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cAMP-Dependent Protein Kinase Activity in Yeast Mitochondria 
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drial Location 

Two different cAMP-binding proteins have been identified in yeast mitochondria by photo-
affinity labelling and based on the occurrence of cAMP-binding activity in two different sub-mito-
chondrial fractions. One protein ( M r 45-46000) is tightly bound to the inner mitochondrial 
membrane whereas the other (Mr 42000) is found in the soluble intermembrane space. With 
endogenous substrate cAMP-dependent protein kinase activity could not be demonstrated with 
sufficient clarity. However, using acidic heterologous substrates, like casein and phosvitin, one 
cAMP-dependent protein kinase was identified in the intermembrane space. Only low phosphate 
incorporation was found using histone fractions as substrate. cAMP-dependent modification of 
proteins appears to be very shortlived in mitochondria. Its physiological significance remains 
unknown, since neither mitochondrial transcription, translation, respiration nor import of cyto-
plasmically synthesized precursors into mitochondria appear to be influenced by exogenous 
c A M P either in vivo or in vitro. It is shown that c A M P is not actively transported into the inner 
mitochondrial compartment but rather binds to a receptor(s) localized outside the permeability 
barrier provided by the inner membrane. 

I n t r o d u c t i o n 

Based on the existence of Mg : + -dependent , 
guanine nucleotide sensitive adenylate cyclase [1] , 
phosphodiesterase [2] , cAMP-binding protein [3—5] 
and cAMP-dependent protein kinase activity [6] in 
yeast, it has been postulated that in this ascomycete, 
like in mammalian tissues, c A M P exerts its physio­
logical effects through the activation of a cAMP-de-
pendent kinase. In turn , this enzyme controls the 
activity of several proteins by phosphorylation/de-
phosphorylation. Apart from the well documented 
involvement in the control of storage carbohydrate 
metabolism [7, 8] and of the cell division cycle 
[ 9 - 1 1 ] , a possible role of c A M P was also discussed 
in relation to carbon catabolite repression [12—17]. 
Namely it was reported that c A M P , added to glu­
cose-grown yeast cells, effects a partial release from 
carbon catabolite repression of several mitochondrial 
functions, e.g. o f porphobilinogen synthetase activi­
ty [18], of the synthesis of mitochondrially encoded 
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subunits of cytochrome oxidase [19] and of mito­
chondrial respiration [20]. But the validity of this 
approach is uncertain, since it has been observed that 
catabolite repression in yeast is not associated with 
low levels of c A M P [14, 15, 21]. Consequently a role 
in the adaptation of mitochondrial function to the 
carbon source supply in the growth medium could not 
be assigned to c A M P . On the other hand, recent 
findings unequivocally prove that c A M P plays some 
part in the biogenesis and/or function of mito­
chondria. Ras proteins - the yeast analogs to the p21 
products of mammalian ras protooncogene products 
[22] — were shown to control adenylate cyclase activ­
ity in yeast in vivo [23, 24] and after cloning in E. coli 
[25]. Destroying R A S 2 gene function in yeast by dis­
ruption of the respective structural gene (one of the 
two R A S loci found in yeast), leads to an extremely 
low level of c A M P . A m o n g other pleiotropic effects 
(concerning utilization of storage carbohydrates, 
mitosis and sporulation) these mutants exhibit a re­
spiratory deficient phenotype [23, 26]. In addition, it 
was found that yeast R A S 2 v a l | y mutants, altered at a 
position analogous to the transforming viral or cellu­
lar ras v a 1 1 2 oncogene product of mammalian cells, 
synthesize increased levels of c A M P and show exact­
ly the opposite phenotype as ras2 disruptions [24, 
27]. These cells have giant mitochondria and exhibit 
enhanced mitochondrial respiration (J. Mat toon , un­
published results). These latter findings suggest that 
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c A M P plays an important role in the biogenesis of 
mitochondria — although possibly not in the media­
tion of their response to glucose repression. But as 
yet it is completely unknown whether this control is 
exerted solely by the soluble cytoplasmic c A M P -
dependent protein kinase or i f mitochondria them­
selves possess a certain autonomy in this respect. A n 
indication of the latter possibility was recently pro­
vided by the documentation of a cAMP-binding pro­
tein inside yeast mitochondria [28, 29]. Here we pre­
sent some evidence that c A M P binds to two different 
mitochondrial cAMP-bind ing proteins. One ( M r 

45—46000) is t ightly bound to the inner membrane 
and the other ( M r 42000) is a soluble protein of the 
intermembrane space. We report that both endogen­
ous and exogenous (acidic) substrates are phos-
phorylated in a cAMP-dependent manner, indicating 
that at least one cAMP-dependent protein kinase re­
sides in the soluble intermembrane space as well . A 
physiological role could not yet be assigned to this 
kinase activity as mitochondrial respiration, tran­
scription, translation or import into mitochondria of 
precursors for mitochondrial proteins synthesized on 
cytoplasmic ribosomes are not significantly influ­
enced by c A M P either in vivo or in isolated 
mitochondria. 

M a t e r i a l s a n d M e t h o d s 

Growth of strains and preparation of mitochondria 
and mitochondrial subfractions 

Cells of strains D 273-10 Β ( A T C C 25657) or D H 1 
opi were grown on lactate ( 2 % ) , glycerol ( 2 % ) , glu­
cose (6%) or galactose (1 .8%) as indicated, har­
vested and converted to spheroplasts using Zymo-
lyase 100000 (Miles, Frankfurt) and lysed osmotical-
ly [30]. Alternatively, cells were broken by careful 
shaking wi th glass beads by hand [31]. Mitochondria , 
isolated by differential centrifugation (3000 x g , 
10 min , to 9 7 5 0 x g , 15 min ) , were further purified 
by centrifugation on isokinetic Urographin gradients 
(Schering A G , Ber l in) prepared by two rounds of 
freezing and thawing of 40% Urographin in 20 ITIM 
NaPj, 0.5 mM E D T A , 0.5 miw d i th iothrei tol , 0.5 mM 
phenylmethylsulfonyl fluoride, p H 7.0. The fraction 
containing intact mitochondria (banding at 42% 
Urographin) was sedimented after twofold di lut ion 
( 2 5 0 0 0 x g , 20 min) . Subfractionation into inter­
membrane space, matrix and inner and outer mem­

branes was achieved in the same way as described 
[281. 

