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We have identified and characterized a cyclic AMP receptor protein in mitochondria of the yeast
Saccharomyces cerevisiae. The binding is specific for cyclic nucleotides, particularly for cyclic AMP which is
bound with high affinity (Kd of 10-9 M) at 1 to 5 pmol/mg of mitochondrial protein. The mitochondrial cyclic
AMP receptor is synthesized on cytoplasmic ribosomes and has an apparent molecular weight of 45,000 as
determined by photoaffinity labeling. It is localized in the inner mitochondrial membrane and faces the
intermembrane space. Cross-contamination of mitochondrial inner membranes by plasma membranes or
soluble cytoplasmic proteins is excluded.

In eucaryotes, cyclic AMP (cAMP) receptors are ubiquitous. In all cases where they have been characterized in
greater detail, they have been identified as regulatory sub-

extract-1% peptone-2% dextrose, or lactate medium (7) to a
cell density of about 3 x 107 cells per ml. A cell homogenate
was obtained from a lysate of spheroplasts by centrifugation
at 1,000 x g for 10 min at 0 to 4°C. Crude mitochondria were
pelleted from the homogenate (25,000 x g, 10 min). Crude
mitochondria and post-mitochondrial supernatant were further purified by centrifugation on linear 20 to 60% Urographin (Schering AG, Berlin) gradients. The resulting bands
were recovered, pelleted after fourfold dilution, and washed
once with 0.6 M Sorbitol-10 mM Tris-1 mM EDTA buffer

units of protein kinases (12, 24, 26). In the yeast Saccharomyces cerevisiae, the search for cAMP receptors resulted in the detection of at least five polypeptides. Four of
them are located in the plasma membrane fraction, whereas
one is found in the cytoplasm (15, 16). (All other cytoplasmic
cAMP receptors described are likely to be degradation
products, as discussed by Hixson and Krebs [15].) Although
no definite function could yet be assigned to the plasma
membrane-bound receptors (with apparent molecular
weights of 58,000, 46,000, 34,000, and 25,000), the soluble
cytoplasmic cAMP-binding protein (Mr, 50,000) has been
shown to constitute the regulatory subunit of a protein
kinase. Kinases of this kind were found to modulate the
activities of a variety of target enzymes, e.g., glycogen
synthetase, phosphorylase b kinase, trehalase, lipase, and
ribosomal proteins (15, 18, 31, 35, 37, 38).
cAMP added to yeast cells in vivo also results in a
stimulation of mitochondrial functions, e.g., of mitochondrial respiration (10), levulinic acid dehydratase activity
(25), and synthesis of the mitochondrially encoded subunits
of cytochrome c oxidase (6). Whether these effects of cAMP
on mitochondrial activities are mediated by one or another
of the extramitochondrial cAMP receptors described above
is still unclear (24). On the other hand, no data are yet
available on whether the organelle itself is able to receive
and transmit signals in the form of cAMP. Although cAMPindependent protein kinases have amply been documented
in mitochondria (14, 17, 21, 29, 30), no cAMP-dependent
kinase or other cAMP receptor has been characterized in
this organelle. Therefore, we started a systematic search for
cAMP receptors in mitochondria, which resulted in the
identification of a cAMP-binding protein in the inner mitochondrial membrane. We present results on the main characteristics of this protein and its submitochondrial localization.

