
ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS 125, 884-894 (1968) 

Isolation and Reactions of a Phosphorylated Form of Phosphoryl 

Transferase from Beef Heart Mitochondria’ 

ROBERT E. BEYER2 

Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin; and Laboratory of Chemical 
Biology, Department of Zoology, The University of Michigan, Ann Arbor, Michigan .@104 

Received October 24, 1967; accepted November 25, 1967 

Phosphoryl transferase, a mitochondrial protein which increases the phosphoryla- 
tive capacity of poorly phosphorylating submitochondrial particles and catalyzes an 
ATP-ADP exchange reaction, is phosphorylated during oxidation either of succinate 
or pyruvate-malate. Inhibitors of oxidative phosphorylation and electron transfer, 
as well as uncouplers of oxidative phosphorylation, inhibit the phosphorylation of 
the transferase when phosphorylation is mediated by electron transfer. The protein 
is also phosphorylated by ATP, the donor group being specifically the terminal 
phosphate of ATP. The transphosphorylation reaction is not inhibited by inhibitors 
of electron transfer and coupled phosphorylation, nor by uncouplers of oxidative 
phosphorylation. The phosphoryl form of the transferase can phosphorylate ADP 
in the presence of hexokinase, glucose, and magnesium ion, but the transfer is only 
50% complete. During this transfer reaction a portion of the protein-bound phos- 
phate becomes transformed to an acid-stable form. Phosphorus is released from 
phosphoryl transferase as inorganic orthophosphate at pH 4 and 10 and by heat, but 
is relatively stable at pH 7.5 at 0”. Hydroxylamine also induces release of protein- 
bound phosphorus as inorganic phosphate. The possible role of the phosphoryl group 
of the transferase in oxidative phosphorylation is discussed. 

In previous repark from this laborat#ory 
the isolation of a protein, phosphoryl 
transferase, from HBHM3 and ETPH (Mg”+, 

1 This research was supported in part by Na- 
tional Institutes of Health grants AM 06751 MET 
and AM 10056 BIO from the National Institute of 
Arthritis and Metabolic Diseases; Institutional 
Grant 94 to the University of Michigan from the 
National Science Foundation; American Cancer 
Society Institutional Grants (IN-40G and Project 
94) to the University of Michigan Cancer Research 
Institute; and a Rackham Faculty Research Fel- 
lowship, the University of Michigan. Meat by- 
products were generously furnished by Oscar 
Mayer and Co., Madison, Wisconsin. 

2 The major portion of this research was per- 
formed while the author was the recipient of a 
Research Career Development Award (5-K3-GM- 
4862) from the National Institute of General Medi- 
cal Science. 

J Abbreviations used : HBHM, heavy beef heart 
mitochondria; ETPH (Mgz+, Mn2+), phosphorylat- 

Mn7+) has been described. Phosphoryl trans- 
ferase increased the phosphorylative ca- 
pacity of poorly phosphorylating submito- 
chondrial particles, ETPH(EDTA-2)) and 
appeared to function in one of the transfer 
steps in oxidative phosphorylation (l-3). 
This report describes the phosphoryl trans- 
ferring reactions catalyzed by the transferase 
and the isolation of the enzyme in a phos- 
phorylated form. The transfer reaction 
appears to involve formation of the phos- 
phoryl enzyme as an intermediate. Some 

ing submitochondrial particles from sonic extracts 
of HBHM; ETPH(EDTA-2), poorly phosphoryl- 
ating submitochondrial particles from sonic ex- 
tracts of HBHM; Dpm, disintegrations per minute; 
DEAE, diethylaminoethane; G-6-P, glucose 6- 
phosphate; EDTA, ethylenediaminetetraacetate; 
DNP, 2,4-dinitrophenol; FSCCP, p-trifluoro- 
methoxycarbonyl cyanidephenylhydraeone. 
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of the experiments here reported have been 
the subject’ of a preliminary report (4). 

