
�M) and IBMX (100�M) had a PKA activity of 695� 62 pmol�
min�1 � mg�1 as compared with 119 � 18 nmol � min�1 �
mg�1 for untreated cells or cells that were incubated with only
isoproterenol (data not shown). Treatment of cells with dia-
mide alone (100 �M for 30 min) had minimal effect on PKA
activity (218� 80 pmol�min�1�mg�1) indicating diamide is
not enhancing PKA activity by direct activation of the kinase or
adenylate cyclase. However, this concentration of diamide
significantly enhanced the isoproterenol/IBMX-induced
activation of PKA, doubling the activity to 1164 � 96 nmol �
min�1 � mg�1. Furthermore, this enhancement was reversed
by addition of 25 mM DTT to the lysis buffer, reducing the
activity to 815 � 122 pmol � min�1 � mg�1, indicating that
oxidized sulfhydryls contribute to the observed PKA activity.
Because diamide enhanced PKA activity even in the presence of
excess phosphodiesterase inhibitor, IBMX, it was concluded
that diamide is not enhancing PKA activity by inhibiting the
breakdown of cAMP.
Wenext looked at the ability of diamide to enhance the direct

activation of PKA by the cell-permeable analog 8-Br-cAMP. As
shown in Table 1, a low concentration of 8-Br-cAMP (10 �M)
significantly enhanced PKA activity (807 � 61 pmol � min�1 �
mg�1) as comparedwithno treatment (102�17pmol�min�1�
mg�1). Treatment of cells with diamide (100 �M) and 10 �M
8-Br-cAMP significantly enhanced the activation of PKA to
1316� 86 pmol�min�1 �mg�1. Inclusion of DTT to the cell
lysate reversed this enhancement but had no effect on control
activity (Table 1). This result conclusively shows that oxidation
is not enhancing PKA activity upstream of cAMP production.
The Effect of Diamide and Phosphatase Inhibitors on PKA

Activity Are Not Additive—Our results indicate that oxidation
by low diamide concentrations enhances PKA activity and is
reversible by sulfhydryl reduction. This enhancement occurs at
the level of apparent PKAactivity and is not a result of increased
cAMP production or decreased cAMP breakdown. We thus
hypothesized that, under our experimental conditions, oxida-
tion may be acting to enhance the apparent PKA activity by
inhibiting a competing phosphatase.
As shown in Fig. 3, inclusion of a nonspecific phosphatase

inhibitor, NaF, in cell lysis buffer had a minor effect on PKA
activity in the absence of forskolin (basal activity of 132 � 16 �
min�1 � mg�1 versus 184 � 4 pmol � min�1 � mg�1 with
NaF). However, cell cultures treated with forskolin (10 �M) and
then lysed in the presence ofNaF showed a dramatic increase in
the observed PKA activity (1373 � 73 pmol � min�1 � mg�1),
as compared with forskolin alone (621 � 88 pmol � min�1 �
mg�1). This result shows that, under conditions of limited
cAMP production, the persistence of PKA substrate phospho-
rylation in cell lysates is dictated by phosphatase activity. Dia-

FIGURE 2. Forskolin-stimulated PKA activity follows a biphasic response
to duration of exposure to diamide. HeLa cells were incubated with 10 �M

forskolin for 10 min at 23 °C prior to the addition of 1.0 mM diamide. Cells were
incubated with diamide for the indicated times, collected, and lysed in either
the presence (close circles) or absence (open circles) of 25 mM DTT, protein
concentrations were standardized, and PKA activity was determined as
described under “Experimental Procedures.” Values are means � S.E. (n � 5).

TABLE 1
Oxidation enhances PKA phosphorylation of a peptide substrate and is reversible by thiol reduction
HeLa cells were treated with PKA agonists and 100 �M diamide, as indicated, for 30 min at 23 °C and PKA activity assayed as described under “Experimental Procedures.”
Values are expressed as pmol � min�1 � mg�1 of cell lysate and represent the means (n � 5) � S.E.

No addition PKA agonist PKA agonist plus DTT PKA agonist plus diamide PKA agonist plus diamide plus DTT
pmol � min�1 � mg�1

Isoproterenol plus IBMX 119.1 � 18 695.92 � 62 787 � 93 1184 � 96 849 � 121
8-Br-cAMP 102 � 17 798 � 62 813 � 102 1316 � 86 914 � 144
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mide (100 �M) enhanced forskolin-stimulated PKA activity
(1074 � 79 pmol � min�1 � mg�1) to a lesser extent than NaF
treatment. Cells treated with forskolin and diamide and then
lysed in buffer containing NaF had an activity of 1503 � 60
min�1 �mg�1. This result demonstrates that diamide andNaF
treatment both enhance PKA activity to a similar extent, and
that their effects upon the observed PKA activity are non-addi-
tive. This suggests that oxidation is enhancing the apparent
PKA activity by inactivating a phosphatase(s) that dephospho-
rylates PKA substrates.