(pH 7.4) to remove Urographin.
Submitochondrial particles were prepared from purified
mitochondria by extensive homogenization by 20 strokes at
800 rpm in a Teflon-in-glass homogenizer at 0°C in 20 mM
sodium acetate (pH 6.5-S50 ,M EDTA-5 mM MgCI2-1 ,uM
phenylmethylsulfonyl fluoride.
Mitochondrial subfractionation. Purified mitochondria
were treated hypotonically with 0.1 M mannitol-10 mM
Tris-1 mM EDTA-50 ,uM phenylmethylsulfonyl fluoride
(end concentrations), pH 6.8, to disrupt outer membranes.
From these "shocked mitochondria" the soluble intermembrane space, matrix, outer membrane, and inner membrane
were prepared successively as described previously (1, 7).
The following modification was applied as compared with
reference 7: To separate inner and outer membranes, a 25 to
55% linear Urographin gradient was used instead of a
sucrose gradient.
Topology of the mitoclondrial cAMP receptor protein.
Intact mitochondria, shocked mitochondria, and mitochondria lysed with 0.5% Nonidet P-40 were treated with various
concentrations of trypsin for 30 min at 0°C. Digestion with
protease was terminated by the addition of a fourfold molar
excess of soybean trypsin inhibitor and 5 mM tosyl lysyl
chloromethyl ketone. cAMP-binding proteins and various
mitochondrial marker proteins of known topology (porin,
outer membranes [11]; cytochrome c peroxidase, intermembrane space [7]; fumarase, soluble matrix [33]) were assayed.
cAMP binding assay. A 117-,ug sample of mitochondrial
particles was incubated with 0 to 100 nCi of [3H]cAMP (52
Ci/mmol; Amersham, Braunschweig) in a total volume of
225 RI for 15 min and centrifuged at 100,000 x g for 10 min
in a Beckman Airfuge, and 150 RI of the supernatant was
counted with 5 ml of Instagel (Packard Instrument, Frankfurt). Alternatively, a filter binding assay was used (39). In

MATERIALS AND METHODS
Preparation of cellular subfractions. Cultures of the S.
cerevisiae strains SM202 and D273-1OB were grown at 30°C
in 1% yeast extract-1% peptone-3% glycerol, 1% yeast
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this case purified mitochondria were lysed in MTP buffer (5
mM MgCl2, 1% Tween 80, [Serva, Heidelberg], 100 mM
KH2PO4, pH 7.2). A 100-,ug sample of the protein (0.5 mg
ml-') was incubated with 0 to 100 nCi of [3H]cAMP for 15
min at room temperature, filtered through cellulose ester
filters (Millipore, Neu-Isenburg), and washed three times
with 6 ml of MTP buffer. Filters were dried and counted in 10
ml of toluene-based scintillation cocktail. cAMP binding
assays were performed in triplicate. In later experiments,
cAMP binding was routinely assayed by equilibrium dialysis
as indicated. Each half cell of a Dianorm dialysis cell,
separated by a Visking dialysis membrane, contained 0.6 ml
of 0.5% Nonidet P-40-25 mM KH2PO4-5 mM MgCl2-15%
glycerol-1 mM dithiothreitol-50 ,uM phenylmethylsulfonyl
fluoride (pH 7.0). To one of the half cells 100 ,ug of protein
was added, and to the other half cell 20 nCi of [3H]cAMP (52
Ci mmol-1) was added. Dialysis was performed at 4°C for 3
h. Bound cAMP was calculated from the difference of counts
per minute values obtained by counting 0.45-ml samples of
each half cell in 2 ml of Instagel.
Photoaffinity labeling. A 100-,ug sample of lysed purified
mitochondria (1% Tween 80) was labeled with 10 ,uCi of
8-N3-[3H]cAMP (New England Nuclear Corp., Dreieich)
(27) in the presence of 5 mM AMP as a competitor. Labeled
proteins were separated on exponential 10 to 15% sodium
dodecyl sulfate-polyacrylamide gels (9); the gels were dried
and fluorographed (4).
Other assays. Published procedures were used for the
determination of the following enzyme activities:
succinate:cytochrome c oxidoreductase (19), adenylate
cyclase (32), alkaline phosphatase and catalase (3), aconitase
and fumarase (28), and cytochrome c peroxidase (8). Porin
was assayed after electroblotting (36) by immunodecoration
with specific antibodies and radioiodinated protein A (7) and
quantified either by integration of densitometric tracings of
autoradiograms or by elution and spectrophotometric evaluation of autoradiographic bands (34). Since Urographin
interferes with the protein determination by the Folin reagent (23), it was removed by washing or dialysis. Alternatively, two other protein assays were employed (5, 13) which
essentially gave identical results.

