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Purified phosphoryl transferase catalyzes an ATP-ADP exchange reaction, Evidence
is presented which excludes the possibility that the exchange activity of the preparation
is due to contaminating adenylate kinase. The rate of the exchange reaction is affected by
the molar ratio of ATP to ADP. The reaction is not highly specific either for the divalent
metal ion or for the nucleoside triphosphate which serves as phosphoryl donor. Neither
inhibitors of oxidative phosphorylation and electron transfer nor uncouplers of oxidative
phosphorylation affect the rate of the exchange reaction significantly. Hydroxylamine in
high concentration inhibits the exchange reaction. Phosphoryl transferase does not cata-
lyze several other types of reactions which might be expected to involve protein-bound
phosphate as intermediates, such as the reactions catalyzed by pyrophosphatase, alka-
line phosphatase and succinylthiokinase, respectively. A previously described protein
fraction from mitochondria which inhibited the increase in P:0O ratio induced by the
phosphoryl transferase also inhibits the ATP-ADP exchange reaction catalyzed by the
transferase. The possible role of phosphoryl transferase in the transfer of a phosphoryl
group from ATP, formed during oxidative phosphorylation, to exogenous ADP is dis-

cussed.

Despite significant progress in the un-
derstanding of the regulation of mito-
chondrial reactions, and the formation and
utilization of nonphosphorylated interme-
diary states of oxidative phosphorylation
(cf. 1), relatively little direct information
is available regarding the transfer of
phosphorus, or the catalytic units in-
volved in such transfer reactions, during
oxidative phosphorylation. The classic
approach for resolving sequential reac-
tions is by way of the isolation of each of
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the component enzymes. The isolation of
phosphoryl transferase is a step in this
type of approach. Phosphoryl transferase,
which has been isolated from both
HBHM® and phosphorylating submito-
chondrial particles (2), increased the phos-
phorylative capacity of poorly phospho-
rylating submitochondrial particles (2,
3, 4). The protein has been shown to be
phosphorylated during oxidative phos-
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* Abbreviations: HBHM, heavy beef heart mito-
chondria; AtetraP, adenosine tetraphosphate; DPT,
diphosphothiamine;  F.CCP, p-trifluoromethoxy-
carbonyleyanidephenylhydrazone; C1-CCP, m-chlo-
rocarbonylcyanidephenythydrazone; DNP, 2,4-dini-
trophenol; PL, asolectin, a crude phospholipid
extract from soy beans.
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phorylation in both mitochondrial (5, 6, 7)
and submitochondrial systems (8). The
phosphoryl group of the transferase can
phosphorylate ADP with the formation
of ATP (5, 6). All of these properties
would be consistent with a role in the
terminal reactions of oxidative phospho-
rylation, viz.,

X~P+ES®E~P+ X 1
E~P + ADP< ATP + E [2]

according to Lehninger (9, p. 95). Since
reaction [2] implies that E should also
catalyze an exchange between ATP and
ADP, the ability of phosphoryl transfer-
ase to catalyze such an exchange reaction
has been studied and reported herein.
Some of these data have been the subject
of a preliminary communication (10).

METHODS

HBHM were prepared according to the large
scale procedure of Crane, Glenn, and Green (11),
the light and heavy layers being separated accord-

12

ing to Hatefi and Lester (12). Phosphoryl transfer-
ase was prepared according to Beyer (2, 4), and was
used at two stages of purity in these studies (4). The
enzyme at stage C, approximately 85¢¢ pure, is the
fraction obtained after DEAE-chromatography; the
enzyme at stage D, homogenous in the ultracentri-
fuge, corresponds to the fraction obtained by molec-
ular sieve chromatography on the polyacrylamide
gel BioGel P-200. Salt-free hydroxylamine was pre-
pared according to Beinert et al. (13). Adenine nu-
cleotides were separated on 1 X 0.5 cm (internal
diameter) columns of Dowex 1-formate as described
by Brierley and O’Brien (14). The identity of each
nucleotide fraction was checked from time to time
by paper chromatography of authentic nucleotide in
the Pabst system I (15). Radioactivity was counted
on a thin-window continuous gas-flow counter (Nu-
clear Chicago) or a low-background (<2 counts per
minute) thin-window continuous gas-flow counter
(Nuclear Chicago). Protein was estimated by a
biuret procedure (16).