METHODS 

Submitochondrial particles, HBHM, and phos- 
phoryl transferase were prepared as described pre- 
viously (3). Carbamyl phosphate (32P-labeled) was 
synthesized according to a modification of the 
method of Metzenberg et al. (5) and was used as a 
substrate to synthesize T(~~P)ATP according to a 
modification4 of the method of Hokin and Hokin 
(6) that depends on carbamyl phosphokinase as 
the catalyst for transfer of phosphate from car- 
bamylphosphate to ADP. Generous quantities of 
this enzyme, free of adenylate kinase, were sup- 
plied by Dr. Margaret Marshall. /J,T(~~P)ATP was 
obtained by using AMP as phosphate acceptor 
during oxidative phosphorylation catalyzed by 
HBHM in the presence of 32P, with pyruvate-mal- 
ate as substrate. Labeled ATP was purified from 
the reaction mixture by chromatography on 
DEAE-substituted cellulose and gradient elution 
with triethylammonium bicarbonate according to 
Smith and Khorana (7). Identification and purity 
of the products was established by paper chroma- 
tography in the Pabst system I (8). The amounts 
of Pi and G-6-P were determined according to the 
isobutanolbenzene extraction method as described 
by Lindberg and Ernster (9). Occasionally, G-6-P 
was also determined directly by the chromato- 
graphic method of Bandurski and Axelrod (lo), 
the authentic phosphate ester serving as carrier. 
Radioactive phosphorus was counted in a thin- 
window, gas-flow counter or a low-background 
(less than 2 counts/minute) thin-window, gas-flow 
counter. Protein was estimated by a biuret pro- 
cedure (11). All chemicals were of analytical 
reagent grade or equivalent. 

Reagent sources were a(s2P)ATP, International 
Chemical and Nuclear Corp. ; oligomycin, Wiscon- 
sin Alumnae Research Foundation; atractylate, 
kindly provided by Dr. Renato Santi ; and F&CP, 
kindly provided by Dr. Peter Heytler. 

RESULTS 

Chromatography of phosphorylated mito- 
chonclrial protein. Preliminary experiments 
had indicated that’ mitochondrial proteins, 
after solubilization, could be phosphorylated 
when incubated with particles undergoing 
oxidative phosphorylation, and that a por- 
tion of the phosphorus in the protein fraction 
was released when t’he proteins were ex- 

4 A. Worcel and L. Hokin, unpublished pro- 
cedure. 

posed to 0.1 N acid at 100” for 10 minutes. 
After separation of bhe soluble proteins 
from the part*icles, the extract was frac- 
tionated with ammonium sulfate before 
chromatography on DEAE-cellulose; the 
various fractions were examined for radio- 
activit*y (Fig. 1). The met,hod of protein 
fractionation was t’hat employed previously 
(2, 3) t’o isolat’e phosphoryl t,ransferase. 
Prior to chromatography on DEAE- 
cellulose, the ammonium sulfate fraction was 
divided into t1v-o equal parts. One part \vas 
treated with ADP, Mg2+, hexokinase, and 
glucose in an effort to determine whether 
phosphoryl-protein was present and capable 
of phosphorylating ADP; the ot’her part 
was not so treated. 