RESULTS
As outlined above, it is not known whether the cAMP-dependent effects on mitochondrial functions (6, 10, 25) are
mediated by extra-mitochondrial events (24) or by the organelle itself. Therefore we started a systematic search of
whether mitochondria contain a cAMP-binding protein(s). In
doing so, particular care was taken to control cross-contaminations of mitochondrial preparations by other cellular
structures that might interfere with an unambigious mitochondrial assignment of cAMP binding.
Purification of mitochondria. Crude mitochondria, prepared from spheroplasts, were further purified by centrifugation on continuous Urographin gradients (20 to 60%). The
resulting particulate bands were removed and either dialyzed or sedimented and washed. Both specific and total
activities of a variety of marker enzymes were determined as
shown in the DeDuve plots (Fig. 1). Alkaline phosphatase
and adenylate cyclase were chosen as marker enzymes for
the plasma membrane. 5'-Nucleotidase (E.C. 3.1.3.5), a
highly selective marker for plasma membranes in mammals,
was found to be absent in yeast. Mitochondrial markers
were succinate:cytochrome c oxidoreductase, aconitase,
fumarase, and porin. Catalase was taken as a vacuolar
marker enzyme.
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Two fractions exhibited high rates of succinate:cytochrome c oxidoreductase activity (Fig. 1). They banded at 33
and 43% Urographin, respectively. As deduced from the
higher specific activities of both aconitase and fumarase, the
latter (denser) is considered to contain mitochondria that are
more intact than those in the lighter fraction. The denser
fraction was essentially free of catalase activity (Fig. 1),
nuclear DNA (as shown by CsCl isopycnic centrifugation,
data not shown), and cytoplasmic rRNA (as shown by
agarose gel electrophoresis [22], data not shown). Contamination by plasma membranes was extremely low as judged
from the retention of 0.12% of adenylate cyclase activity
relative to that found in the homogenate. The higher value
for alkaline phosphatase activity may be due to a mitochondrial phosphatase(s) active at the pH of the assay. In
contrast to the deprivation of plasma membrane markers, an
enrichment of cAMP-binding activity as compared with that
observed in the homogenate was found. About 13.7% of the
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FIG. 1. DeDuve plots of cAMP-binding activity and various
markers in cellular subfractions. A post-mitochondrial supernatant
(A) and crude mitochondria (B) (79 and 21% of the protein of the
homogenate, respectively) were centrifuged on 20 to 60% Urographin gradients. The particulate fractions were assayed for cAMPbinding and various marker enzyme activities. The lines (-* - - )
indicate the density of Urographin (numbers refer to the densities of
the particulate fractions). The specific activities in the homogenate
(which are set at 1) were as follows: cAMP binding, 0.93 pmol mg-1;
fumarase, 3.2 U; succinate:cytochrome c oxidoreductase, 25.9 nmol
mg-1 min-'; catalase 0.20 .g-1 min-1; alkaline phosphatase 30.5
nmol mg-' min-1; and adenylate cyclase 52.4 pmol mg-' min-'.
Different scales for percentage of total protein were chosen in (A)
and (B) because of better presentation. Abbreviations: SS, soluble

supernatant; MC, microsomes; DM, disrupted mitochondria; IM,
plasma membranes.

