Biochemistry1998,37, 14175-14180 14175

Novel Function of the Regulatory Subunit of Protein Kinase A: Regulation of
Cytochromec Oxidase Activity and Cytochrome Releasé

Weng-Lang Yand,Lisa lacond’; Wei-Min Tang$ and Khew-Voon Chin#*

Department of Medicine and Pharmacology, and The Cancer Institute of New Jersey, Robert Wood Johnson Medical School,
195 Little Albany Street, New Brunswick, New Jersey 08901, and Bristol-Myers Squibimdetme Road,
Lawrenceille, New Jersey 08543

Receied June 15, 1998; Resed Manuscript Receéd August 19, 1998

ABSTRACT: There have been speculations that the regulatory (R) subunit of the cAMP-dependent protein
kinase (PKA) may have other functions. A recent study has shown that the catalytic (C) subunit of PKA
may be regulated in a CAMP- and R subunit-independent manner. However, evidence linking a function
to the R subunit apart from inhibiting the C subunit has been elusive. In this report, interaction cloning
experiments showed that thedRsubunit association with the cytochromexidase subunit Vb (CoxVb)

is CAMP-sensitive. Interaction was detected with a GS&-Rlision protein as well as by coimmuno-
precipitation. Transient treatment with cAMP-elevating agents inhibited cytochraxidase in Chinese
hamster ovary (CHO) cells with a concomitant decrease in cytocholeneels in the mitochondria and

an increase in its release into the cytosol. Furthermore, mutant cells harboring a defeatishoRi
increased cytochroneoxidase activity and also constitutively lower levels of cytochranmecomparison

to either the wild-type cells or the C subunit mutant. These results suggest a novel mechanism of cAMP
signaling through the interaction of & with CoxVb thereby regulating cytochroneeoxidase activity as

well as the cytochrome levels.

The cAMP signal transduction pathway can be elicited Inducers of NF«B cause degradation ofB and activation
by various physiological ligands in cells and is critically of the bound C subunit which can subsequently phospho-
involved in the regulation of metabolisms, cell growth and rylate NFxB and increase its transcriptional activitg)(

differentiation, and gene expressiod—@). The PKA Therefore, activation of the C subunit kinase is not limited
holoenzyme is composed of two genetically distinct subunits, to CAMP and the R subunit.
R and C, forming a tetrameric holoenzymeQz which There has been speculation that the R subunit has functions