Reduced coenzyme Q was prepared according to
the method of Green and Burkhard (19} modified as
follows: ten mg (12 umoles) of coenzyme Qo dis-
solved in 2 ml ethanol and 5 ml of cyclohexane
(spectroscopic grade) were added to a graduated
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Fic. 1. The initial rate of ATP-ADP exchange. The reaction medium contained in 4 ml: 16
gmoles ATP; 1.6 umoles ADP (labeled in the a-position with “P, 153000 cts X wmole "); 120
gmoles imidazole, pH 6.8; 20 umoles MgCl.. The reaction mixture was brought to and
maintained at 30° and the reaction was initiated by the addition of 0.13 mg phosphoryl trans-
ferase at stage D. Portions (0.5 ml) were removed and added to 0.2 ml of 0.5 m EDTA to stop
the reaction. The mixture was diluted to 50 ml with water, applied to Dowex 1-formate, and
AMP, ADP, and ATP isolated (14). ATP-ADP exchange was calculated from counts appearing
in ATP after correction for counts appearing in AMP. The dashed line represents extrapolation

to zero time.
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Fi6. 2. The rates of exchange and kinase activities during chromatography of a crude trans-
ferase preparation. Phosphoryl transferase (352 mg of a stage C preparation) in a volume of
22 ml of 50 mM Tris-sulfate, pH 7.5, was applied to a column (4 X 105 ¢m) of polyacrylamide gel
P-200 previously equilibrated with 50 mm Tris-sulfate, pH 7.5, The column was developed at a
rate of approximately 5 ml per hour with 50 mm Tris-sulfate, pH 7.5, and 7 ml fractions col-
lected. Chromatography was carried out at 2°. Absorbancy of the eluates was recorded at 278
mu in cuvettes with a 1-cm path. ATP-ADP exchange was assayed as described in the legend of
Fig. 1 except that the volume of the assay was 1 ml, the amount of protein in each assay was
0.04 mg, and the time of incubation was 5 minutes. Adenylate kinase was assayed according to
the method of Chappell and Crofts (17), each assay tube containing 0.04 mg protein. Antimycin
A, which was included in the assay mixture by Chappell and Crofts (17), was omitted. The ab-

sorbancy (ALG% ) is represented by ---; ATP-ADP exchange activity by W; adenylate kinase
activity by O.

cylinder containing 20 ml of 0.25 M sucrose, 20 ml
M P; (pH 7.5) and 30 ml of ethanol. Na,S,0. was
added and the mixture shaken until the cyclohex-
ane phase was colorless. The cyclohexane phase was
removed and the aqueous phase extracted thrice
with 5 ml portions of cyclohexane. To the combined
cyclohexane solution was added one drop of a mix-
ture containing 0.1 ml of 0.1 N HCl and 0.4 ml etha-
nol. The solution was taken to dryness in a rotary
evaporator under reduced pressure, dissolved in 5
ml ethanol, and evaporated again. The reduced co-
enzyme Qo was dissolved in 2 ml ethanol, one drop
of the acid ethanol added, and the solution was
stored at —20° under nitrogen.

o *P)ATP was purchased from International
Chemical and Nuclear Corporation. Its purity was
established in the chromatographic system I of
Pabst (15). Other nucleotides were purchased from
Sigma Chemical Co. Asolectin was purchased from
Associated Concentrates, Inc., and was microdis-
persed according to the ultrasonic irradiation pro-
cedure described by Fleischer and Fleischer (20).