intact mitochondria; PM,
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total cAMP-binding capacity of the homogenate was retained in mitochondrial fractions. Thus, this binding activity
cannot solely be accounted for by plasma membrane contamination. It rather suggests an additional mitochondrial
localization of cAMP-binding activity.
The bulk of alkaline phosphatase and adenylate cyclase
activities found in crude mitochondria was observed to band
separately from mitochondria-containing fractions at 53%
Urographin. An identical banding density of plasma membrane marker enzymes was observed after centrifugation of
the post-mitochondrial supernatant, which is enriched in
plasma membranes, on Urographin gradients (Fig. 1A) (2).
Sub-mitochondrial localization of the cAMP receptor protein. To prove unequivocally that a cAMP receptor is
contained in mitochondria, we decided to determine the
sub-mitochondrial localization and topology of the cAMPbinding activity. Shocked mitochondria were prepared from
purified mitochondria (7) and further fractionated into intermembrane space, soluble matrix, and outer and inner membranes as described above. All four resulting fractions were
characterized by using the activity of succinate:cytochrome
c oxidoreductase as a marker for the inner membrane, the
activity of aconitase and fumarase for the matrix, and the
activity of cytochrome c peroxidase for the intermembrane
space. Quantitative immune blotting with antiserum raised
against porin was performed to specify the outer membrane.
The results, which are summarized in the DeDuve plots (Fig.
2), show that the subfractionation by the method in reference 7 efficiently separated the various mitochondrial compartments. Moreover, the cAMP-binding activity exactly
copurified with that of the inner membrane marker enzymes.
(The fact that the specific enrichment was less than that of
succinate:cytochrome c oxidoreductase is due to the instability of the cAMP-binding activity during the preparation
procedures; see below). Only marginal cAMP-binding activity was observed in the other mitochondrial compartments.
By contrast, only negligible activities of both adenylate
cyclase and alkaline phosphatase were recovered in the
inner membrane fraction, indicating the almost complete
absence of plasma membrane contamination. Hence, the
cAMP-binding activity in this fraction is a self-contained
activity and cannot be attributed to contamination by plasma
membranes.
Topology of the cAMP receptor. The orientation of the
cAMP receptor within the inner mitochondrial membrane
was determined by testing its accessibility to protease treatment. The loss of activity was determined in parallel in (i)
purified whole, (ii) shocked, and (iii) lysed mitochondria and
compared with that of marker enzymes of known topology
(Fig. 3). Whereas the cAMP binding was protected in whole
mitochondria, it was readily lost in shocked and in lysed
mitochondria. The inactivation characteristics of the cAMPbinding activity resemble those of cytochrome c peroxidase,
lactate dehydrogenase (data not shown), and cytochrome c1
(data not shown), but not those of F1 ATPase (data not
shown) and fumarase. Combined with the results of the
previous section this shows that the cAMP receptor of the
inner mitochondrial membrane is oriented toward the intermembrane space.
Characterization of the cAMP receptor protein. (i) Nucleotide-binding specificity. To test the specificity of nucleotide
ligands, [3H]cAMP binding assays were performed in the
presence of a 10-fold molar excess of unlabeled nucleotides.
Nucleotide di- and triphosphates as well as 5'- and 3'noncyclic monophosphate esters did not compete with the
labeled cAMP for the binding (Table 1). However, unlabeled
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FIG. 2. Mitochondrial subfractionation. Marker enzymes and
cAMP-binding activities were assayed in mitochondrial subfractions. The specific activities in intact mitochondria (which were set
at 1) were as follows: cAMP binding, 1.30 pmol mg-1;
succinate:cytochrome c oxidoreductase, 170.1 nmol mg-1 min ;
aconitase, 6,900 U; cytochrome c peroxidase, 56.7 nmol mg-'
min-m; porin, 0.80 relative units mg-'. Recoveries were in the range
of 65.4 to 78.9%, except for cAMP binding (47.2%; see the text for
explanation). Abbreviations: Ma, matrix; IM, inner membrane;
IMS, intermembrane space; OM, outer membrane.