dissociates into an R&KAMP), dimer and two active C  independent of its interaction with the C subunit. Consistent
subunits in the presence of CAMP. There are two major R with this notion, the RIl subunit was found to inhibit
subunit isoforms which are further distinguished ae Bihd phosphorylase phosphatase and also the activity of a purified
RIB, and Rlbe and RIJ3, and three isoforms of the C subunit, high molecular weight phosphoprotein phosphatase in a
Ca, CB, and G (1-3). cAMP-dependent manne5,(6). Furthermore, on the basis
For approximately forty years, the R subunit has been the of its homology to the bacterial catabolite activator protein
only known receptor for cAMP in cells and cAMP binding  (CAP) (7), sequence-selective binding of the RIl subunit to
to the holoenzyme is the accepted mechanism that regulategjouble helical DNA was demonstrates),(suggesting that
PKA activity. The only known function for the R subunit  the RII subunit may regulate gene transcription in eukaryotes.
is its inhibition of the C subunit. However, this paradigm Rla also interacts with the ligand-activated epidermal
of CAMP signalin_g is challenged_by arecent studythat shows growth factor receptor complex by binding to the SH3
a novel mechanism of C subunit activation in a CAMP-and jomains of the Grb2 adaptor proteB)( In addition, direct
R subunit-independent manne) ( It was found that the C - jnieraction between Ri and the p3%<2 protein kinase cell
subunit of PKA can bind to the NkB—I«B complex.  cycle regulator has been demonstrated, suggesting that these
two pathways may cross-talk in the regulation of cell division
e s by M et CAGTIZ (7. (10 Therefore, me specuate tha protefmotin e
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P-glycoprotein levels comparable to those of wild-type cells. The carboxyl terminal deletion mutant GSRIa(A77—380)
Thus, there is no apparent correlation between alterationswas constructed by digesting GSRIa with Xhd and Notl
of PKA activity, cisplatin resistance, and P-glycoprotein and then blunt-end ligated into pGEXT-1. Deletion
expression, therefore suggesting that the. Rubunit may mutants were expressed and bound to glutathione resin and
have novel functions. then incubated with yeast lysates containing GACoxVb,
Despite the above studies, R subunit function that is separated on SDSPAGE and immunoblotted with anti-
independent of its interaction with the C subunit has not been GAD antibody.
established. To test this hypothesis, we showed in this study Fractionation of Cell Extracts and Cytochrome ¢ Oxidase
by interaction cloning experiments the association aft Rl ~ Assay. Fractionation of CHO cells was as described before
with the cytochromee oxidase subunit Vb (CoxVb). The (15). CHO cells were homogenized in a buffer containing
mammalian cytochromeoxidase is a multisubunit enzyme 10 mM Hepes (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol,
complex of 13 different subunits and the terminal electron 0.25 M sucrose, and protease inhibitors. Cell lysates were
carrier of the respiratory chain. The interaction with CoxVb centrifuged, and the pellet was washed once and recentri-
is cAMP-sensitive. The physiological significance of the fuged. The combined supernatants were centrifuged at
Rla interaction with CoxVb is supported by the modulations 1000 yielding a crude mitochondria fraction. Supernatants
of the cytochromes oxidase activity and the mitochondrial  of the 1000@ spin were further centrifuged at 100@pt
cytochromec levels in CHO cells with cAMP-elevating  obtain a cytosolic protein fraction.
agents. These results demonstrate a novel cAMP-signaling = Cytochromec oxidase activity was measured as described
pathway mediated by Rl independent of the C subunit, pefore (16). Approximately 1x 10° CHO cells were plated
and may have significant implications on the mechanism of i, triplicate in 96-well microtiter plates and treated with either

CAMP in cell growth and apoptosis. 10 uM forskolin or 50 uM dibutyryl cAMP for 30 min.
Media were removed, and cells were permeabilized by the
MATERIALS AND METHODS addition of 0.01% saponin and agitated, followed by the

addition of substrate medium. Absorbances were then

Analyzing Ré Protein Interactions by the Yeast Two- X
measured spectrophotometrically.

Hybrid Cloning System.The yeast two-hybrid cloning
experiments were conducted as descrild&l (The complete

coding region of the mouse &IcDNA was fused to the RESULTS

Gal4 DNA-binding dom_am in plasmid pASZ'l,(PASR'a) Despite various analyses, it has still not been possible to
and then transformed intSaccharomyces cersiae Y190 unambiguously link a function to the R subunit that is
cells as a bait to screen a Hela cell cDNA library fused to jndependent of its interaction with the C subusite, 8—12).

the Gal4 activation domain in the pGAHEGH vector. To test this hypothesis, we examined the proteinotein