Phosphorylated PKA substrates are dephosphorylated by
numerous phosphatases, including PP1 (8), PP2A (31), PP2C
(32), and calcineurin (also known as PP2B) (33–36). Phospha-
tase identity can be characterized by drastically different sensi-
tivities to inhibition by okadaic acid (OA): theKi for PP2A is 30
pM, theKi for PP1 is 150 nM, and theKi for calcineurin is 4–5�M
(37–39). PP2C is insensitive toOA (39, 40).Wedetermined that
concentrations ofOA in the picomolar range (added to the lysis
buffer) had no enhancing effect on PKA activity in cells treated
with 10 �M forskolin. In contrast, 100 nM OA enhanced appar-
ent PKA activity by 30.0% � 7.5%. PKA activity was further
enhanced by 1 �M OA, with activity 45.4% � 4.1% higher than
treatment with 10 �M forskolin alone. Increasing OA to 3.0 �M
did not further increase apparent PKA activity. FK506 (1.0 mM,
added prior to lysis), an inhibitor of calcineurin (41, 42), had no
enhancing effect on PKA activity.
Sensitivity toOA suggests PP1 is contributing to dephospho-

rylation of PKA substrate. However, OA is only able to enhance
PKA activity by 45.4%, whereas the nonspecific phosphatase
inhibitor NaF is able to enhance activity by 121%. It is therefore
likely that more than one phosphatase is contributing to
dephosphorylation. For example, PP2C, the least understood
phosphatase, is known to be activated by magnesium or
manganese, but has no known natural regulators or inhibi-
tors (43, 44) except NaF (40). Magnesium is required for PKA
activity and is included in all assays. Thus, under conditions
in which PKA is assayed, it would be expected PP2C is also
activated.
In Vivo Enhancement of PKA Signal by Oxidation—The

above biochemical characterization suggests that the duration
of the PKA phosphorylation signal can be regulated reversibly

by thiol oxidation. This mechanism
may represent an important means
of regulating the duration of PKA
signaling in vivo and was, therefore,
assessed using live cell imaging. A
genetically encoded PKA reporter,
AKAR2.2, was transiently trans-
fected into HeLa cells. This
reporter is specifically phospho-
rylated by PKA, resulting in a
measurable change in FRET (29,
45, 46). As shown in Fig. 4, treat-
ment of cells expressing the
reporter with isoproterenol (5.0
�M) resulted in a transient phos-
phorylation event. Dephosphoryl-
ation, and reversal of FRET,
occurred without washing away
the isoproterenol. The FRET
response, however, could be
recovered by addition of IBMX
(100 �M) after the isoproterenol
(Fig. 4). IBMX did not induce
phosphorylation of the reporter
without pretreatment of cells with
isoproterenol (data not shown).
This experiment demonstrates the

FIGURE 3. Diamide and NaF enhance PKA activity in a non-additive man-
ner. HeLa cells were incubated with 10 �M forskolin for 10 min at 23 °C prior to
the addition of 100 �M diamide. Cells were incubated an additional 30 min at
23 °C, collected, lysed in either the presence or absence of 25 mM NaF, as
indicated, protein concentrations were standardized, and PKA activity was
determined as described under “Experimental Procedures.” Values are
means � S.E. (n � 5).

FIGURE 4. PKA activity is transiently stimulated in vivo by isoproterenol. HeLa cells were transfected with
AKAR2.2 plasmid, as described under “Experimental Procedures,” and imaged 12–16 h later. Top, images are
presented in false color, with relative FRET intensities represented by the indicated color scale. Bottom, this
tracing represents a typical, single cell measurement taken from the shown field, with the y-axis indicating the
ratio of fluorescence emission at the YFP (568 nm) versus CFP (475 nm) wavelength using 420 nm excitation.
Images were obtained every 15 s. Isoproterenol (5.0 �M), IBMX (100 �M), and H89 (50 �M) were added to the
dish at 5.0, 17, and 27 min, respectively.
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dynamic nature of receptor-mediated PKA signaling in vivo,
with phosphodiesterase activity limiting the duration of a
PKA signal.
Fig. 5A compares the isoproterenol response of control

cells versus cells treated with diamide (100 �M for 10 min).
Although control cells had a transient phosphorylation and
dephosphorylation of AKAR2.2, the FRET response in cells
treated with diamide was more prolonged. The time from

isoproterenol addition to AKAR
phosphorylation was not affected
by diamide pretreatment, nor was
the relative FRET increase (Fig.
5A). However, the relative rate of
dephosphorylation, as calculated
by measuring the rate of FRET
decay, was significantly slower.
Fig. 5C quantitatively shows that,
following isoproterenol stimula-
tion, the rate of FRET decay in dia-
mide-treated cells (0.0046 �
0.0001 FRET units � min�1) was
about one-third the rate of control
cells (0.0119 � 0.0011 FRET
units � min�1).