RESULTS

Initial rate of the ATP-ADP exchange
reaction. Phosphoryl transferase at stage
D of purity catalyzed an exchange be-
tween ADP and ATP (Fig. 1). In agree-
ment with previously published data (10)
on less purified phosphoryl transferase,
the rate diminished with time during the
initial stage of the reaction; thereafter the
decline in activity was small. Both the
initial (extrapolated) and final rates of ex-
change catalyzed by transferase at the
stage D level of purity were greater per
mg of protein than the rates catalyzed
by the less pure enzyme (stage C) (10)
The initial rate of the reaction varied be-
tween 8 and 12 umoles X min~' X mg '
protein depending upon the particular
preparation of stage D transferase being
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TABLE I

ADENYLATE KiNase aND ATP-ADP EXCHANGE
AcTivrTiESs CATALYZED BY ADENYLATE KINASE
oF RABBIT MUSCLE

The concentrations of components in the ATP-
ADP exchange assay are given in the legend of
Fig. 1. The final volume of the assay mixture was
0.75 ml. The reaction was terminated after 10
minutes at 30° by the addition of 0.2 ml of 0.5 m
EDTA. Adenylate kinase activity was assayed
spectrophotometrically according to Chappell
and Crofts (17) as described in the legend of Fig.
2. The adenylate kinase (rabbit muscle) was sup-
plied by Boehringer and Sons. The sample was re-
ported to have a specific activity of 670 EU/mg
protein.

Enzyme added, Activity, umoles X min™ X ug!

assayed, while values for routine assays
over a period of 5-10 minutes (steady
state) varied between 0.2 and 0.6 pmoles
X min~' X mg~’' protein.

Adenylate kinase and ATP-ADP ex-
change. Preparations of phosphoryl trans-
ferase at the level of purity of stage C
contained adenylate kinase (EC 2.7.4.3,
ATP:AMP phosphotransferase) activity,
although such activity was low under the
particular assay conditions employed (10).
In an effort to assess the participation of
adenylate kinase in the exchange activity
manifested by preparations of phosphoryl
transferase we compared the ADP-ATP
exchange reaction and the adenylate ki-
nase reaction (transfer of a phosphoryl
group from one molecule of ADP to an-
other molecule of ADP) with a transferase
preparation at the highest purity level,
i.e. the preparation of the transferase after

mg X 1078 ATP-ADP exchange Adenylate kinase
1 0.279 0.062
2 0.254 0.077
4 0.266 0.068
04
T 03
g
x
%
£
x 0.2
£
3
8 o}
c a i ']
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Fic. 3. Variation of the ratio of [ATP] to {ADP] on the rate of ATP-ADP exchange catalyzed
by phosphoryl transferase. Each reaction tube contained in a volume of 0.65 ml: 0.6 umole
a-("*P)ADP (ca. 800000 cts X min ' X umole '), pH 6.8; 3 umoles imidazole, pH 6.8; 5 umoles
MgCl:; and 0.1 mg phosphoryl transferase at stage D. The amount of ATP varied from 0 to 9
pmoles. The reaction was initiated by the addition of enzyme, maintained at 30° for 5 minutes,
and terminated by the addition of 0.1 ml of 0.5 M EDTA. The rate of ATP-ADP exchange was

determined as described in the legend of Fig. 1.
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TABLE II

REQUIREMENT OF DIVALENT MFETAL
Tons ror ATP-ADP ExcHaNGE

Assays were performed as described in the
legend of Fig. 3 except that 0.05 mg of phosphoryl
transferase at stage D was used and Mg*" was
added only where indicated in the Table. The
metal ion (5 mm) was added as the chloride except
for iron which was added as ferrous ammonium
sulfate. No correction was made for adenylate
kinase activity, which was less than 29, of the
ATP-ADP exchange rate.

Exchange rate,

Ton added mpmoles X min~t X mg-!
None 0
Mgt 362
Cott 227
Mnt 202
Nitt 189
Fett 107
Cd** 77
Catt 46
Cutt 0

TABLE 111

SprcIFIcITY OF PHOsPHORYL DoNOR IN THE
ExcHaNGE REACTION CATALYZED BY
PHOSPHORYL TRANSFERASE

The exchange reaction was assayed as described
in the legend of Fig. 3 except that 30 ug of phos-
phoryl transferase at stage DD was used as enzyme.
ATP and compounds tested as potential phos-
phoryl donors were at a final concentration of 6
umoles per 0.65 ml. Reaction proceeded for 10 min-
utes at 30°.