cGMP and especially cAMP and the synthetic analog N-6monobutyryl cAMP diminished the [3H]cAMP binding to the
expected value of the control. Thus the cAMP receptor
exhibited a pronounced specificity for cyclic nucleotides,
especially for cAMP and N-6-monobutyryl cAMP.
(ii) Influence of pH, ions, and storage on cAMP binding.
cAMP-binding activity was slightly stimulated by the addition of MgCl2 (maximally at a concentration of 8 mM) and
reduced by the addition of EDTA (data not shown). This
might be an indication for a dependence of the cAMP
binding on divalent cations. A further characteristic of the
binding activity is its extreme lability: it was readily lost
upon freezing and thawing, storage at room temperature,
extensive dialysis, or mild sonication, even in the presence
of 15% glycerol, 1 mM dithiothreitol, and 50 puM phenylmethylsulfonyl fluoride.
(iii) Binding constant and concentration of the cAMP receptor. Scatchard plot analysis of the cAMP binding was
performed with purified mitochondria lysed either hypotonically or with 1% Tween 80 (Fig. 4). In both cases an apparent
Kd for the ligand of about 1 nM, and a binding capacity in the
range of 1 to 5 pmol of cAMP per mg of protein was
observed in many repeated experiments. Due to the instability of the binding activity, the concentration of binding
sites must be interpreted as a minimum value. The low Kd is
in line with the rapid time course of the binding reaction,
which is nearly complete within 3 min (data not shown).
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Solubilization by detergent had no influence on the binding
constant, but lowered slightly the concentration of binding
sites, presumably because of the instability of the receptor
(see above). The constant slopes in the Scatchard plots
suggest the existence of only one major type of binding site.
Interestingly, the concentration of binding sites also varied
with the growth conditions, being two to three times higher
in derepressed cells as compared with repressed cells (data
not shown). The dissociation constant remained unchanged.
(iv) Molecular weight determination and biosynthetic origin
of the mitochondrial cAMP receptor. The molecular weight of
the cAMP receptor was determined by the photoaffinity
IN
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labeling method described previously (27) with radioactive
8-N3-cAMP as a ligand. Unspecific binding was reduced by
the addition of 5 mM 5'AMP to the assay. One faint band of
a photolabeled polypeptide exhibiting an apparent molecular
weight of 45,000 was detected after analysis in sodium
dodecyl sulfate-polyacrylamide gels (Fig. 5). This band was
observed neither when the assay was performed in the dark
(data not shown) nor when a 100-fold molar excess of
unlabeled cAMP was added (Fig. 5, lane 3). The labeled
smear seen at the top of the running gel (Fig. 5, lane 2),
which disappeared in the presence of an excess of unlabeled
cAMP (lane 3), may result from high-molecular-weight aggregates due to incomplete reduction or solubilization (or
both) of the membraneous protein sample before electrophoresis.
No other labeled polypeptide was found, which again
indicates that the mitochondrial preparation was essentially
free of contamination by cytoplasm and plasma membranes.
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Thus it is likely that the observed cAMP-binding activity in
mitochondria is primarily, or even exclusively, mediated by
a single protein. This is in line with the constant slopes in the
Scatchard plots.
To determine the site of synthesis of the receptor protein,
we analyzed coretention of [3H]cAMP and of mitochondrial
proteins labeled with I'S in the presence of either chloramphenicol or cycloheximide. Coretention of 3H and 3IS labels
is only to be expected if the labeling conditions allow the
synthesis of the receptor; e.g., in case of a mitochondrially
synthesized receptor, coretention is only expected after
labeling in the presence of cycloheximide, but not of chloramphenicol. A concomitant increase of 35S protein label and
[3H]cAMP label on cellulose ester filters was only observed
when chloramphenicol had been present during the in vivo
labeling (Table 2). Thus cAMP enhanced only the retention
of cytoplasmically, but not of mitochondrially, synthesized
proteins on the filters. We therefore conclude that the cAMP
receptor protein is synthesized on cytoplasmic ribosomes.
DISCUSSION
In this paper, we have described the identification of a
cAMP receptor protein in yeast mitochondria. We have
shown its intra-mitochondrial localization by comparing
marker enzyme activities: whereas specific activities of
plasma membrane enzyme are reduced in fractions containing inner mitochondrial membranes, those of mitochondrial
markers are enriched, as is the one of cAMP binding. The
observation that the enrichment and yield of cAMP-binding
activity are less than those of other mitochondrial marker
enzymes is explained by the extreme lability (i.e., loss of
activity) of this protein during the fractionation procedure
(e.g., mild sonication).
Unambiguous evidence for the intra-mitochondrial localization was obtained after subfractionation of mitochondria.
cAMP binding clearly coincides with marker enzymes of the
inner mitochondrial membrane banding at 46% Urographin,
as compared with 53% Urographin at the position of plasma
membranes. No enzymatic activity characteristic for plasma
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FIG. 5. Photoaffinity labeling of mitochondrial proteins with
8-N3-43H]cAMP. A 100-,ug sample of purified mitochondrial protein
was photolabeled with 8-N3-[3H]cAMP in the presence of 5 mM
AMP (lane 2) or 5 mM cAMP (lane 3) and analyzed by sodium
dodecyl sulfate-gel electrophoresis as described in the text. Mitochondrial proteins labeled with [35S]SO4 in the presence of cycloheximide were run in a parallel slot (lane 1). Molecular weights were
estimated by use of the following protein standards: (a) cytochrome
c (13,500), (b) horse myoglobin (17,800), (c) chymotrypsinogen A
(24,500), (d) carbonic anhydrase (29,000), (e) ovalbumin (45,000), (f)
bovine serum albumin (67,000).
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TABLE 2. Biosynthetic orgin of the cAMP-binding proteina
cpm