The elution pattern of protein shown in 
Fig. 1 was typical of t’his step in the purifi- 
cation of phosphoryl transferase (3). The 
peak, eluted at approximately 90 ml, which 
in the routine preparation of the enzyme 
contains phosphoryl transferase (2, 3)) 
also contained considerable radioactive phos- 
phorus in the control sample. Prior treat- 
ment of the crude ammonium sulfate frac- 
tion with ADP, Mg2+ , hexokinase, and 
glucose resulted in an 57 % reduction of the 
radioactivity of this peak and the appearance 
of considerable radioactivity in a peak ap- 
pearing at 195 ml in part A of Pig. 1. Paper 
chromatographic analysis of this latter 
peak indicated that the radioactivity co- 
chromatographed with authentic G-6-P. 
This result suggested that this product, of 
the reaction was adsorbed to protein during 
the final Sephadex t’reat’ment. The peak 
eluted at 200 ml in the control fract’ion 
(Fig. 1, part B) did not co-chromatograph 
with G-6-P. This product has not been 
identified. It is also of considerable interest 
that the amount of radioactivity in t’he wash 
(eluted between 0 and 20 ml) was greatly 
diminished as a result of treatment with 
ADP, Mg2+, glucose, and hexokinase. Also 
notable was the fact that the protein peak 
corresponding to phosphoryl transferase and 
the radioactivity peak (N-95 ml) did not 
coincide; t,hc radioactive compound was 
somewhat retarded during elut,ion, a not 
surprising result if a portion of the protein 
cont8ained in that peak was in a phospho- 
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FIG. 1. Chromatography of 32P-labeled mitochondrial proteins. A suspension of HBHM 
(195 ml containing 30 mg protein/ml) in a solution 0.15 M in KC1 and 0.01 M in Tris-acetate, 
pH 7.5, was treated with 20 kc sound (Branson Sonifier, model S75,7.5 A output, 60 seconds, 
sample cooled in a jacketed cell around which was circulated ethylene glycol at -10”) in 40- 
ml portions. After sonic treatment the suspension was made 5 mM with respect to MgCL and 
10 rnM with respect to pyruvate and malate. The suspension was warmed to 30”, and 200 
Nmoles of 32Pi (1 mC/lOO pmoles) was added. After 5 minutes of incubation at 30” with the 
labeled phosphate, the suspension was made 10 mM with respect to EDTA, cooled, and spun 
at 105,OOOg for 60 minutes. The supernatant solution was decanted carefully, adjusted to 45y, 
saturation with ammonium sulfate, and maintained at ice temperature for 15 minutes before 
centrifuging at 35,000g for 5 minutes. The pellet was discarded; the supernatant solution was 
brought to 70% saturation with ammonium sulfate and allowed to stand at 0” for 15 minutes. 
The suspension was centrifuged at 35,000g for 5 minutes, the pellet was dissolved in a mini- 
mal volume of cold 50 mM Tris-sulfate, pH 7.5, and desalted on a 2 X 20-cm column of 
Sephadex G-25M previously equilibrated with 50 mM Tris-sulfate, pH 7.5. The yield of prod- 
uct was 286 mg protein at a specific radioactivity of 2630 counts/minute/mg. The resulting 
solution was divided into two equal parts, and to part A was added 71.5 pmoles ADP, 71.5 
pmoles MgCl*, 143 pmoles glucose, and 3.6 mg crystalline hexokinase. A volume of water 



MITOCHONDRIAL PHOSPHORYL TRANSFER ss7 

form. Indeed, Yankeelov et al. (12) have 
separated two proteins on cellulose, phospho- 
and dephospho-phosphoglucomutase, that 
differ by one phosphorus atom per molecule. 
Experiments similar to that reported in 
Fig. 1 have been performed (4) in which the 
transferase was incubated with particles 
oxidizing succinate in the presence of radio- 
active Pi and rotenone to prevent, reduction 
of NAD. The results of this experiment 
were qualitatively the same as in the experi- 
ment described above. It is also of interest, 
t,hat ,4TP is eluted in t,his type of chromato- 
graphic syst,em as a fairly broad fract’ion 
with a peak at approximately 160 ml. 

Effect of inhibitors on phosphorylation of 
phosphoryl tmnsferase. A series of experi- 
ments was undertaken to study the effects 
of known inhibitors of electron transfer 
and oxidative phosphorylation, and un- 
couplers of oxidative phosphorylation, on 
the phosphorylation of phosphoryl t’rans- 
ferase during the oxidation of succinate. 
Because of the apparent labile nature of the 
link bet’ween the phosphorus and residues 
of the phorphorylated protein, the isolation 
procedure was shortened by using stepwise 
elution of the DEAE-substituted cellulose 
columns instead of the more lengthy mul- 
tiple gradient elution. TJncouplers of oxida- 
tive phosphorylation, such as DKP and 
F,CCP, severely inhibited the incorpora- 
tion of radiophosphate into phosphoryl 
transferase at stage C in the purification 
procedure (see Ref. 3 for st,eps in t,he prepa- 
ration of the enzyme) (Table I). The trans- 
ferase was incubat#ed with particles under- 
going oxidation in the presence of succinate 
and in the absence of exogenous ADP as 
phosphate accept#or. Oligomycin, an inhibitor 
of oxidative phosphorylation (13)) also 

severely inhibit’ed the incorporation of radio- 
phosphate into phosphoryl transferase, as 
did antimycin A, an inhibitor of electron 
transfer. The deletion of substrate (suc- 
cinate) also resulted in a lower prot,ein- 
bound phosphat,e content in the fract’ion 
isolated from DEAE-substituted cellulose, 
but such values obtained in the absence of 
succinate were considerably higher than 
those obtained in the presence of inhibitors 
and uncouplers. The higher values may 
have been due to exchange acitivity or to 
the presence of endogenous subst,rate. Con- 
siderably higher blank (no substrate) values 
were obtained in t,he absence of rotenone, 
presumably because of endogenous sub- 
strates that are predominantly of the type 
which reduced X,4D in the citric acid 
cycle (14) 