Enzyme assays, photoaffinity labelling and protein 
determination 

The assays of specific subcellular and sub­
mitochondrial markers followed published proce­
dures [28]. cAMP-bind ing was alternatively meas­
ured by a filter binding assay [32] or by equi l ibr ium 
dialysis [28]. 

Protein kinase activity was measured as follows: 
100 ^ig of dialyzed protein of each fraction was incu­
bated in 100 μΐ (final volume) of buffer (20 mM Tr is , 
5 mM M g C l 2 , 10 mM d i thiothrei tol , 50 μΜ E D T A , 
50 μΜ phenylmethylsulfonyl fluoride, p H 6.8) at 
30 °C either in the presence or absence of 2 μΜ 
c A M P . Protein kinase activity wi th exogenous sub­
strates was assayed with 50 μg mitochondrial protein 
plus 50 μg of partly dephosphorylated casein, Phos­
v i t in , or of bovine serum albumin or histone (Type V 
and Type V I I I , Sigma). In partial reconstitution ex­
periments the incubation mixture contained 50 μg 
protein, each of the intermembrane space and of 
inner membranes. The phosphorylation reaction was 
started by the addition of 5 μ Ο γ - [ 3 2 Ρ ] Α Τ Ρ in a vol­
ume of 5 μΐ (3.35 Ci /mmol , final concentration 
15.2 μΜ) and terminated after 30 min or at times in­
dicated by the addition of 10 μΐ of 50% trichloro­
acetic acid, 5% sodium dodecylsulfate. 100 mM 
A T P . 

10 μΐ of each assay were spotted on filters in t r i p l i ­
cate, washed for 16 h with several changes of 5% 
trichloroacetic acid (containing, in addit ion, 2 m M 
sodium pyrophosphate, 2 mM adenine sulfate), 
which removed acid-labile phosphate adducts, and 
two times wi th ethanol. Dry filters were counted in 
2 ml toluene-based scintillation cocktail. 

Cellular respiration was measured [33] in a gas-
tight thermostated vessel (2.5 ml) equipped wi th a 
Clarke-type Polarographie electrode at 25 °C, 0 2 

saturation 0.253 μηιοΐ/ml. 
Photoaffinity labelling experiments were per­

formed essentially as described [34]. 100 μg of 
mitochondrial protein were incubated in a final vo l ­
ume of 100 μΐ of a buffer containing 50 ΠΤΜ MOPS, 
50 mM NaCl , 10 mM M g C l 2 , 0.1 mM 5 ' - A M P , 50 μΜ 
E D T A , 1 mM isobutylmethyl xanthin, 0.5 mM 
di thiothrei tol , 0.5 mM phenylmethylsulfonyl fluo­
ride, p H 7.2, and 0.5 μ Ο 8 - N 3 [ 3 2 P ] c A M P (50 Ci / 
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mmol) in the absence or presence of 100 μΜ unlabel­
ed c A M P as a competitor (for demonstration of 
specificity of the binding) in the dark for 15 min at 
0 °C. Then the sample was exposed to U V light i l l u ­
mination (Hanau N N 15/44 V ) at a distance of ap­
proximately 5 cm for 4 min at 0 °C. The reaction was 
terminated by adding 50 μΐ 3 x SDS sample buffer, 
followed by heating to 95 °C for 2 min , before sam­
ples were subjected to SDS Polyacrylamide gel 
electrophoresis. 

Protein was determined both by the methods of 
Bradford [35] and Hei l and Z i l l i g [36]. 

In vivo mitochondrial transcription and translation 

For measuring mitochondrial macromolecular 
syntheses in vivo, cells were grown over night in 
synthetic medium in the presence of 0.1 ^iCi/ml of 
either [ l 4C]isoleucine or [ 1 4C]adenine as a prelabel. 
After the application of a chase each culture (titer 
2—4x 107 cells/ml) was divided into two portions for 
pulse labelling. One of these received 2 mM N ( 1 -
monobutyryl c A M P . A single-labeled sample was 
kept for the determination of the spill-over. 4 ml ali-
quots were pulsed for 15 min after 1 h of incubation 
with the c A M P derivative. 

For labelling mitochondrially made proteins the 
cells received 100 μg/ml cycloheximide and, 90 sec 
later, 50 μΟί [ 3 H]leucine. To compensate for possi­
ble cAMP-induced changes in the size of the cellular 
leucine pool , the label was diluted to a specific 
radioactivity of 80 mCi/mmol (160 μΜ, which was de­
termined to correspond to about 90% pool satura­
tion for leucine in yeast (W. Bandlow, unpublished 
data). The incorporation was terminated after 
15 min by a 10 min chase. Labeled cells were bro­
ken by vortexing wi th glass beads in an Eppendorf 
cup. debris were removed by low speed centrifuga­
tion and mitochondria sedimented and purified by 
centrifugation through a 0.4 ml cushion of 40% 
Urographin for 20 min in an Eppendorf centrifuge. 
The supernatant was removed by suction, the peilet 
dissolved in buffer containing 2% sodium dodecyl-
sulfate and the suspension spotted on glass fiber f i l ­
ters, previously soaked wi th 5% trichloroacetic acid, 
5 mM in each, leucine and isoleucine. The filters 
were washed three times wi th the same solution, 
once w i t h ethanol and once with ethanol/ether (1:1). 
Dry filters were counted as above. 3H-counts incor­
porated during the pulse were normalized to 1000 
14C-co>unts of the prelabel. 