Sample

35

cAMP
H
lblg3

e

CAPb
CAPb
CAPb
CHX
CHX

f

CHX

a

b
c

d

[3bound
[3H]cAMP

S

+

-

+
-

144
0
188
0
181 357
143
0
151
0
153 365

% Enhancement
cAMPprotein
of "Sbylabeled

retained

28.5

6.3
+
a The procedure is based on the increase of retention of cycloheximide or
chloroamphenicol resistant label by cellulose ester filters in the presence of
cAMP. Cells were labeled either in the presence of chloramphenicol (CAP) or
cycloheximide (CHX) with [35S] sulfate. Mitochondria were lysed with 1%
Tween 80, and 50 p.g of protein was either directly filtered through cellulose
ester filters (samples a, and d; absence of cAMP, background control) or after
incubation with unlabeled cAMP (samples b and e) or 3H-labeled cAMP
(samples c and f). The numbers given represent mean values of three
independent experiments.
b Mitochondria labeled in the presence of chloramphenicol were diluted
with unlabeled mitochondria to obtain the same specific radioactivity (140
cpm/50 ,ug of mitochondrial protein) as those labeled in the presence of
cycloheximide.
+

membranes can be detected in the fraction containing inner
membranes, again confirming that contamination by plasma
membranes can virtually be excluded. In line with this
conclusion are the results of Scatchard plot analysis and of
photoaffinity labeling with [3H]azido cAMP, both of which
reveal the presence of only one cAMP-binding component.
Limited digestion with trypsin of shocked mitochondria
(having disrupted outer membranes) is strongly indicative
for a localization of the cAMP receptor outside the inner
mitochondrial membrane.
Taken together, these results suggest that at least a part of
the effects exerted by cAMP on mitochondrial functions may
be mediated by the organelle itself. No information about the
function of this cAMP receptor is available at the moment.
The localization on the outer surface of the inner membrane
presumably excludes a mode of action analogous to the
cAMP-CAP system in Escherichia coli, i.e., a direct influence on gene expression via regulation of transcription. In
line with this conclusion is the observation that cAMP does
not significantly stimulate mitochondrial RNA synthesis,
either in vivo or in organello or in vitro with a partially
purified RNA polymerase (20) (W. Bandlow and R. Schuh,
unpublished data). Preliminary results hint at the existence
of a cAMP-dependent protein kinase in yeast mitochondria
(G. Muller, unpublished), but no data are yet available which
prove the identity of the mitochondrial cAMP receptor with
the regulatory subunit of a protein kinase.
ACKNOWLEDGMENTS
We thank U. Baumann and G. Strobel for excellent technical
assistance; J. Kreike and T. Pillar for valuable criticisms of the
manuscript; A. Haid and G. Schatz, The Biocenter Basel, for supporting us with antisera; W. Gutensohn, The Institute for Anthropology, Munich, for performing the 5'-nucleotidase assays; and I.
Nerkorn for typing the manuscript.
This work was supported by the Deutsche Forschungsgemeinschaft within project Ba 415/16-4.
LITERATURE CITED
1. Bandlow, W. 1972. Membrane separation and biogenesis of the
outer membrane of yeast mitochondria. Biochim. Biophys. Acta
282:105-122.