- Phosphory! donor Exchange activity,
periment  (ADEas “mumales/min/mg 2! S

1 ATP 371 100
ITP 266 72
GTP 191 5] |
UTP 160 43
CTP 92 25
dATP 328 88
dUTP 61 16

2 ATP 359 100
AtetraP 72 20
DPT <8 —
Acetyl P 12 3
NADP <8 —
PP; <8 —

chromatography on polyacrylamide gel
P-200. Although a small amount of ade-
nylate kinase activity was observed in the
active fraction, the elution pattern sug-
gested that the protein peak which car-
ried the highest exchange activity was not
the peak which corresponded to the ade-
nylate kinase activity (Fig. 2). The lack of
coincidence in the elution patterns of the
two enzymic activities made it unlikely
that the ATD-ADP exchange activity in
preparations of phosphoryl transferase
could be entirely a reflection of the pres-
ence in the preparation of adenylate ki-
nase.

In order to ensure that the assay used
to measure adenylate kinase activity in
the fraction in which the specific ATP-
ADP exchange activity reached a peak
was sufficiently sensitive, both enzymic
activities were measured with adenylate
kinase under conditions identical with
those described in the legend of Fig. 2
(Table I). The kinase tested was isolated
from rabbit muscle (purchased from C. F.
Boehringer and Sons). The ratio of ex-
change activity to kinase activity was very
much greater for the transferase than for
the authentic kinase under essentially
identical assay conditions (c.f. Fig. 2).
These data, together with the difference
in elution patterns between the two en-
zymic activities (Fig. 2) make it unlikely
that the exchange activity of phosphoryl
transferase is due to contamination by
adenylate kinase.

ATP:ADP ratio and the rate of ex-
change. Variation in the ratio of [ATP]:
[ADP] had a profound effect on the rate
of the ATP-ADP exchange reaction cata-
lyzed by phosphoryl transferase (Fig. 3).
In confirmation of previously published
data (10) for phosphoryl transferase prep-
arations of lower purity, as well as for a
highly purified ATD-ADP exchange en-
zyme from beef liver mitochondria (18),
the exchange activity of the purified
transferase was found to be increased as
the [ATP]:[ADP] value was increased
until a limiting rate was reached. With
phosphoryl transferase of beef heart
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TABLE IV

ErreEct oF INHIBITORS ON THE ATP-ADP ExcHaNGE REacTioN CATALYZED BY
PrOSPHORYL TRANSFERASE

ATP-ADP exchange was assayed as described in the legend of Fig. 3. Phosphoryl transferase at stage
C was used in all cases, approximately 180 ug of enzyme being used for each assay. Each assay tube, con-
taining 0.65 ml of reaction mixture, was incubated for 10 minutes at 30°. All rates were corrected for
adenylate kinase activity as described in the legend of Fig. 1. When the effect of HgCl,, AgNO;, or
arsenate in Experiment 2 was tested, the enzyme was preincubated with the compound for 10 min at

0° prior to making other additions and initiating the reaction.

Exchange activity,

Experiment Addition Concentration, M mumoles/min/mg
1 — — 191
Fi;CCP 10-8 186
CI-CCP 107 185
2 — — 173
DNP 5 X 10 167
Cysteine 10+ 169
HgCl, 5 X 1075 164
HgCl, + cysteine 5 X 1075, 10 157
AgNO; 5 X 10°¢ 187
AgNO; + cysteine 5 X 1075, 10~ 159
Arsenate 1072 151
Arsenate + cysteine 1072, 10~ 159
3 — — 176
Atractyloside 4 X 1078 182
P; 1073 193
4 — — 178
Oligomyecin 3 X 10 161
5 —_ — 206
CoQu 93 uM 208
CoQH 10 93 1M 214
PL 1 mg 207
PL + CoQ10 1 mg + 93 uM 209
PL + CoQH,10 1 mg + 93 uM 199

mitochondria the optimal ratio appeared
to be 8; for the beef liver exchange en-
zyme of Wadkins and Glaze approxi-
mately 2 (18). A ratio of 10 has been em-
ployed in the experiments reported herein.