For measuring mitochondrial transcription 4 ml of 
a similar cell culture, pre-labeled wi th [ l 4 C]adenine, 
received 50 μΟί [ 1 H]urac i l , diluted to a specific 
radioactivity of 140 mCi/mmol (90 μΜ), for the same 
reasons mentioned before for leucine (W. Bandlow, 
unpublished results). The incorporation was chased, 
cells broken and mitochondria prepared as described 
above. The pellet containing purified mitochondria 
was resuspended in 0.15 ml 10 mM Tris , 1 mM 
E D T A , p H 7.0, and lysed at 60 °C by the addition of 
0.2% sodiumdodecylsulfate (final concentration). 
A n equal volume of phenol ( p H 7.0) was immediate­
ly added for deproteination, followed by 0.15 ml of 
chloroform. The extraction was repeated two times. 
Nucleic acids were then precipitated from the aque­
ous phase by 2.5 vol ethanol and dissolved in 10 m M 
Tris , 1 mM E D T A , p H 7.0. Unlabelled mitochon­
drial D N A was prepared separately, purified by NaJ 
gradient centrifugation, denatured, and 8 μg of the 
D N A bound to nitrocellulose paper discs. After dry­
ing and baking at 80 °C under reduced pressure for 
2 h the discs were prehybridized in 0.1 ml of 0.9 Μ 
NaCI , 0.09 M sodium citrate ( 6 x S S C ) , 1 x Den-
hardt's solution, 0 . 1 % sodium dodecylsulfate, 50%' 
deionized formamide and 100 μg/ml of sonified, de-
proteinized and denatured herring sperm D N A at 
35 °C for 4—6 h and then hybridized wi th the label­
ed R N A over night under the same conditions. A f t ­
er washing (two times 2 x SSC, 60 °C, vortexing for 
1 min , once in 0.1 x SSC at room temperature, once 
wi th ethanol) dry filters were counted and evaluated 
as described above. A blank filter was used for back­
ground determination. 

Transcription and translation 
in isolated mitochondria 

For measuring macromolecular syntheses in iso­
lated mitochondria, spheroplasts were prepared as 
described above and granted a recovery phase of 
60 min in complete medium stabilized wi th 1 Μ sor­
bitol [30]. Spheroplasts were lysed by osmotic shock 
and mitochondria purified by differential centrifuga­
t ion. 

Measurement of mitochondrial protein synthesis 
in organello employed an endogenous ATP-re-
generating system, similar to the one described by 
Grivel l [37], which additionally contained 150 μΜ 
GTP. Labell ing was performed wi th 50 μ Ο 
[ 3 H]leucine in a final volume of 0.1 ml wi th 160 μg 
mitochondrial protein in the presence or absence of 



1294 G . Müller and W. Bandlow · cAMP-Dependent Protein Kinase Activity in Yeast Mitochondria 

25 μΜ c A M P . It was terminated after 20 min by a 
chase of 10 min . (The reaction is insensitive to cyclo-
heximide, sensitive to uncoupler, oligomycin, and 
chloroamphenicol and is linear for at least 30 min 
[33].) Mitochondria were spotted on glass fiber f i l ­
ters, washed and counted. 

The same mitochondria as above were used for 
measuring mitochondrial transcription. The incuba­
tion conditions described previously [29] were used 
and transcripts labeled by the addition of 1 μ€\ 
[ 3 H ] U T P in the presence or absence of 25 μΜ c A M P . 
Both , run-off transcription in intact mitochondria 
and poly(dA-dT)-di rec ted R N A synthesis in mito­
chondrial lysates were assayed. I n the first case the 
medium contained 0.6 Μ mannitol , in the latter 1 % 
Nonidet P40 and 0.1 ng p o l y ( d A - d T ) . The incorpo­
ration was terminated after 10 min (for which the 
reaction is linear with time) by the addition of a 
chase for 10 min . Mitochondrial suspensions were 
spotted onto glass fiber filters, washed and counted 
as above, except that the 5% trichloroacetic acid 
contained 2 mM sodium pyrophosphate and 2 mM 
uridine. The reaction is insensitive to 100 μg/ml 
α -amani t in , but completely inhibited by 25 μg/ml 
actinomycin D or 15 μg/ml acriflavin. 

A crude preparation of mitochondrial R N A poly­
merase was obtained from mitochondria lysed in 1% 
Nonidet Ρ 4 0 after successive chromatography on 
Sephacryl S300 and heparin Sepharose as described 
[29, 38]. Transcription was measured in the presence 
or absence of 25 μΜ c A M P with 0.1 μg of poly-
( d A - d T ) as a template as described above for mito­
chondrial lysates. 

Import of precursor protein into mitochondria 
in vivo and in vitro 

For measuring import of precursor protein into 
mitochondria in vivo and in vitro, cells were grown in 
either 12% glucose or 2% lactate as the carbon 
source. A t a titer of 3 x 107 cells/ml cells were con­
verted to spheroplasts. After a recovery phase of 1 h 
in the same medium containing 1 Μ sorbitol [30], 
spheroplasts were re-collected by centrifugation, 
washed and resuspended in synthetic medium con­
taining 1 Μ sorbitol. Impor t was then impaired by 
destroying the membrane potential by 200 μΜ car-
bamyl cyanide m-chlorophenyl hydrazone, thus al­
lowing the accumulation of mitochondrial precursor 
proteins in the cytoplasm [39]. Af ter a preincubation 

period of 10 min the total products of cytoplasmic 
protein synthesis were labeled after the addition of 
2 μ(Γί [ 3 > S]methionine. The labelling was terminated 
after 10 min by a chase together with the addition of 
50 mM ß -mercap toe thano l to restore energy coupling 
and initiate import into mitochondria [40]. The cul­
ture was immediately divided into two portions, one 
of which received 5 mM c A M P . Spheroplasts were 
harvested after 30 min , washed, broken by osmotic 
shock, mitochondria prepared and freed from label­
ed material adhering to the outer surface by incuba­
tion with 20 μg/ml trypsin at 0 °C [40]. This digestion 
was terminated after 15 min by the addition of 50 μg/ 
ml of soybean trypsin inhibitor and 2 mM tosyl lysyl 
chloromethyl ketone. 100 μg of twice washed and re-
sedimented mitochondria were either dissolved in 
0.5 ml Soluene (Packard Instruments, Frankfurt) 
and counted in 2 ml scintillation f luid, or immuno-
precipitated wi th a mixture of sera (directed against 
cytochrome c, cytochrome Cj , subunits α and β of F r 

ATPase, cytochrome c peroxidase, the cytoplasmi-
cally made subunits I V — V I I I of cytochrome oxidase 
and citrate synthase), washed and counted. 