Positive clones were detected If/galactosidase assay. interaction of the Rk subunit using the yeast two-hybrid
Plasmids from positive clones were used to transform Y187 cloning system 13). We screened the human HelLa cell
cells and were mated with the pASRIa cells. cDNAs for encoded proteins capable of binding to the mouse
GST Fusion and Pull Down AssayExpression of the  Rla cloned into the yeast expression vector pAS2-1. A total
glutathione S-transferase (GSTRIo fusion protein and the  of 29 positive clones were identified, and of which 23 encode
partial purification with glutathione beads were performed for the full-length cytochrome oxidase subunit Vb (CoxVb),
as described1@). Wild-type Rl or mutant Réy(G200E) 5 for cytokeratin 18, and 1 for an anonymous expressed
in pGEX—4T-1 was expressed in tii&scherichia colDH5a sequence tag (EST). Control experiments showed that
cells with IPTG. Cells were lysed by sonication, and the CoxVb is an Ré binding protein (Figure 1A). Matings of
lysates were incubated with glutathione resin to immobilize yeast containing the CoxVb cDNA with those expressing
the GST fusion proteins. GSTRIo or GST-RIa(G200E)  the Rin—Gal4 DNA binding domain (Gal4DB) fusion bait
beads were then incubated with yeast lysates overexpressingndicated positive interaction, while those expressing either
GAD—CoxVb either in the presence or in the absence of Gal4DB alone or an irrelevant protein, the snfl protein
100 uM 8-Br-cAMP. Proteins associated with the GST kinase, were negative. As expected, the two-hybrid system
fusions were immunoblotted with anti-GAD antiserum or a also positively identified interactions betweerRind itself
monoclonal antibody against CoxVb. (dimerization) (Figure 1A).

Immunoprecipitation. CHO cells were harvested by  To provide biochemical evidence for this interaction, we
washing in STE buffer (20 mM Tris-HCI, pH 7.2, 0.15 M further studied the binding of CoxVb to &Iby expressing
NaCl, 1 mM EDTA, and 1% aprotinin), pelleted, and a GST-RIla fusion protein inE. coli and then partially
resuspended in RIPA buffer (20 mM Tris-HCI, pH 7.2, 0.15 purified it by binding to glutathione bead$4). GST-Rla
M NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, has an apparent molecular weight of approximately 76 kDa
and 1% aprotinin). The extracts were reacted with anti-Rl  (Figure 1B) and reacted with anti-Rlantiserum by immu-
antisera, and the resulting complex was precipitated with noblot analysis (data not shown). The GSRlo. affinity
protein A-Sepharose (Pharmacia Biotechnology Inc., Pis- beads were reacted with yeast lysates containing either GAL4
cataway, NJ), resolved on SB®AGE and immunoblotted  activation domain (GADYRIlo. or GAD—CoxVb fusion
with anti-CoxVb monoclonal antibody. protein and then immunoblotted with anti-GAD antibody

Deletion Analysis of RI Interaction with CoxVb. The (Figure 1B). GSTRIa (lanes 3 and 6), but not GST (lanes
amino terminal deletion mutant GSRIla(A1—76) was 2 and 5), associated with GAERIo. and GAD-CoxVb from
constructed by subcloning a polymerase chain reaction (PCR)the cell lysates, thus indicating the specific interactions
amplified product, using the RICDNA, into pGEX—4T-1. between Rd and these proteins.
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© To further illustrate the specificity of the RFCoxVb
Q¢ o°*q A ot interaction, lysates from CHO cells were subjected to
AR 0\%0’ ald ?gﬁq’ ;P immunoprecipitation with anti-R{ antiserum. The precipi-
,b\QV‘ ,,,\Q\" A\ PP\ A tated complex was immunoblotted with a monoclonal
* - o/pAS2-Rla -_|-.'.-v ™ antibody against. CoxVb, anq our res_ults _confirmed that
Fis CoxVb can be coimmunoprecipitated withdRih CHO cell
t I'E ' o/pAS2 lysates (Figure 1C), thus demonstrating unambiguously the
r interaction of R&. with CoxVb in mammalian cells. The
. =% B opas2snF control preimmune serum did not coprecipitatecRind
CoxVb (Figure 1C). These results showed that Riteracts
B with CoxVb in a heterologous yeast two-hybrid system and
Rlo CoxVb in mammalian cells.