Transfer of protein-bound phosphorus to 
-4DP. It was of interest to determine 
whether the phosphorus bound to phos- 
phoryl transferase (see above for condi- 
tions) could be transferred to ADP to 
form ATP. This possibility appeared likely 
since it had been observed that the trans- 
ferase catalyzed an exchange of phosphate 
bet#ween ADP and ATP (15). Consequently, 
labeled phosphoryl transferase, stage C, 
was prepared as described in Table I, but 
at a higher specific radioactivit’y. The labeled 
protein was incubat,ed wit)h an nccept,or 
system consisting of ADP, 1\Ig2+, hexokinase, 
and glucose in order to ensure that the 
equilibrium of the reaction would favor the 
transfer of a phosphoryl group to BDP 
(Table II). Approximately 60%’ of the 
phosphorus bound to phosphoryl transferase 
was capable of being transferred t’o glucose. 
Alt’hough the dat,a in Table II represent the 
result of a typical experiment of this type, 

equal to these additions was added to part B. Parts A and B were incubateed at 30” for 5 
minutes, cooled rapidly, and each passed through a column (1.5 X 20 cm) of Sephadex G-25M 
previously equilibrated with 5 mM Tris-sulfate, pH 7.5. The two protein-containing eluants 
were applied to 1 X lo-cm DEAE-substituted cellulose columns and washed with 5 mM 
Tris-sulfate, pH 7.5. Fractions of 3.5 ml were collected in a fraction collector equipped with 
drop counters. A linear gradient, applied at the first arrow, was constructed with 150 ml 
5 mM Tris-sulfate in the mixing chamber and 150 ml 150 mM Tris-sulfate in the reservoir 
chamber. At the second arrow both chambers were emptied and the mixing chamber was 
filled with 150 ml of 150 mM Tris-sulfate and the reservoir chamber with 350 mM Tris-sulfate. 
The absorbancy at 278 rnp (l-cm path) was measured and the radioactivity of each fraction 
was determined. 
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TABLE I TABLE II 
TRANSFER OF BOUND 3zP FROM PHOSPHORYL PHOSPHORYLATION OF STAGE C PHOSPHORYL 

TRANSFERASE BY MITOCHONDRIA OXIDIZING 

SUCCINATE IN THE PRESENCE OF Pi 
HBHM were treated and incubated as described 

TRANSFERASE TO ADP 

under Fig. 1 except that rotenone (10-e M) was 
present during incubation of the particles with 
substrate (succinate, 10 mu) and inorganic phos- 
phate (1 mM). Inhibitors and uncouplers were 
added prior to substrate and “Pi at the following 
final concentrations: DNP, 5 X 1e5 M; F&CP, 
5 X lo+ M; oligomycin, 0.5 pg/ml; and antimycin 
A, 1 pg/mg protein. Treatment after incubation 
with substrate was the same as described in the 
legend for Fig. 1 except that DEAE-substituted 
cellulose columns of 20 X 100 mm were used for 
chromatography of the incubated protein fraction 
and gradient elution was not used. After the pro- 
tein fractions were applied, the column was 
washed with cold 5 mM Tris-sulfate, pH 7.5, until 
the A$F fell to below 0.05. Phosphoryl transferase 
stage C was eluted with 0.1 M Tris-sulfate, pH 
7.5, and protein and radioactivity were deter- 
mined. The background of t.he counter used in 
this experiment was 21 counts/minute and was 
subtracted from each radioactive assay. The 
complete system contained sonic-treated HBHM 
(20 ml, 30 mg protein/ml), KC1 (0.15 M), Tris- 
acetate, pH 7.5 (0.01 M), MgCls (5 mm), succinate 
(10 mM), 32Pi (1 mM, 2.05 X lo6 counts/pmole), 
and rotenone (1w6 M). 