For assaying in vitro import of precursor protein 
into mitochondria, 5 μg of total yeast poly A * R N A 
[41] was translated in 100 μΐ of nuclease-treated 
rabbit reticulocyte lysate [42], supplemented wi th 
100 μ Ο [ : °S]meth ion ine . After 60 min synthesis at 
37 °C, 25 μΐ of the post-ribosomal supernatant 
(100000 x g , 10 min , Beckman Airfuge) were freed 
from unincorporated label by a passage over a 
Sephadex G50 column. 3 x 107 cpm equivalent of 
labeled precursors were incubated with 50 μg of 
freshly prepared mitochondria for 60 min at 25 °C in 
the presence of 0.6 Μ sorbitol with or without 20 μΜ 
c A M P . After re-isolation mitochondria were treated 
with trypsin (120 μ^πι ΐ , 0 °C, 30 min) . 1.2 mg/ml of 
soybean trypsin inhibitor and 2 mM tosyl lysyl 
chloromethyl ketone terminated the digestion. Then 
the re-isolated and washed (three times) mitochon­
dria were either spotted on filters, washed and di­
rectly counted or immunoprecipitated wi th a mixture 
of antisera as above, washed and counted. 

Exchange of cAMP by isolated mitochondria 

Forward exchange rates by isolated mitochondria 
of labeled c A M P and other nucleotides was deter­
mined by the silicon oil layer centrifugal filtration 
technique essentially as described by Klingenberg 
and Pfaff [43]. Mitochondria were prepared from 
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spheroplasts [30] of strain D 2 7 3 - 1 0 Β grown on 2% 
lactate or D H 1 opi grown on 1.8% galactose. 
Mitochondria were washed twice with 0.6 Μ man-
ni to l , 25 mM Tris-maleate, p H 6.5, 1 mM E D T A , 
0 . 1 % bovine serum albumin and resuspended at 
2.0 mg protein per ml in storage buffer containing 
0.35 Μ mannitol , 25 mM Tris-maleate, p H 6.5, 
0.2 mM E G T A , 1 mM M g C l 2 , 0 . 1 % bovine serum 
albumin. In a siliconized 3.5 ml pyrex tube (DuPont-
Sorvall) the following components were successively 
layered on top of each other: 0.35 ml CsCl (ρ = 
1.10 g/ml) , 0.6 ml silicon oil ρ = 1.078 g/ml (AR200 
Wacker Chemie, Burghausen), 0.1—2.1 ml incuba­
tion layer, containing in storage buffer additionally 
18 mg/ml dextrane T40 and 0.1 μ α / m l [ 1 4C]-labeled 
compound (either A T P , A D P , c A M P , sucrose or 
polyethylene glycol 60000, 500 μΜ final concentra­
t ion , each). 0.2 ml separation layer, containing in 
storage buffer additionally 12 mg/ml dextrane T40 , 
0.2 ml mitochondrial suspension (0.4 mg protein) in 
storage buffer and 2.0—0 ml of a balancing layer con­
taining 0.1 Μ mannitol , 25 mM Tris-maleate, 0.2 mM 
E G T A , p H 6.5. Atractylate (100 μΜ), bongkrecic 
acid (20 μΜ) or carbonyl cyanide m-chlorophenyl 
hydrazone (15 μΜ) were used in the control experi­
ments. The tubes were then placed in nitrocellulose 
tubes f i l led with 1 M sucrose solution for stabilization 
and centrifuged in a SW27 rotor unti l a velocity of 
16000 rpm was reached. The CsCl layer was re­
moved and counted. Different incubation periods 
were achieved by the variation of the volume of the 
incubation layer from 0 .1 -2 .1 ml . Sedimentation 
velocities were calculated according to [44] and cor­
rections for adhering medium were applied by sub­
tracting the cpm-values measured after incubation 
wi th polyethylene glycol [45], which does not pene­
trate mitochondrial membranes. Uptake of sucrose 
measured the freely permeable intermembrane 
space. 

Back exchange of adenine nucleotides was meas­
ured w i t h mitochondria pre-loaded with the respec­
tive [ 3 H]-labeIed carrier-free compound at 4 °C as 
described [46]. After sedimentation and two brief 
washings in an Eppendorf microcentrifuge (2 min , 
4 °C) , mitochondria (0.4 mg protein) were incubated 
in 1 m i storage buffer as above, containing 15 mM of 
unlabeled nucleotide, for 6 min at room tempera­
ture. Then mitochondria were sedimented and 
supernatant and mitochondrial pellet collected sepa­
rately fo r counting. 

Inside-out mitochondrial particles were obtained 
by sonication of mitochondria (about 10 mg/ml pro­
tein) in 250 mM sucrose, 10 mM Tris acetate, 1 mM 
E G T A , 1 mM M g C l 2 , p H 7.2, 10 pulses of 5 sec each 
cooled by an ice-salt mixture. After removal of a low 
speed pellet (10 min , 12000 xg) sonic particles were 
sedimented by centrifugation for 90 min at 
145000 x g and resuspended in storage buffer at 2 mg 
protein/ml. 