Divalent ions and the ATP-ADP ex-
change reaction. It had been reported pre-
viously (10) that the ATP-ADP exchange
reaction catalyzed by phosphoryl trans-
ferase (stage C) showed little specificity
for the divalent metal ion requirement. A
comparable low order of specificity for the
divalent metal ion was found to apply to
the exchange reaction catalyzed by the
more purified transferase (Table II). The

metal ions were tested at a concentration
which had been shown to be optimal for
Mg't, i.e. 5 mM. All of the ions tested,
with the exception of Cu'*, showed some
ability to support the reaction. Mg~~~ was
the most effective of the divalent ions
tested.

Nucleotide specificity of the exchange
reaction. It was of interest to study the
ability of phosphoryl transferase to cata-
lyze the transfer of a phosphoryl group
from wvarious phosphoryl donors to ADP
(Table II). Once again, as in the case of
the requirement for divalent metal ions,
the specificity for the phosphoryl donor
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Fic. 4. Inhibition of ATP-ADP exchange activity by hydroxylamine. The reaction was assayed
as described in the legend for Fig. 3. Each assay tube contained 0.6 ymole ADP and 6 umoles

ATP.

TABLE V

Trsts FOR ENzYMIC AcTIviTIES IN PREPARATIONS

oF PnospHORYL TRANSFERASE (Stage D)

All assays were carried out at 30°. Inorganic
pyrophosphatase was assayved for 60 minutes in
the following medium: imidazole (pH 6.8), 30
umoles; PP; (pH 6.8), 10 umoles; MgCl,, 15
pmoles; enzyme, 0.3 mg; total volume, 3.0 ml. P;
production was measured according to Lindberg
and Ernster (24). Other reactions were assayed
according to the references cited except that 0.2
mg of enzyme was present in the alkaline phos-
phatase assay and its duration was 60 minutes.
Hydroxamate was measured according to Beinert
et al. (13) and succinyl thiokinase activity was
assayed with both ATP and GTP present. Pi-ATP
exchange assays contained 0.2 mg enzyme aiid were
terminated after 30 minutes. Succinyl thiokinase
was assayed with preparations of stage D phos-
phoryl transferase as enzyme. In the other three
enzyme assays the transferase preparations were
at the level of purity of stage C.

. Activity, Ref £
Activity tested or é?i‘\‘l?to/l:sf'say aseS :;e:;seteglr
Pyrophosphatase 0 —
Alkaline phosphatase 0 (22)
Suceinyl thiokinase <0.01 (23)
#P,-ATP exchange <0.001 (24)

in the exchange reaction was low. ATP was
the most effective phosphoryl donor of
the compounds tested. dATP and ITP

were also effective phosphoryl donors,

05

pmoles x min~ x mg-1

ATP-ADP exchange,

pg I-protein

Fic. 5. Inhibition of ATP-ADP exchange activity
by I-protein. The reaction was assayed as described
in the legend for Fig. 3. Each assay tube contained
0.6 ymole ADP, 6 umoles ATP, and 200 ug phos-
phoryl transferase at stage D.

being 87 and 78¢  respectively, as active
as ATP. It was also of interest to note
that adenosine tetraphosphate, which has
one phosphate group additional to that
in ATP, was only 20¢ as effective as ATP
as a phosphoryl donor (Expt. 2, Table III).
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Inorganic pyrophosphate did not show sig-
nificant activity as a phosphoryl donor.
Clearly the purine or pyrimidine ring of
the phosphoryl donor molecule plays an
important role in determining interaction
with the transferase.