32P-Labeled phosphoryl transferase (stage C) 
was prepared as described in Table I except that 
the specific radioactivity of the Pi was 4 X IO6 
counts/minute/pmole. Each complete reaction 
tube contained, in 1 ml, 2.4 mg of phosphoryl 
transferase protein with a relative specific radio- 
activity of 12,940 counts/minute/mg; 50 @moles 
Tris-sulfate, pH 7.5; 5 pmoles MgCls; 20 rmoles 
glucose; 10 rmoles ADP; and 0.25 mg crystalline 
hexokinase. When present the following com- 
pounds were added prior to ADP at the following 
concentrations: oligomycin, 0.5 fig/ml; potassium 
atractylate, 5 wmoles/mg protein; DNP, 5 X 
10-S M; Pi, 5 mM. The reaction was initiated by 
the addition of ADP and was allowed to proceed 
for 10 minutes at 30”. The reaction was terminated 
by the addition of 2 ml of silicotungstic acid (1 N 

with respect to HzS04) prepared according to (9). 
The mixture was placed in a boiling water bath 
for 10 minutes under a condenser to avoid loss of 
fluid volume, and cooled to room temperature. 
Three ml of a 1:l mixture of isobutanol-benzene 
and 0.5 ml of 10% ammonium molybdate were 
added, and the mixture was shaken for 30 seconds. 
The isobutanol-benzene layer was removed and 
the aqueous layer was reextracted with 3 ml of 
water-saturated isobutanol-benzene. The iso- 
butanol-benzene layers were combined and both 
layers were counted. In addition, the protein 
precipitate was collected from the aqueous phase, 
washed twice with silicotungstic acid, dissolved 
in 6 N KOH, and counted. The aqueous layer was 
checked occasionally for G-6-P by paper chroma- 
tography according to Bandurski and Axelrod 
(10). Radioactivity in the isobutanol-benzene 
layer was considered to represent inorganic 
orthophosphate, that in the aqueous layer, 
G-6-P, and that in the protein precipitate, acid- 
stable protein-bound phosphate. Within the 
limits of our technique, no other labeled com- 
pounds were observed in the aqueous layer. 

system 
Protein-bound a*P 

(counts/minute/mg protein) 

Complete 7840 
+ DNP 426 
+ F&CP 391 
+ Oligomycin 567 
+ Antimycin A 1377 
- Succinate 1894 

values as low as 46% for the transfer of 
radiophosphate from labeled protein to 
glucose have been observed. Of further in- 
terest in the complete system (Table II) 
was the distribution of the remainder of the 
label. Approximately 20-25% of the label 
originally associated with the protein was 
recovered in an acid-stable form, while 
between 5 and 10% was recovered as inor- 
ganic orthophosphate. Oligomycin did not 
affect significantly the extent of transfer. 
Atractylate and DNP were also without 
effect. The transfer to glucose required the 

System 
Counts/minute/2.4 mg  protein Counts 

recovered 
G-6-P PI Protein (%) 

Complete 18,944 2484 6832 91 
+ Oligomycin 18,012 3106 8075 91 
+ Atractylate 20,497 1242 6832 90 
+ DNP 16,770 3416 6211 85 
+ Pi 19,114 2171 6444 89 
- ADP 621 25,466 1242 88 
- Mg2+ 58 26,708 272 87 
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presence both of ADP and Mg2+. The ADP 
requirement for formation of G-6-P es- 
t’ablishes ATP as an intermediate in the 
transfer and excludes the possibility that 
preformed ATP adsorbed to the transferase 
could account for formation of G-6-P. 

TABLE III 

PHOSPHORYL.ITION OF PHOSPHORYL TRANSFERASE 

BY y(32P)ATP 

Stage D phosphoryl transferase was prepared 
as described in Refs. 2 and 3, concentrated to 7.7 
mg protein/ml with Carbowax 6000, and dialyzed 
against 50m~ Tris-sulfate, pH 7.5. For phosphoryl 
transfer from ATP to enzyme the reaction mix- 
ture, in 1 ml, contained Tris-sulfate, pH 7.5 (200 
pmoles); MgCll (5 Fmoles), Y(~~P)ATP (0.590 
pmole of specific activity 16.2 X lo6 counts/ 
minute/Nmole), andstage D phosphoryl transferase 
(3 mg). The reaction was initiated by the addi- 
tion of enzyme and was allowed to proceed for 5 
minutes at 30”. The tube was cooled rapidly and 
the contents were applied to a Sephadex G-25M 
column (15 X 200 mm) previously equilibrated 
with 50 mM Tris-sulfate, pH 7.5. The size of the 
Sephadex column was adequate for separation of 
protein from ATP; the separation of the two was 
checked by the absorption at 260 and 278 rnp in 
the eluates. The protein fraction was collected. 
Transfer of radiophosphate from protein to ADP 
was achieved under the following conditions: To 
each of two t,est tubes was added, in the order 
listed; a2P-labeled phosphoryl transferase (2.4 
mg), hexokinase (0.25 mg), glucose (20 pmoles), 
ADP (10 *moles) to tube A only, and MgClz (10 
@moles), and the mixture was brought to a final 
volume of 1.95 ml. Both tubes were incubated at 
30” for 10 minut,es and the reaction was terminated 
by the addition of 4 ml of silicotungstic acid 
which was 1 N with respect to HzS04. The tubes 
were incubated in a boiling water bath for 10 
minutes under a condenser to avoid evaporation 
and cooled, and the contents were centrifuged. 
G-6-32P 32Pi, and 32P-protein were assayed as 
describ;d in Table II. 