R e s u l t s 

cAMP-binding to mitochondrial proteins 

Mitochondria , prepared from yeast cells either aft­
er enzymatic digestion of the cell walls and osmotic 
shock of the spheroplasts [30], or after carefully 
shaking wi th glass beads by hand to a fraction of 
60—70% disrupted cells [31], were further purified 
by centrifugation on isokinetic urographin gradients 
[28]. Whole mitochondria wi th their outer and inner 
membranes intact were isolated, washed and sub­
jected to mitochondrial subfractionation using porin, 
cytochrome b2, cytochrome q and aconitase as 
specific markers for outer membranes, intermem­
brane space, inner membranes and soluble matrix, 
respectively [28]. 

cAMP-binding in the subfractions was measured 
as shown in Tables I and I I . Significant cAMP-b ind-
ing is associated wi th whole mitochondria, the 
specific binding exceeding that of the total cellular 
homogenate. The bulk of the binding activity sedi­
ments wi th mitochondrial membrane particles after 
hypotonic disruption of mitochondria, and only a 
minor, but significant port ion is consistently found in 
the soluble supernatant in the absence of detergents. 
Zwittergent 14 (or Mega 10 or C H A P S , not shown) 
solubilize more than 95% of the cAMP-binding activ­
ity from the particulate fraction (Table I ) . 

Af ter fractionation of whole mitochondria into the 
four submitochondrial compartments in the com­
plete absence of detergents, most of the cAMP-bind-
ing resides in the inner membrane (Table I I ) . But 
significant ligand binding of high specific activity is 
coincidently observed, wi th the two binding assays 
applied, in the soluble intermembrane space frac­
t ion . The fact that the sum of binding activities re­
covered in inner membranes and intermembrane 
space is much less than originally present in whole 
mitochondria is caused primarily by the low stability 
of the binding site even under optimal conditions. 
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Table 1. cAMP-binding to yeast cellular subtractions. 
Yeast cells were broken either by osmotic lysis of sphero­
plasts a or by careful shaking with glass beads by hand b and 
homogenate. 100000 x g cytoplasmic supernatant and 
purified mitochondria prepared as detailed in Materials 
and Methods. Whole mitochondria were homogenized by 
20 strokes in a teflon in glass homogenizer in a buffer con­
taining 20 m M N a H 2 P 0 4 , 0.5 m M E D T A , 0.5 m M phenyl­
methylsulfonyl fluoride and separated at 100000 x g into 
soluble supernatant and membranes, respectively, for 
10 min at 4 °C in a Beckman Airfuge. Mitochondrial mem­
branes were solubilized by 5 m M Zwittergent 14 in the same 
buffer as above containing in addition 10 m M MgCK and 
15% glycerol and centrifuged as above. cAMP-binding was 
measured by the filter binding assay or by equilibrium 
dialysis [28, 32]. Each value represents the average from 3 
(filter assay) or 5 (equilibrium dialysis) determinations. E x ­
perimental deviations are in the range of < 10%. 

cAMP-binding 
[pmol/mg protein] 
Filter assay Equilibrium 

dialysis 

Cell homogenate 1.1" 0.93" 

Cytoplasmic supernatant 1.5" 1.26a 

(100000 x g ) 

Whole purified mitochondria 1.6a 1.32a Whole purified mitochondria 
2.0 b 1.25b 

Mitochondrial soluble - 1.05" 
protein - 1.35b 

Mitochondrial - 1.40" 
membranes - 1.30b 

Mitochondrial membranes solubilized 
with Zwittergent 14 - 1.22" 
Non-solubilizable residue - 0" 

Table I I . cAMP-binding in yeast submitochondrial frac­
tions. Mitochondria were prepared from spheroplasts and 
purified by isokinetic Urographin gradient centrifugation. 
(The experiment is different from that shown in Table I . ) 
Mitochondria (54 mg) were subfractionated [28] into outer 
membranes (1.2 mg), intermembrane space (3.0 mg), in­
ner membranes (13.4 mg), and matrix (14.6 mg). Protein 
yield 59%; yield in cAMP-binding activity 33%. c A M P -
binding was measured by equilibrium dialysis using 100 μg 
mitochondrial protein for each assay. Each 
sents the mean from 3 binding assays. 

value repre-

c A M P - binding 
Total Specific 
activity activity 
[pmol] [pmol/mg 

protein] 

Whole purified mitochondria 87.5 1.62 
Outer membranes 0.1 0.06 
Intermembrane space 3.1 1.04 
Inner membranes 22.8 1.70 
Soluble matrix 3.0 0.21 

1 2 3 4 

Fig. I . Photoaffinity labelling of mitochondrial proteins 
with 8 -N 3 [ 3 2 P]cAMP. Mitochondria were subfractionated 
into membranes (lanes 1 and 2) and soluble fraction (lanes 
3 and 4) by homogenization in hypotonic medium and cen­
trifugation at 105000 x g (20 min). 50 îg of the membranes 
and 20 μg of the soluble fraction were incubated with 
0.5 μΟί 8-N, [ 3 2 P]cAMP in the presence (lanes 1 and 3) or 
absence (lanes 2 and 4) of 10 U M unlabeled c A M P . frac­
tionated by Polyacrylamide gel electrophoresis and auto-
radiographed. The markers used were bovine serum albu­
min (67 k D a ) , ovalbumin (45 k D a ) . carbonic anhydrase 
(29 k D a ) . chymotrypsinogen (24.5 k D a ) , myoglobin 
(17.8 kDa) and cytochrome"c (12.5 k D a ) . 

Fig. 1 shows that by photoaffinity labelling wi th 

N , s-azido [ 3 2 P ] c A M P two different binding proteins 

can be detected in yeast mitochondria, both of which 

are distinct from the one present in the cytoplasm. 

The larger cAMP-binding protein (Mr 4 5 - 4 6 kDa) is 

found associated with the inner mitochondrial mem­

brane (lane 2) and is apparently identical wi th that 

previously observed in mitochondria [28]. The smaller 

(MT 42000) is localized in the soluble intermem­

brane space (lane 4). Since the other bands observed 

after photoaffinity-labelling cannot be competed for 

by an excess of unlabeled c A M P , these data provide 

solid evidence that only two different cAMP-bind ing 

proteins occur in yeast mitochondria. 

cAM Ρ-dependent protein kinase activity 

in mitochondria 

To test whether any of these two cAMP-bind ing 

activities is associated with a protein kinase and 

might represent its regulatory subunit, we assayed 

both the intermembrane space and the inner mem­

branes for cAMP-dependent protein kinase activity. 