Inhibitors and the ATP-ADP exchange.
In an attempt to obtain information on the
possible role of phosphoryl transferase
in mitochondrial function, a number of
inhibitors and uncouplers of oxidative
phosphorylation, as well as other active
compounds, have been tested for their in-
fluence on the rate of the ATP-ADP ex-
change reaction catalyzed by phosphoryl
transterase (Table IV). Uncouplers, such
as DNP, F;CCP, and CI-CCP, were with-
out significant effect on the rate of the
ATP-ADP exchange reaction. Compounds
which would be expected to interact with
disulfide bonds and sulthydryl groups,
such as AgNO;, HgCl,, and cysteine, were
also without effect. Arsenate, which might
be expected to interfere with the exchange
reaction if inorganic orthophosphate par-
ticipated in the reaction, did not affect
the reaction significantly. The nonpartici-
pation of P; in the reaction was indicated
also by the lack of effect of P, on the re-
action. It might be noted that in an experi-
ment in which “P; was included in the
reaction medium, and in which ADP was
added without radioactive label, no radio-
activity was found in any of the nucleo-
tide fractions, again indicating that the
reacting species in the exchange reaction
were not in equilibrium with P;. Two
inhibitors of oxidative phosphorylation,
oligomycin and atractyloside, were also
without significant effect on the rate of
the exchange reaction catalyzed by the
transferase. It was thought of interest to
study the possible effect of a member of
the electron transfer chain on the rate of
the ATP-ADP exchange reaction in order
to ascertain whether any interaction could
take place which might be reflected on
the rate of the reaction. Neither oxidized
nor reduced coenzyme Q., in the presence
or the absence of phospholipid, signifi-
cantly affected the rate of the reaction.

Hydroxylamine and ATP-ADP ex-
change. Hydroxylamine has been reported

to inhibit the transfer of a phosphoryl
group from transferase to ADP (6). Since
it appears likely that both the transfer of
a phosphoryl group to ADP and the ATP-
ADP exchange reaction are catalyzed by
the same protein, the effect of hydroxyla-
mine on the rate of the ATP-ADP ex-
change reaction was studied (Fig. 4). The
presence of NH.OH at concentrations
greater than 0.1 M resulted in progressive
inhibition of the exchange reaction. The
inhibition of the exchange reaction by
hydroxylamine was consistent with the
previously reported inhibition of the
transfer of a phosphoryl group from the
transferase to ADP (6), both activities
being inhibited by about 26¢: at 0.25 M
NH:OH.

Assay of the phosphoryl transferase
preparation for other enzymic reactions.
A series of experiments was undertaken to
test the possibility that the ATP-ADP
exchange reaction catalyzed by purified
preparations of phosphoryl transferase
was, in fact, attributable to a protein
other than the one responsible for the
major elution peak from DEAE-cellulose
and the polyacrylamide gel P-200. Evi-
dence has been presented above (Fig. 2)
that adenylate kinase was not a contami-
nation responsible for the ATP-ADP ex-
change. In conjunction with Dr. Gottfried
Schatz, phosphoryl transferase had been
shown to be incapable of catalyzing the
hydrolysis of ATP (2). The enzymic activ-
ities tested for in purified preparations of
the transferase are listed in Table V.
None were catalyzed to any measurable
extent by the transferase preparations.

Effect of inhibitor protein on ATP-ADP
exchange. Previous experiments had
shown that in the final step in the purifi-
cation of phosphoryl transferase, i.e. chro-
matography on polyacrylamide gel P-200,
a protein was separated from phosphoryl
transferase which inhibited the increase
in P:0 ratio of submitochondrial par-
ticles induced by addition of phosphoryl
transferase (2). In order to study the in-
hibition phenomenon in greater detail the
effect of the I-protein on the ATP-ADP
exchange reaction catalyzed by stage D
phosphoryl transferase was determined
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at various concentrations of the I-protein
(Fig. 5). Half maximal inhibition in the
experiment depicted in Fig. 5 was ob-
tained with 5 ug of I-protein. The weight
ratio of phosphoryl transferase to I-protein
was 40 at the point of half maximal inhibi-
tion. Complete inhibition of the exchange
reaction was not achieved even when the
concentration of I-protein was further in-
creased by a factor of 13.