12

RODEL, MULLER, AND BANDLOW

2. Bandlow, W., and P. Bauer. 1975. Separation and some properties of the inner and outer membranes of yeast mitochondria.
Methods Cell Biol. 12:311-333.
3. Bergmeyer, H. U. 1970. Methoden der Enzymatischen Analyse.
Verlag Chemie, Weinheim/Bergstr.
4. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labelled proteins and nucleic acids in polyacrylamide gels. Eur. J. Biochem. 46:83-88.
5. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein dye binding. Anal. Biochem. 72:248-254.
6. Chandrasekaran, K., and J. Jayaraman. 1978. Effect of cyclic
AMP on the biogenesis of cytochrome oxidase in yeast. FEBS
Lett. 87:52-54.
7. Daum, G., P. C. Bohni, and G. Schatz. 1982. Import of proteins
into mitochondria. Cytochrome b2 and cytochrome c peroxidase
are located in the intermembrane space of yeast mitochondria.
J. Biol. Chem. 257:13028-13033.
8. Djavadi-Ohaniance, L., Y. Rudin, and G. Schatz. 1978. Identification of enzymatically inactive apocytochrome c peroxidase
in anaerobically grown Saccharomyces cerevisiae. J. Biol.
Chem. 253:4402-4407.
9. Douglas, M., and R. A. Butow. 1976. Variant forms of mitochondrial translation products in yeast: evidence for location of
determinants on mitochondrial DNA. Proc. Natl. Acad. Sci.
U.S.A. 73:1083-1086.
10. Fang, M., and R. A. Butow. 1970. Nucleotide reversal of
mitochondrial repression in Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 41:1579-1583.
11. Gasser, S., and G. Schatz. 1983. Import of proteins into mitochondria. In vivo studies on the biogenesis of the outer membrane. J. Biol. Chem. 258:3427-3430.
12. Greengard, P. 1978. Phosphorylated proteins as physiological
effectors. Science 199:146-152.
13. Heil, A., and W. Zillig. 1970. Reconstitution of bacterial DNAdependent RNA-polymerase from isolated subunits as a tool for
the elucidation of the role of the subunits in transcription. FEBS
Lett. 11:165-168.
14. Henriksson, T., and B. Jergil. 1979. Protein kinase activity and
endogenous phosphorylation in subfractions of rat liver mitochondria. Biochim. Biophys. Acta 588:386-391.
15. Hixson, C. S., and E. G. Krebs. 1980. Characterization of a
cyclic AMP-binding protein from baker's yeast. J. Biol. Chem.
255:2137-2145.
16. Jaynes, P. K., J. P. McDonough, and H. R. Mahler. 1980.
Identification of cAMP binding proteins associated with the
plasma membrane of the yeast Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 94:16-22.
17. Kitagawa, Y., and E. Racker. 1982. Purification and chracterization of two protein kinases from bovine heart mitochondrial
membrane. J. Biol. Chem. 257:4547-4551.
18. Kudlicki, W., N. Grankowski, and E. Gasior. 1978. Isolation and
properties of two protein kinases from yeast, which phosphorylate casein and some ribosomal proteins. Eur. J. l3iochem.
84:493-498.
19. Lang, B., G. Burger, and W. Bandlow. 1974. Activity of reduced
ubiquinone:cytochrome c oxidoreductase with various ubiquinolisoprenologues as substrate and corresponding effect of
antimycin in yeast. Biochem. Biophys. Acta 368:71-85.
20. Levens, D., A. Lustig, and M. Rabinowitz. 1981. Purification of
mitochondrial RNA polymerase from Saccharomyces cerevisiae. J. Biol. Chem. 256:1474-1481.