In the separate fractions (as well as in the matrix and 
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in outer membranes, not shown) no such activity was 
found in the absence of exogenous substrate. How­
ever, when the two neighbouring fractions were incu­
bated together, cAMP-dependent phosphorylation 
was observed — beside cAMP-independent phos­
phate incorporation (Table I I I ) . Providing exogen­
ous substrates, an effect by c A M P was evident also in 
individual subfractions, particularly wi th the inter­
membrane space. Wi th inner membranes a stimula­
t ion by c A M P is not evident. This different capability 
to phosphorylate exogenous substrates by inner 
membranes and intermembrane space could indicate 
that i) the two c A M P receptors present commonly 
regulate one single kinase, localized in the intermem­
brane space, i i) that two different kinases are pres­
ent, one of which is membrane-associated and, being 
specific, does not accept exogenous substrates, 
i i i ) that a very active protein phosphatase masks 
protein phosphorylation in the inner membrane, or, 
iv) that the cAMP-receptor of the inner membrane 
has a function different from a regulatory subunit of 
a protein kinase. Table I I I reveals also that acidic 
substrates are preferentially phosphorylated over 
histone fractions and bovine serum albumin, Phos­
vit in being an even better substrate than casein. 

These properties and substrate preferences clearly 
distinguish the mitochondrial cAMP-dependent pro­
tein kinase from its cytoplasmic counterpart which 
preferentially phosphorylates histone fractions [4]. 

Fig. 2 shows that the time course of phosphate 
incorporation is linear with time under the conditions 
applied for at least 40 min with all fractions used, 
also in the presence of exogenous substrates (casein 
is given as an example). 

Effects of cAMP on mitochondrial macromolecular 
syntheses and protein import 

We were now interested in the role c A M P and the 
cAMP-dependent mitochondrial protein kinase 
might play in cell life. For example, it had been ob­
served that mitochondrial R N A polymerase is a re­
pressive activity [47] and that exogenous c A M P 
stimulates mitochondrial gene expression [19] and 
respiration [20]. As a first approach to answering the 
question whether mitochondria themselves can use 
c A M P as a signal and transmit it to the respiratory 
machinery in one way or another, we screened the 
major processes involved in the biogenesis of 
mitochondria, namely transcription, translation and 
import of cytoplasmically synthesized precursors of 
mitochondrial proteins for an effect of c A M P . 

The results of these experiments are compiled in 
Table I V . I t can be seen that c A M P has little inf lu­
ence on mitochondrial gene expression, or, rather, 
that it acts slightly inhibitory. This is particularly evi­
dent from an experiment using an enriched fraction 
of mitochondrial R N A polymerase (prepared as in 
[29]). These results suggest that c A M P does not 
stimulate the bulk of either mitochondrial transcrip­
t ion or translation. 

Next we examined whether the stimulation of oxy­
gen consumption observed in yeast spheroplasts after 
the administration of c A M P [20] could be caused by 
a cAMP-dependent activation of an import channel 
or processing pathway for mitochondrial proteins 
made in the cytoplasm. Such a control could satisfac­
tori ly explain cAMP-dependent effects in mitochon­
dria. On the other hand phosphorylation of precur-

Table I I I . Protein kinase activity and stimulation by c A M P in mitochondria and mitochondrial subfractions with endogen­
ous and exogenous substrates in vitro. Mitochondria were subfractionated as described under Table II and incorporation 
of , 2 P from γ [ 3 2 Ρ ] Α Τ Ρ into acid insoluble material assayed as detailed in Materials and Methods. Protein kinase activity is 
given as pmol , 2 P incorporated per mg mitochondrial protein per h. cAMP-dependent protein kinase activity is approxi­
mated by the difference between the kinase activities measured in the presence and in the absence of c A M P . 

Whole Inner Intermem. Inner membranes 
mitochondria membranes space + interm. space 

Exogenous - + c A M P - + c A M P - + c A M P - + c A M P 
substrate c A M P c A M P dep. c A M P c A M P dep. c A M P c A M P dep. c A M P c A M P dep. 

None 87 91 4 89 94 5 3.4 3.5 0.1 74 97 23 
Phosvitin 129 148 19 138 142 4 8.5 71 63 120 262 142 
Casein 108 126 18 119 106 0 6.0 56 50 103 228 125 
Bovine s. 91 96 5 90 91 1 0.3 13.6 13 0.4 31.5 31 
albumin 
Histone V 86 90 4 94 95 1 3.0 16.3 13 5.5 48.0 42 
Histone V I I I 86 89 3 95 91 0 5.5 5.5 0 0.5 31.5 31 



c Ο 
ο 
ε α υ 

ο 
CO 

C 

ο 
Ο 
α 
ο .c α 

1 1 Γ Γ 
0 20 40 60 80 

Τ 1 1 Γ 
20 40 60 80 

incubation time CmmD 

Fig. 2. Kinetics of protein kinase activity. 
Mitochondrial subfractions were incubated with 
γ [ 3 : Ρ ] Α Τ Ρ in the absence ( O — O ) and presence 
( · · ) of c A M P and with endogenous ( A . C ) or 
exogenous ( B . D ) substrate (see Materials and 
Methods). A . intermembrane space proteins; B . in­
termembrane space plus casein; C . inner mem­
branes; D , inner membranes plus casein. 

Table I V . Influence by c A M P on mitochondrial macromolecular syntheses and on the import of precursor proteins into 
the organelle in vivo and /*// vitro. All data given represent counts per minute. ''. Mitochondrial transcription was measured 
by hybridization of labeled mitochondrial R N A to filter-bound mitochondrial D N A . '\ Protein import reflects carbamyl 
cyanide m-chlorophenyl hydrazone-sensitive. trypsin resistant incorporation of labeled protein into mitochondria. 
c , Immunoprccipitation was performed with a mixture of sera directed against subunits a and β of F , -ATPase . subunits 
I V - V I I I of cytochrome c oxidase, cytochromes c and e,. cytochrome c peroxidase and citrate synthetase. d . Values give 
cpm TI-pulse label per 1000 cpm l 4 C-prelabel. c . Run-off transcription in intact mitochondria with endogenous template. 
', Transcription in lysed mitochondria with poly[dA-dT] as template. μ . Transcription with enriched R N A polymerase and 
poly[dA •dT] as template [29, 38]. h . Import of precursors synthesized by a reticulocyte lysate programmed with yeast poly 
A + R N A ; total in vitro synthesized yeast polypeptides equal 3.0 x 107 cpm in each experiment. 