We next determined the domain in &Rthat associates
1.2 3 4 5 6 with CoxVh. Deletion constructs of Rl at the amino

203 terminus containing the dimerization region as well as the

126 A-kinase anchoring protein (AKAP) binding domaith7j

71 -!‘_ - <Rl and at the carboxyl terminus including the autoinhibitory
-\-.ﬂ

A

region and the two tandem cAMP binding sites were created
(Figure 2A). As shown in Figure 2B, deletion of the
. = |<CoxVb carboxyl terminus, GSFRIa(A77—380), did not signifi-
3393 cantly affect its association with CoxVb, whereas deletion
| of the amino terminus, GSTRIa(A1—76) virtually abol-
[ ished its interaction with CoxVb. These results suggest that
association of CoxVb with Rl at the amino terminus occurs
C o°0 either at the dimerization domain or at the site required for
6@?" @@ Q>°’ AKAP binding, which encompasses approximately the first
¢ 0@ thirty amino acid residues of RI(17).

Iﬂl(_CoxVb If the association of RL with CoxVb represents a novel
mechanism of cAMP signaling, then the interaction should

FIGURE 1: Interaction of CoxVb with Rk. (A) Mouse Rb. was be inducible by cAMP. Bacterially expressed GRlo and

used as bait to screen a HeLa cDNA two-hybrid library. Test crosses GST-Rlo. mutant proteins were incubated with GAD

are shown for yeast matingslATa x MATa, left panel) in which CoxVb in the presence or the absence of 100 8-Br-
association of expressed proteins resulted in the expression of the

[-galactosidase reporter (indicated in black, right panel). Interaction CA'\QO'Z' The mutant Ri_carrles a m‘_Jta“O” that converts
of Rlo with itself (dimerization) was a positive control, and the Gly** to a glutamic acid (G200E) in the site A cAMP
Snfl protein kinase, SNF1, was a negative control. (B) GST,-GST  binding domain which prevents the dissociation of C subunits
Rla wild type, or mutant proteins were immobilized on glutathione  (18). In the absence of cAMP, CoxVb bound to both GST
resins and then eluted by boiling in gel-loading buffer, resolved Rlo. and GST-RIa(G200E) (Figure 3, lanes 3 and 5).

on SDS-PAGE, and stained with Coomassie blue: lanes 1 and 4, .. . .
yeast lysates containing either GARIo. or GAD—CoxVb fusion Addition of cAMP caused dissociation of CoxVb from

protein, respectively; lanes 2 and 5, GST; lanes 3 and 6,-6ST GST—Rla (lane 4), reminiscent of the interaction of R and
Rlo. (C) CHO cell lysates were immunoprecipitated with rabbit  C in the holoenzyme complex. In contrast, addition of ;CAMP
preimmune serum (lane 2) or anti®Rlntiserum (lane 3). The o GST-RI(G200E) did not result in dissociation of CoxVb

precipitated complexes were incubated with protein A-Sepharose, i .
separated by SDSPAGE, and immunoblotted with anti-CoxVb (lane 6). This is expected because of the lowered affinity

42

antibody: lane 1, 4@g of total CHO cells lysates. of the mutant R& for cAMP (18). These results demon-
A B
[
’\/\ \:\
h é,\ & \o\v g
Dimer. Inh. \
Dom.  site Site A Site B o <«
Rla 5 — < Cox\/b
1 62 141 260 380
Rla (A77-380) [ 121—
78— <
Rla (A1-76)
39.5—
30.7- e

Ficure 2: CoxVb interacts with the N-terminus of &I (A) Schematic diagram of Rland the deletion constructs, d&A77—380), and
Rla(A1—-76): Dimer. Dom., N-terminal dimerization domain; Inh. Site, autoinhibitory site; Site A and Site B, tandem cAMP-binding
domains. (B) GST, GSTRIla, GST-RIa(A77—380), and GSFRIa(A1—76) proteins were immobilized on glutathione resins and then
incubated with yeast cell lysates containing GADoxVb fusion. The complexes were eluted in gel-loading buffer, separated by SDS
PAGE, and immunoblotted with anti-GAD antibody. The lower panel is the Ponceau S stained-nitrocellulose membrane. The position of
GAD—CoxVb is indicated.
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CAMP — + — + — + Table 1: Cytochrome Oxidase Activity of CHO Wild Type and
— e <— COXVb PKA Mutant Cell Lines
cytochromec oxidase

—— cell line mutation activity (%)
10001 wild type 100
10248 RI subunit 172.69.4
10260 C subunit 96.6 14.5

a Oxidase activity is a percent ratio of the mutant to the wild-type
control.