J. BACTERIOL.
21. Linn, R. C., F. H. Pettit, and L. J. Reed. 1969. a-Keto acid
dehydrogenase complexes. X. Regulation of the activity of the
pyruvate dehydrogenase complex from beef kidney mitochondria by phosphorylation and dephosphorylation. Proc. Natl.
Acad. Sci. U.S.A. 62:234-241.
22. Locker, J., R. Morimoto, R. M. Synenki, and M. Rabinowitz.
1980. Analysis of mitochondrial RNA in Saccharomyces cerevisiae. Curr. Genet. 1:163-172.
23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.
24. Mahler, H. R., P. K. Jaynes, J. P. McDonough, and D. R.
Hanson. 1981. Catabolite repression in yeast: mediation by
cAMP. Curr. Top. Cell. Regulat. 18:455-474.
25. Mahler, H. R., and C. C. Lin. 1978. Exogenous adenosine
3':5'-monophosphate can release yeast from catabolite repression. Biochem. Biophys. Res. Commun. 83:1039-1047.
26. Pall, M. L. 1981. Adenosine 3',5'-phosphate in fungi. Microbiol.
Rev. 45:462-480.
27. Pomerantz, A. H., S. A. Rudolph, B. E. Haley, and P. Greengard. 1975. Photoaffinity labeling of a protein kinase from
bovine brain with 8-azidoadenosine 3',5'-monophosphate. Biochemistry 14:3858-3862.
28. Racker, E. 1950. Spectrophotometric measurements of the
enzymatic formation of fumaric and cis-aconitic acids. Biochim.
Biophys. Acta 4:211-214.
29. Rigobello, M. P., G. Carignani, and L. A. Pinna. 1978. Isolation
and characterization of a membrane-bound protein kinase from
mitochondria of Saccharomyces cerevisiae. Biochem. Biophys.
Res. Commun. 85:1400-1406.
30. Rigobello, M. P., Carignani, G., and Pinna, L. A. 1980. Properties and localization of a cAMP-independent protein kinase from
yeast mitochondria. FEBS Lett. 121:225-229.
31. Riquelme, P. Z., M. M. Hosey, F. Marcus, and R. G. Kemp.
1978. Phosphorylation of phosphofructo kinase by the catalytic
subunit of cyclic AMP-dependent protein kinase. Biochem.
Biophys. Res. Commun. 85:1480-1487.
32. Salomon, Y., C. Londos, and M. Rodbell. 1974. A highly
sensitive adenylate cyclase assay. Anal. Biochem. 58:541-548.
33. Sottocasa, G. L., B. Kuylenstierna, L. Ernster, and A. Bergstrand. 1967. Separation and some enzymatic properties of the
inner and outer membranes of rat liver mitochondria. Methods
Enzymol. 10:448-463.
34. Suissa, M. 1983. Spectrophotometric quantitation of silver grains
eluted from autoradiograms. Anal. Biochem. 133:511-514.
35. Takai, Y., H. Yamamura, and Y. Nishizuka. 1974. Adenosine
3':5'-monophosphate-dependent protein kinase from yeast. J.
Biol. Chem. 249:530-535.
36. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
U.S.A. 76:4350-4354.
37. Van der Plaat, J. B., and P. van Solingen. 1979. Cyclic 3':5'adenosine monophosphate stimulates trehalose degradation in
baker's yeast. Biochem. Biophys. Res. Commun. 56:580-587.
38. Walsh, D. A., J. P. Perkins, and E. G. Krebs. 1968. An
adenosine 3',5'-monophosphate-dependent protein kinase from
rabbit skeletal muscle. J. Biol. Chem. 243:3763-3765.
39. Walton, G. M., and L. D. Garren. 1970. An assay for adenosine
3',5'-cyclic monophosphate based on the association of the
nucleotide with a partially purified binding protein. Biochemistry 9:4223-4229.