Mitochondrial Mitochondrial Mitochondrial Immune 
transcription" translation total import11 precipitate11 c 

- c A M P + c A M P - c A M P + c A M P - c A M P + c A M P - c A M P + c A M P 

Derepressed 
cells 

65Dd 580d 3500d 4000d 95200 87800 1800 2700 

Repressed 
cells 

360d 35()d 2300d 25()0d 32200 34500 800 1500 

Derepressed 
mitochondria 

7400a 

19100f 

3400 s 

700()a 

19000' 
2100-

7000 6100 14100" 8400 1100h 70()h 

Repressed 
mitochondria 

4400:' 
1030()f 

4900a 

I0800 f 4600 2200 56()0h 5000h 400h 4()()h 
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sors to be transported has been observed both with 
mitochondria (α-subuni t of F,-ATPase, [48]) and 
chloroplasts (ribulose bisphosphate carboxylase, 
small subunit, [9]) . 

Table I V shows the results of two experiments. 
One was performed in vivo, the other with isolated 
mitochondria. Energy-dependence of this process 
[39] and resistance to protease of imported proteins 
[40] were taken as criteria for mitochondrial precur­
sor import . Both total import into mitochondria and 
the import of a few individual proteins after quantita­
tive immunoprecipitation by a mixture of sera was 
measured. In the in vivo experiment the import had 
been impaired by carbamyl cyanide m-chlorophenyl 
hydrazone during the radioactive pulse thus allowing 
the accumulation of mitochondrial precursors in the 
cytoplasm [39]. After a chase, subsequent restora­
tion of energy coupling by addition of SH-reagents 
initiated the import [39]. The influence of c A M P on 
this import was tested. 

For measuring import into isolated mitochondria a 
reticulocyte lysate was programmed with yeast poly 
A ~ R N A and the proteins made were labeled with 
[ : °S]meth ion ine . Then purified mitochondria were 
added and the import of labeled precursors was as-

Table V . Effects of various nucleotides on the respiration 
of repressed ( Y P D , 69f glucose) and dereprcsscd ( Y P L . 
2r/r lactate) cells of strain"D273- 10B after 4 h of incuba­
tion with 2 mΜ effector at pH 4.4. Respiratory rates are 
expressed as nmol O : / m i n x I 0 s cells. D B = dibutyryl. 
M B = monobutyryl. 

Growth 
conditions 

Y P D 
(repressed) 

Y P L 

Additions Respiratory 
rates 

none 62 
N ( 1 - D B c A M P 60 
0 2 - M B c A M P 72 
N ( 1 - M B c A M P 120 
3 ' : 5 ' - c A M P 125 
3 ' : 5 ' - c G M P 90 
Ν 6 — Μ Be A MP + 5' —AMP 90 
3 ' : 5 ' - c A M P + 5 ' - A M P 112 
A T P 84 
A D P 94 
G T P 71 
5 ' - A M P 98 
3 ' - A M P 78 
2 - A M P 79 

none 445 
N ( 1 - M B c A M P 415 
3 ' : 5 ' - c A M P 395 

sayed in the presence or absence of c A M P . In both 
cases no pronounced influence of c A M P on total pre­
cursor import could be detected (Table I V ) . 

Apar t from total incorporation, a few proteins 
were assayed individually by quantitative immune 
precipitation (see legend to Table I V ) . Again no ob­
vious influence by c A M P could be detected. Thus a 
control by c A M P of a general import pathway is very 
unlikely. But it cannot principally be excluded that 
for the import of yet one or a l imited number of 
proteins (e.g. R N A polymerase) c A M P could play a 
role. 

Table V reveals that in spheroplasts from glucose 
grown yeast cells c A M P has, in fact, a small (less than 
twofold) stimulatory effect on mitochondrial respira­
t ion , whereas the effector consistently acts slightly 
inhibi tory in derepressed cells. But as non-cyclic nu­
cleotides have similar effects — confirming earlier 
results of others [20] - it is concluded that the effect 
of c A M P on respiration is non-specific. 

Does cAMP cross both mitochondrial membranes or 
only the outer membrane? 

The results shown in Tables I V and V suggest that 
c A M P does not exert any effect inside the inner 
mitochondrial compartment. On the other hand it 
has been reported [50] that c A M P is taken up by 
isolated mitochondria. We attempted to verify these 
results and to test whether c A M P traverses the inner 
mitochondrial membrane. 

Fig. 3 A shows that, in fact, c A M P co-sediments 
wi th intact mitochondria in the silicon oil layer cen­
trifugation in a similar fashion as A D P and A T P . 
The amount taken up considerably exceeds that 
measured for polyethylene glycol and sucrose known 
not to penetrate the outer or the inner membranes, 
respectively. But in strict contrast to A D P , c A M P is 
also taken up by mitochondria in the presence of 
bongkrecic acid (or carboxyatractylate (not shown), 
which block adenine nucleotide translocation, or of 
the uncoupler carbonyl cyanide m-chlorophenyl hy­
drazone), as well as by mitochondria from strain 
D H 1 opj (Fig. 3 B ) blocked by mutation in the A D P / 
A T P translocation [51]. Under the latter conditions, 
uptake of A T P is reduced to the level of sucrose, 
which is known not to traverse the inner mitochon­
drial membrane, whereas that of c A M P is not signifi­
cantly diminished. Inside-out particles, prepared by 
sonic oscillation and freed from most of the matr ix. 
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Fig. 3. Forward exchange by isolated mitochondria of c A M P in comparison to A T P and A D P. The uptake of l 4 C-labeled 
compounds (500 I I M ) was measured by the silicon oil layer filtration technique [43] as detailed in Materials and Methods. 
All values were corrected for labeled solute adhering to mitochondria during the passage through the oil layer by 
subtraction of the value obtained after incubation with polyethylene glycol. Mitochondria are impermeable to this polymer 
[45]. Uptake of labeled sucrose above this background measured the intermembrane space, which is freely permeable to 
low molecular weight substances. Controls were performed in the presence of 20 LIM bongkrecic acid ( B A ) or 15 μ Μ 
carbonyl cyanide m-chlorophenyl hydrazone ( C C C P ) . A . whole mitochondria from wild type yeast: B . mitochondria from 
mutant strain D H 1 op,, defective in adenine nucleotide translocation [51]: C . inside-out particles. • . c A M P : • . c A M P + 
B A ; • , c A M P + C C C P ; O , A D P ; ® , A T P ; · , A D P + B A : · . A D P + C C C P : x . sucrose. 