Reaction Counts/minute/mg protein 

y (32P)ATP + protein Mgz+ 
- 6408 

ADP + protein-J*P 
___- 

Transfer reaction 

ProteinJ2P to glucose 
Protein-32P to glucose 

minus ADP 

Total counts/minute in 

G-6-P Pi Protein 

4928 5405 5667 
210 14853 937 

(This latter point has been explored in a 
direct manner and is reported below.) The 
distribution of radiophosphate after incu- 
bation of the transferase in the absence of 
ADP or AIg2+ differed considerably from 
that in the complete system (Table II). 
Essentially all of the phosphorus assayed 
as Pi after exposure of the transferase for 
10 minutes at 100” in 1 N acid. Since data 
derived from control experiments indicated 
that less than 15% of the phosphorus was 
released as Pi after exposure of the protein 
to 30” for 10 minut’es (see also Table VII), 
it would appear that t’he bulk of the protein- 
bound phosphorus was stable in the absence 
of YIg2+ or ADP. The presence of 5 InM 

Pi did not alt’er the final distribution of the 
label in the complete system, indicating that 
the protein-bound phosphorus was not in 
equilibrium with inorganic phosphate and 
did not in any way exchange with external 
inorganic phosphate during t,he transfer 
reaction. 

Phosphorylation of phosphoryl transferase 
by ATP. Since phosphoryl transferase 
catalyses an ATP-ADP exchange reaction 
(15), the reversibility of the transfer reac- 
tion could be anticipated, namely, the 
phosphorylat,ion of phosphoryl transferase 
by ATP. Init,ial experiments were performed 
with stage C enzyme that has been reported 
(2, 3) to be approximately S-5-90% pure. 
However, the data in Table III were ob- 
tained with stage D enzyme, which was 
homogenous in t#he analytical untracen- 
trifuge and which appeared as a single 
component when examined by molecular gel 
filtration (3). Forty nmoles of the enzyme 
[if a molecular weight of 124,000 is assumed 
for phosphoryl transferase (see Ref. 3)] was 
incubated with the labeled ATP. If each 
molecule of the enzyme had contained one 
phosphoryl group upon reisolation after 
incubation with labeled ATP, 6.48 X lo6 
counts should have been recovered in the 
protein fraction. The data in Table III 
for the react,ion T(~*P)ATP + protein + 
ADP + protein-““I’ show that approxi- 
mately 0.5 % of this amount of radioact,ivity 
was recovered bound to the protein, indi- 
cating that the equilibrium of the reaction 
must lie far to the left, i.e., toward the 
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formation of ATP from the labeled protein, 
despite the initial high concentration of 
ATP relative to protein in the reaction 
mixture. The data in the lower portion of 
Table III, indicating that the phosphoryl 
group of the transferase can be transferred 
to glucose via ADP as intermediate phos- 
phoryl acceptor, thus demonstrate the com- 
plete reversibility of the reaction. Of the 
approximately 16,000 count’s/minute/mg 
enzyme in the assay tube, 30.8% appeared 
as G-6-33P. 