DISCUSSION

The results of the above study indicate
that phosphoryl transferase catalyzes re-
versibly the transfer of a phosphoryl
group from ATP to ADP, a reaction com-
monly referred to as an ATP-ADP ex-
change. The rate of the reaction dimin-
ished rapidly with time; this decay in
rate parallels that reported for an ex-
change enzyme from liver mitochondria
(25). The rate of the exchange reac-
tion was affected by the molar ratio of
ATP:ADP. Inhibitors of oxidative phos-
phorylation and of electron transfer and
uncouplers of oxidative phosphorylation
had no influence on the exchange reac-
tion. However, hydroxylamine to a small
degree and the I-protein to a high degree
inhibited the activity of the transferase.
The inhibitory action of hydroxylamine
might suggest the involvement of a car-
boxyl group of the enzyme in the trans-
ferase activity. We have previously
reported (5, 6) the sensitivity to hydrox-
ylamine of the transfer of a phosphoryl
group from the transferase to ADP. The
inhibition of the exchange reaction by a
protein derived from beef heart mito-
chondria (I-protein) may have relevance
to a physiological regulation of the en-
zyme. A protein has been isolated from
the same source by Pullman and Monroy
(26) which acts as an inhibitor of mito-
chondrial ATPase.

Although ATP served as the most ef-
fective phosphoryl donor in the exchange
reaction, several other nucleoside triphos-
phates were also active donors. The low
degree of specificity for the nucleoside
triphosphates is not unique to this par-
ticular transferase. The same order of

specificity reported herein, and previously
(10), has also been reported by Low et al.
{27) for the phosphoryl acceptor proper-
ties of a group of nucleoside diphosphates
(the assay system measured oxidative
phosphorylation in the presence of sub-
mitochondrial particles derived from beef
heart mitochondria). A soluble ATPase
from beef heart mitochondria has been
reported (28) to show a comparable lack
of specificity for nucleoside triphosphates
as phosphoryl donors. The same appears
to be the case for the ATP-ADP exchange
enzyme isolated from liver mitochondria
{25). The apparent discrepancy between
this lack of specificity in the systems
cited above and the specificity of adenine
nucleotides as phosphoryl acceptors dur-
ing oxidative phosphorylation (27) and as
phosphoryl donors during coupled reduc-
tion of NAD in intact mitochondria (29)
may be explained on the basis of the
topology of the reactions.

All of the reactions cited with low de-
grees of specificity may be involved in
phosphorylative reactions of oxidative
phosphorylation dealing with nucleotides
bound to the cristae structure in the im-
mediate vicinity of energy conserving re-
actions. The adenine nucleotide speci-
ficity for oxidative phosphorylation
catalyzed by intact mitochondria, on the
other hand, would appear to be an at-
tribute of subsequent transfer or kinase
reactions. This is not meant to exclude
the possibility of adenine nucleotide in-
volvement in the early reactions of oxida-
tive phosphorylation. Indeed, evidence
exists which indicates that adenine nucle-
otide is involved quite early in the phos-
phorylation reactions during oxidative
phosphorylation (30, 31, 32, 33, 34). We
are suggesting that the nonspecific reac-
tion catalyzed by phosphoryl transferase
may be involved in the transfer of the
terminal phosphate of membrane-bound
ATP, to ADP external to the mitochon-
drion and unable to interact directly with
the compartment containing the bound
ATP. This possibility has been explored
by Siekevitz and Potter (35}.

From an examination of reactions [1]
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and [2] above it would appear that phos-
phoryl transferase would suit the require-
ments for E in that scheme for the path-
way of phosphate transfer during oxida-
tive phosphorylation. The data which
may be marshalled to support such a role
concern the ability of phosphoryl trans-
ferase to increase the phosphorylative
capacity of poorly phosphorylating sub-
mitochondrial particles (2, 3, 4), form a
phosphoprotein  during oxidative phos-
phorylation in both mitochondria (5, 6, 7)
and submitochondrial particles (8), re-
ceive a phosphoryl group from ATP (5, 6)
and catalyze an ATP-ADP exchange re-
action (10). On the other hand, it has not
been possible to provide direct evidence
for such a role for phosphoryl transferase
in oxidative phosphorylation since we
have not been successful in establishing
the nature of the physiological phospho-
ryl donor for phosphoryl transferase. For
this reason, and because of the lack of
inhibition of either the transferase activ-
ity or the ATP-ADP exchange reaction
by oligomycin, we believe it likely that
phosphoryl transferase does not serve as
an obligatory phosphoryl intermediate
of oxidative phosphorylation, but that
this enzyme may serve to shuttle phos-
phoryl groups from bound ATP synthe-
sized during oxidative phosphorylation
to ADP external to the compartment in
which oxidative phosphorylation occurs.
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