1 2 3 4 5 6

gg%RﬁaSrz]elsmfr:ﬁSO% ogFégnval/gh(lggé;/%|sarqggz)lat§rd£éqg£ig?. measured the cytochronemxidase activity in the CHO cell

(G200E) (lanes 5 and 6) immobilized on glutathione resins was lines 10248, which harbors a mutation incR$ubunit @1),
incubated with yeast cell lysates containing GADoxVb. The and 10260, which has altered C subunits and possesses little
complexes were then incubated at room temperature for 15 min intype | and type Il kinase activitie2®). The 10248 and

the presence or the absence of 1008-Br-cAMP. The associated : S
proteins were eluted by boiling in gel-loading buffer, analyzed by 10260 mutgnts were qbtamed through a comblnatlpn .Of
SDS-PAGE, and immunoblotted with anti-GAD antibody. The Mutagenesis and selection for resistance to growth inhibition

lower panel is the Ponceau S stained-nitrocellulose membrane. Theby CAMP from CHO cells. The mutants have impaired PKA
position of GAD-CoxVb is indicated. activity resulting from mutations in either the R or the C
subunit. The basal cytochroneexidase activity was found
strated that binding of CoxVb to Rl can be directly  to be significantly higher in the 10248 & mutant than in
regulated by cCAMP, thus showing for the first time that the the wild-type 10001 cells (Table 1). However, oxidase
cAMP-signaling pathway can regulate other target proteins activity of the C subunit mutant 10260 cells was comparable
apart from the inhibition of the C subunit kinase activity to the wild-type cells (Table 1). Thus these results further
through the R subunit. support that Rk subunit may have functions independent
The association of Rl with CoxVb raises questions about of the C subunit and may regulate mitochondrial cytochrome
the functional significance of this interaction. Since CoxVb c oxidase activity through its interaction with CoxVb.
is one of the thirteen subunits of the mitochondrial cyto-  In addition to its central role in aerobic energy production,
chrome ¢ oxidase enzyme complexL9), it is therefore mitochondria may also be involved in the triggering of
conceivable that the oxidase activity may be regulated by apoptosis 23—25). Recent studies have shown that in-
cAMP through its interaction with RI. To assess this creased release of the mitochondrial peripheral membrane
possibility, we measured the cytochromexidase activity protein cytochrome from the mitochondria into the cytosol
in CHO cells following treatment with cCAMP elevating may activate caspases and apoptosl 26, 27). Since
agents. Exposure to either dibutyryl cAMP or forskolin for cytochromec is a substrate for cytochrome oxidase,
30 min resulted in a markedly reduced rate of cytochreame therefore, it is possible that cAMP-regulated cytochrame
oxidase activity (Figure 4A), suggesting a physiological oxidase activity may influence the levels and the release of
regulation of the oxidase activity by cAMP, presumably cytochromec from the mitochondria. As shown in Figure
mediated through the interaction of &®with CoxVb. In 4B, in the presence of cAMP, the cytochromkevel in the
addition, it has also been shown that cisplatin-resistant humanmitochondria of 10001 cells was markedly reduced, ac-
tumor cell lines have increased levels of cytochrome companied by a concomitant increase in the cytosol. These
oxidase activity compared with the parental cel§)( To results indicate that cAMP may either directly or indirectly
show further that the regulation of the cytochroonexidase modulate cytochromelevels. Since the 10248 Rimutant
activity is due to R& and not the C subunit, we then exhibits elevated cytochronmoxidase activity, a subsequent

_ (A ] B
8 02} me0 0078~ Mito. Cytosol
<
et cAMP - + - +
< 0. m=0.0054 - e = +——Cyt.C
S / - — Actin
g m=0 0045
[
S ool

| 1 ] |

0 10 20 30

Time (min)