well accumulate A T P but retain only insignificant 
amounts of c A M P . The fraction of the latter corre­
lates well wi th the portion of right side-out particles 
present in the preparation (Fig. 3C) . 

Table V I shows an experiment in which isolated 
wi ld type mitochondria were pre-loaded with either 
labeled c A M P , A T P or sucrose and then incubated 
in the presence or absence of excess unlabeled 
solute in order to measure the velocity of the back 
exchange. In the case of mitochondria pre-loaded 
wi th c A M P and with A T P in the presence of atracty-
late significant label is retained with mitochondria 

after centrifugation and only a minor fraction found 
in the supernatant. The label is, however, rapidly 
released into the supernatant (within 6 min) in all 
other cases. 

Taken together these experiments show that 
cAMP-uptake by mitochondria is independent on the 
adenine nucleotide translocator and on a membrane 
potential (Fig. 3 A + B , Table V I ) . Since in inside-
out particles (Fig. 3C) uptake of c A M P is diminished 
to a level close to that of sucrose (and polyethylene 
glycol) it is concluded that c A M P does not traverse 
the inner mitochondrial membrane to a significant 

Table V I . Release of labeled solutes into the supernatant from preloaded mitochondria in the presence of excess unlabeled 
solute ("back exchange"). Al l data are given as cpm. Atr = atractylate. Atractylate was present also during the washing of 
preloaded mitochondria. 

[ Ή ] Α Τ Ρ [·Ή]ΑΤΡ + Atr [ ; , H]cAMP [TI]sucrosc 

Radioactivity in mitochondria 17700 22800 5800 110 
Radioactivity retained 2130 21700 5380 10 
Radioactivity released 16900 2900 590 115 
% of compound exchanged 88.9 11.7 9.8 92 
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extent. Uptake of c A M P by whole mitochondria is, 
however, significantly higher than that of sucrose 
suggesting that it binds to some receptor(s) outside 
the permeability barrier provided by the inner mito­
chondrial membrane. This is consistent wi th earlier 
topological studies of cAMP-binding in mitochondria 
[28], 

D i s c u s s i o n 

The recent demonstration of cAMP-binding to (a) 
mitochondrial receptor protein(s) [28] leaves the 
question unanswered whether this protein partici­
pates in the glucose repression/derepression mecha­
nism of mitochondria and whether it controls mito­
chondrial gene expression in a manner analogous to 
the positive transcriptional regulation found in 
E. coli and other bacteria. Alternatively, it could 
constitute the regulatory subunit of a cAMP-depend-
ent protein kinase, so that mitochondria follow 
eukaryotic principles of regulation. Here we demon­
strate for the first time that yeast mitochondria har­
bour at least one cAMP-dependent protein kinase, 
which hints at the latter possibility. Moreover, we 
provide some evidence that two different c A M P -
binding proteins are present in intact mitochondria. 
They are clearly distinct from one another and from 
the cytoplasmic regulatory subunit in terms of molec­
ular mass and substrate preference. One of the two 
cAMP-b ind ing proteins (Mx 45—46000) is bound to 
the outer surface of the inner mitochondrial mem­
brane and has been described earlier ([28], Mül ler , 
Bandlow, Yeast 3, in the press). The other (Mr 

42000), too, is localized outside the permeability 
barrier provided by the inner mitochondrial mem­
brane and is found in the soluble intermembrane 
space. For the cytoplasmic regulatory subunit a 
molecular weight of 50000 has been reported [4] . 
The mitochondrial kinase catalyzes phosphate incor­
porat ion into acidic proteins whereas the cytoplasmic 
counterpart preferentially phosphorylates histones. 

But , nevertheless, it cannot be decided at present, 
whether these three cAMP-binding proteins repre­
sent differently processed forms of the same precursor 
protein and are encoded by one single structural 
gene or by different genes. Al though unspecific de­
gradation cannot completely be ruled out it appears 
extremely unlikely because of the presence of pro­
tease inhibitors in all buffers. I t also is not yet 
known, whether the two mitochondrial cAMP-bind-
ing species regulate the same catalytic subunit, which 
appears to be localized in the soluble intermembrane 
space, or whether two different cAMP-dependent 
protein kinases are present in mitochondria. In vivo 
and in vitro cAMP-dependent protein kinase activity 
can hardly be detected wi th endogenous substrates. 
It appears very likely that cAMP-dependent phos­
phorylation is only transient and rapidly removed by 
a vicinal phosphatase. 

c A M P appears to exert all of its effects outside the 
inner mitochondrial compartment. This finding is 
consistent with earlier topological studies which have 
shown ([28] and Mül le r and Bandlow, Yeast 3, in 
the press) that the c A M P receptor proteins are 
localized outside the permeability barrier provided 
by the inner membrane. Here we have demonstrated 
that c A M P does not traverse the inner mitochondrial 
membrane. I t was also shown that the ligand does 
not influence mitochondrial transcription or transla­
t ion , either in vivo or in vitro which contrasts to ear­
lier reports [19, 20]. Also at least the bulk portion of 
the import of cytoplasmically synthesized precursors 
into mitochondria is, apparently, not influenced by 
c A M P , either in vivo or in vitro. Thus the physiologi­
cal role of the mitochondrial cAMP-binding proteins 
remains to be established. 
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