The rate of AKAR dephosphoryl-
ation following isoproterenol stim-
ulation is controlled by the activity
of PKA and an opposing phospha-
tase. Addition of an inhibitor of
PKA, H89 (50 �M), causes the rapid
dephosphorylation of the reporter
(Fig. 5). As shown in Fig. 5B and
quantified in Fig. 5C, if H89 is added
immediately after addition of iso-
proterenol, the AKAR substrate is
dephosphorylated approximately
three times faster than in control
cells (0.0377 � 0.0029 versus
0.0119 � 0.0011 FRET units �
min�1). We hypothesized that if
diamide was inhibiting a PKA-
counter acting phosphatase, the
increased rate of AKARdephospho-
rylation induced by H89 should be
attenuated. Cells were pretreated
with diamide (100 �M for 10 min)
prior to the addition of isoprotere-
nol. Addition of H89 (50�M) imme-
diately after the addition of isoprot-
erenol increased the rate of FRET
decay in oxidized cells but was
slower than non-oxidized samples
(0.0223� 0.0017 in diamide-treated
cells versus 0.0377 � 0.0029 in con-
trol cells, Fig. 5C). This result con-
clusively demonstrates that, in PKA
inhibited cells, diamide inactivates a
phosphatase that dephosphorylates

PKA substrates and leads to an altered PKA signal in vivo.

DISCUSSION

PKA is a ubiquitously expressed signaling molecule, capable
of phosphorylating numerous downstream substrates. Exquis-
ite regulation of kinase activity is essential for maintaining
downstream specificity initiated by discrete stimuli. Previously,
we had demonstrated that, in addition to classicmechanisms of

FIGURE 5. Diamide enhances the isoproterenol-mediated PKA signal by decreasing the rate of substrate
dephosphorylation. HeLa cells were transfected with AKAR2.2 plasmid, as described under “Experimental
Procedures,” and imaged 12–16 h later. The tracings represent a typical, single cell measurement, with the
y-axis indicating the ratio of fluorescence emission at the YFP (568 nm) versus CFP (475 nm) wavelength using
420 nm excitation. Images were obtained every 15 s. A, cells were incubated with diamide (100 �M, right panel)
or without (left panel) for 10 min prior to the addition of 5.0 �M isoproterenol at 15 min. After decay of the FRET
ratio, IBMX (100 �M) was added, and the signal was recovered. B, cells were incubated as in A, but H89 (50 �M)
was added 2.0 min after the addition of isoproterenol. C, the rate of decay of the FRET ratio following the
addition of isoproterenol was calculated as a linear slope. Values are means � S.E. (n � 3 experiments, and a
minimum of 6 cells for each condition).
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kinase regulation, the catalytic subunit of PKA is highly sensi-
tive to reversible, oxidation-mediated inactivation. The pres-
ence of a highly reactive cysteine (Cys199) in the activation loop
renders the kinase susceptible to the formation of a protein-
glutathione-mixed disulfide (16), inactivating the kinase and
enhancing dephosphorylation of the catalytic subunit by phos-
phatases (17). As a potentially critical mechanism of kinase reg-
ulation under normal homeostasis and during conditions of
increased oxidative stress, it was critical to further explore the
role of sulfhydryl oxidation in modulating kinase activity.
For these studies, we looked at the ability of the cell-perme-

able, sulfhydryl-specific oxidant diamide (30) to modulate PKA
activity. Treatment of cells with an increasing amount of dia-
mide had a biphasic effect on the apparent PKA activity stimu-
lated by forskolin, 8-Br-cAMP, or isoproterenol/IBMX. Dia-
mide in the absence of a PKA agonist had no significant effect
on kinase activity, and was therefore not directly activating the
kinase such as by inducing disassociation of the catalytic sub-
units from the regulatory subunits (47). The inhibition of PKA
activity by diamide at high concentrations was expected,
because under these conditions the kinase forms a protein-glu-
tathione-mixed disulfide, reversible by DTT (Fig. 1C) (16, 17).
However, the mechanism, whereby low concentrations of dia-
mide or brief exposure to high concentrations of diamide
enhanced PKA activity, was not immediately evident.
Oxidation is capable of enhancing PKA activity via indirect