Ficure 4: Regulation of cytochrome oxidase activity by cAMP in CHO cells. (A) CHO cells were either untreateddr treated with

10 uM forskolin (@) or 50 uM dibutyryl cAMP () for 30 min. Cells were permeabilized with saponin, and the cytochromeddase
activities were measured spectrophotometrically at 450 nm for 30 min. All the experiments were performed in triplicates for three times
and values are means SD. The enzyme activity was determined by the slope of the curve. (B) Immunoblot of cytochroonéent in
mitochondrial and cytosolic fractions in CHO 10001 cells, in the presence or the absencef dibutyryl cAMP for 30 min. The

position of cytochrome is indicated.
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Mito. Cytosol similar to its association with the C subunit, or in a complex
- o o -« o o including the C subunit remains to be determined.
8 & & 8 & & It has already been shown previously that PKA is present
2 22 2 e ° in the mitochondria of various rat tissu&9). Since binding
- e = R0 of CoxVb to the amino terminus of BRImay overlap with
the AKAP binding domain (Figure 2), it raises the possibility
_ CoxVb that CoxVb may be an AKAP which targets the subcellular
W ~e=@mmw . = Cytochrome C localization of PKA to the mitochondria. However, the
distinct properties of the cAMP-regulated dRInteraction
Hr e - —— ACtin with CoxVb are not previously observed with AKAP and

] i PKA. Furthermore, the regulation of cytochromexidase
FiIGURe5: Cytochromee levels are regulated by BRI Mitochondrial activity by cAMP (Figure 4A) adds fuel to the notion that

and cytosolic fractions of 10001, 10248, and 10260 cells were RI dul h i f ) h h
prepared as described under Materials and Methods ApproximatelyR10 Mmay modulate cytochrome oxidase function throug

15 ug of cytosolic protein or 5ug of mitochondrial fraction was  itS association with CoxVb, thus arguing against CoxVb
separated by SDSPAGE and immunoblotted with antibodies for  playing the role of the anchoring protein. Moreover, it has

either Rbi, CoxVb, cytochromee, or actin. also been shown in some instances that AKAPs themselves
) i ) can also be substrates for PKA on top of targeting the
survey of basal mitochondrial cytochroméevels in 10001, |ocalization of PKA (6). Therefore, it is conceivable that

10248, and 10260 cells revealed that it was significantly coxvbh can be an AKAP and also be regulated byRI

reduced in the RIL mutant in comparison to the wild-type  \what is the physiological significance of the interaction
10001 cells (Figure 5). The C subunit mutant 10260 showed f R|a with CoxVb? Cytochromec oxidase has been

cytochromec levels comparable to those of the wild-type g, ggested to play key roles in the regulation of energy
cells. No significant changes were observed in either the production, dependent on the level of respiration and
cytosolic cytochrome or the CoxVb levels in all three cell  yigative phosphorylation in response to short-term and long-
types examined. Furthermore, a modest increase i Rl term cellular energy requirementsd). The role of CoxVb
subunit was found in the 10248 mutant (Figure 5), consistenti, the cytochromes oxidase complex is unknown but may
with previous reports of the stabilization of the mutant Rl pe jnvolved in catalysis, regulation of catalysis, or the folding
subunits £8). These results demonstrate that CAMP can o stability of the catalytic subunitd®). We speculate that
regulate cytochrome oxidase activity and cytochrome cytochromec oxidase activity may be regulated by cAMP

levels, presumably through the interaction ofaRWwith in response to cell growth. In the absence of cAMP,
CoxVb. association of Rt with CoxVb is essential for the mainte-
DISCUSSION nance of basal cytochrome oxidase activity. Upon

exposure to cAMP, dissociation of @from CoxVb occurs,

Previous studies with PKA genetic mutants of CHO and leading to an inhibition of the oxidase activity (Figures 3
the mouse adrenocortical carcinoma Y1 cells implicate the and 4A). These observations are further supported by the
Rla subunit of PKA in regulating cisplatin resistance, a results with the 10248 cells which have a defectiverRI
function independent of the C subunitlj. Further inves- subunit with altered cAMP binding, thus preventing holo-
tigation shows that P-glycoprotein expression in these enzyme dissociatior2(). Hence the mutation in Rlconfers
mutants is also regulated in andRtlependent mannet?), tight association with CoxVb (Figure 3), resulting in an
leading us to speculate that the R subunit may have otherapparent increase in the oxidase activity (Table 1). These
functions. Our results in this report revealed a novel observations are consistent with the growth inhibitory effects
mechanism of cAMP signaling throughdRbkubunit interac- of cAMP in CHO cells 80) whereby the inhibition of
tion. One of the targets that interacts withoRik CoxVb cytochromec oxidase activity by cAMP correlates with a
(Figure 1). We demonstrated the physical associationaf RI decreased energy demand during growth inhibition (Figure
with CoxVb in vitro as well as in CHO cell lysates by 4A).
coimmunoprecipitation (Figure 1). The interaction ofbRI In addition to its growth inhibitory effects, CAMP is also
with CoxVb occurs at the amino terminus of Rbnd is known to induce cell death in various cell type31)
regulated by cAMP (Figures 2 and 3). Consistent with the However, the mechanism of cAMP-induced cell death is not
regulation of Rt interaction with CoxVb, the cytochrome  completely understood. Recent studies have demonstrated
c oxidase activity is inhibited by cAMP in CHO cells (Figure that increased release of the mitochondrial peripheral mem-
4A). The reduced cytochrome oxidase activity is ac-  brane protein cytochrome from the mitochondria may
companied by a decrease in cytochroméevels in the activate caspases and apoptodls @6, 27). We speculate
mitochondria and a concomitant increase release of cyto-that regulation of cytochrome oxidase activity by cAMP,
chromec into the cytosol (Figure 4B). In addition, the presumably mediated throughdinteraction with CoxVb,
cytochromec level is also markedly decreased in the 10248 may also influence the levels of cytochrome Our results
Rlo. mutant, but not in the C subunit mutant, compared to showed that inhibition of cytochromzoxidase activity by
the wild-type cells (Figure 5). No significant changes in cAMP is accompanied by a decrease in mitochondrial
CoxVb levels were observed (Figure 5). These results cytochromec and a concomitant increase in its release into
demonstrate a novel mechanism of CAMP signaling whereby the cytosol (Figure 4). It has been shown that cytochrome
the R subunit may interact with other target proteins and ¢ mRNA levels may be increased transcriptionally by cAMP
modulate their activities in a cAMP-dependent manner. (32). However, in our studies, transient exposure to CAMP
Whether the R subunit and CoxVb exist in a dimerized state, causes a decrease in the mitochondrial cytochrotegels
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within 30 min. These results exclude the possibility of

transcriptional regulation because we observe a decrease

instead of an increase in cytochromkevels in the presence
of CAMP. Also the 60 min elapse for the induction of
cytochromec mRNA levels 32) differs significantly from
the transient CAMP exposure in our experiments. In addition,
although both the 10248 RImutant 1) and the 10260 C
subunit mutantZ2, 33, 34) have reduced PKA activity, only

the

Rlo. mutant shows altered cytochromdevels (Figure

5), thus further supporting that the R subunit but not the C
subunit may regulate cytochronedevels.

In summary, our study provides evidence that thet RI
subunit of PKA interacts with CoxVb and is cAMP-sensitive,
resulting in the regulation of cytochronteoxidase activity
and the cytochrome levels in the mitochondria. These

results demonstrate a novel signaling mechanism of cAMP

mediated by the interaction of Rwith other target proteins

in addition to the C subunit.

The effects of dRlon

cytochromec may have significant implications on the
mechanism of cAMP-induced apoptosis in eukaryotic cells.
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