routes. It has been previously shown that hydrogen peroxide
promotes the tyrosine kinase-mediated serine phosphorylation
of adenylate cyclase, isoform VI (21, 23). The phosphorylation
of adenylate cyclase increases its Vmax, thereby enhancing PKA
activity via increased cAMP availability. Our results, however,
indicate that the effect diamide is having is independent of
adenylate cyclase activity. A low concentration of diamide
enhanced the PKA activity stimulated by both the�-adrenergic
agonist, isoproterenol, and by direct activation of the kinase
with the cell-permeable cAMP analog, 8-Br-cAMP (Table 1). In
contrast, purified PKA catalytic subunit is inhibited by diamide
in a concentration-dependent manner (16). We therefore con-
cluded that enhanced kinase activity in cells was likely to be
mediated via an indirect mechanism downstream of cAMP
production or PKA activation, such as via inhibition of a com-
peting phosphatase. This conclusionwas supported by the find-
ing that diamide and NaF, a nonspecific phosphatase inhibitor,
both enhance the apparent PKA activity to a similar extent and
in a non-additive manner. It was also supported by our in vivo
measurement of PKA activity in which diamide effectively
diminished the rate of dephosphorylation of the genetically
encoded AKAR reporter.
The differential sensitivity of PKA and phosphatase activity

to oxidative inactivationmay provide an effectivemeans of reg-
ulating substrate phosphorylation. The relative effect oxidation
has upon the duration of kinase signaling is likely to be medi-
ated by the concentration of pro-oxidants produced and the
amount of active, free catalytic subunit of PKA. For example, in
the diamide concentration and time courses, DTT failed to
recover the apparent PKA activity upon stimulation with low
forskolin and inhibition by high diamide (Figs. 1B and 2). In the
presence of a low concentration of PKA agonist, such as 10 �M

forskolin, �20% of the total kinase pool is activated (compare
specific activity of PKA in the absence of diamide in Fig. 1,B and
C). High concentrations of diamide inhibit both kinase and
phosphatase activities. Reversal of thiol-specific oxidation by
DTT restores both activities, but under conditions of low
cAMP the relative phosphatase to kinase activity is increased
further.
PKA substrates are dephosphorylated by various serine/thre-

onine phosphatases, including PP1 (8), PP2C (32), PP2A (31),
and calcineurin (PP2B) (33–36). Based upon pharmacological
evidence, our results suggest dephosphorylation of a peptide
substrate in HeLa cell lysates is due, in part, to PP1 activity.
However, because OA did not block PP1-dependent dephos-
phorylation as completely as NaF, it can be concluded that
other phosphatases are contributing to dephosphorylation of
PKA substrates. PP2C, a magnesium/manganese-dependent
phosphatase, is a likely candidate.
The exact identity of the phosphatase inhibited by diamide is

complicated by the fact that serine/threonine phosphatases
exhibit sensitivity to oxidative inactivation (48–50). For exam-
ple, pro-oxidants can prolong the phosphorylation of cAMP-
response element-binding protein, a transcription factor and
prototypical PKA substrate, in neurons via inhibition of cal-
cineurin (33, 34). Calcineurin has also been shown in vitro to be
sensitive to hydrogen peroxide-mediated inactivation (26, 51).
PP1 and PP2A are inhibited by H2O2 in human fibroblasts (52).
Finally, PP2B activity has been shown to be inhibited by H2O2
via a thiol oxidation mechanism in Arabidopsis (48, 49).
The putative redox regulation of serine/threonine phospha-

tases is derived from the presence of redox reactive centers. Cal-
cineurin can be inhibited byH2O2 via oxidation of its Fe(II)-Zn(II)
center, and/or formation of an intramolecular disulfide bond
between cysteine side chains (50, 53, 54). PP1 contains an active
site motif (Cys-X-X-Cys) similar to glutaredoxin and thioredoxin
(50, 55). Such a motif would be expected to form a disulfide
bond readily in the presence of diamide, and is thus a likely
mechanism of inhibition. Diamide preferentially oxidizes small
thiol-containing molecules such as glutathione (30), forming
oxidized glutathione and protein-glutathione conjugates (16).
Diamide does not oxidize cysteines to sulfenic or sulfonic acids.
It should be noted that low concentrations of H2O2, a relatively
mild pro-oxidant that preferentially oxidizes reactive cysteines,
had similar enhancing effects on PKA activity.
It is clear that oxidation, specifically to thiols, is an important

means of regulating signal transduction events (56, 57). The
evidence presented here demonstrates that the ability of PKA to
phosphorylate a substrate, both in vitro and in vivo, can be
regulated via differential oxidation and inhibition of PKA versus
counteracting phosphatase activity. Because PKA is ubiqui-
tously expressed and involved in a myriad of cellular functions,
the implications of this reversible mechanism of regulation are
likely to have broad physiological significance.
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