Another question of considerable concern 
was the form of the phosphorus bound to 
the enzyme. The experiments in Table II 
and III indirectly suggested that either the 
bound form was not ATP, or if it was ATP, 
it was in a form not accessible to hexokinase. 
A preliminary experiment comparing the 
transfer of label from 8-(14C)ATP and 
T(~~P)ATP to enzyme (1) indicated that the 
purine portion of ATP was not bound to the 
enzyme. However, this type of experiment 
was susceptible to the criticism that the 
specific activities of the two ATP samples 

TABLE IV 
TRANSFEROFLABELFROM a,y, AND @,-@P)ATP 

TO PHOSPHORYL TRANSFERASE 

The three species of labeled ATP were obtained 
as described in METHODS. After dilution of labeled 
ATP with carrier ATP, the specific radioactivities 
of each of the three species of labeled ATP were 
as follows: ?(32P)ATP, 19.3 X 106; CZ(~~P)ATP, 
20 X 106; and ~,T(~~P)ATP, 22.6 X 106. The 
comparisons were made in two separate experi- 
ments on different days for technical reasons 
and are so indicated below. Each incubation tube 
contained, in 0.7 ml, 35 rmoles Tris-sulfate, pH 
7.5; 2 pmoles ATP; 5 rmoles MgC12; and 1.25 mg 
of stage D phosphoryl transferase. The reaction 
was initiated by the addition of enzyme and was 
maintained at 30” for 5 minutes. Transfer of label 
from ATP to protein was assayed as described 
in Table III. 

Experiment ATP Counts/minute/l.25 
mg protein 

a(“2P) 13 
r(W 2078 

r(W 2214 
P,r(W 1066 

TABLE V 

PHOSPHORUS CONTENT OF PHOSPHORYL 
TRANSFERASE 

Stage C phosphoryl transferase was exten- 
sively dialyzed against 50 mM Tris-sulfate, pH 
7.5, and analyzed for phosphorus by the micro- 
method of Chen et al. (16). An equal volume of the 
fluid external to the dialysis sac was used as 
blank. Analyses were kindly performed in the 
laboratory of Dr. Sidney Fleisher. The lower 
limt of this technique is 0.15 pg phosphorus per 
assay. 

Phosphoryl 
transferase (mg) Phosphorus (,q) Ph$;pYgUS 

m 

1 <0.15 <0.07 
2 0.16 0.08 
4 0.29 0.07 
4 0.29 0.07 

were not similar and the counting methods 
were not the same. Consequently, two ex- 
periments, the results of which appear in 
Table IV, were performed in which the 
transfer of radiophosphate from ATP labeled 
in the y, the LY, and the p and y positions 
and of comparable specific radioactivities 
was measured. 

The data from experiment 1 (Table IV) 
clearly showed that the a-phosphate of 
ATP could not serve as a source of protein- 
bound phosphate. On the presumed basis of 
one mole of phosphorus bound per mole of 
enzyme, and a molecular weight of 124,000 
for phosphoryl transferase (3), it was es- 
timated that 1% of the enzyme molecules 
were labeled in this particular preparation. 
The data from experiment 2 (Table IV) 
revealed that counts originating from doubly 
labeled ATP were approximately half of the 
counts originating from Y(~~I’)ATP. Since the 
two samples of ATP in this experiment were 
of essentially equal specific radioactivities, 
and the terminal phosphate group of the 
doubly labeled ATP had one-half the 
specific activity of the singly labeled ATP the 
difference in amount of label originating from 
the doubly labeled ATP clearly indicated 
that the transfer reaction involved only t,he 
y position of ATP. 

Phosphorus content of phosphoryl tram- 
ferase. The finding that phosphoryl trans- 
ferase could be converted to a phosphoform 
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prompted an analysis of t,he phosphorus 
content of the protein. Based on a molecular 
\1-eight, of 124,000 for phosphoryl trans- 
ferase (3), t,he data in Table V would indi- 

HO”,* 

FIG. 2. Loss of phosphoryl transferase activity 
with time. The phosphorylated form of stage C 
phospboryl trnnsferase was prepared as described 
in Table III and maintained at, pH 7.5 and 0”. The 
product, contained 4618 counts/minute/mg. One- 
ml portions (containing 2 mg protein) were re- 
moved at the times indicated in the figure, and the 
transfer of azP to ADP was measured as described 
in Table III. The data are expressed as the per- 
centage of the counts in the original phosphophos- 
phoryl transferase transferred t,o glucose, via 
ADP, to form G-6-P. The data were correct.ed for 
radio decay of pzP. The broken line represents 
extrapolation to zero time. 

TABLE VI 

EFFIXT OF PH ON THE STABIIJTY OF 

PROTEIN-BOUND 32P 

Phosphorylated st~age C phosphoryl tmnsferase 
was prepared as described in the caption of Table 
III. The specific activity was 1175 co~~l3t,s/min- 
ute/mg protein. The solutions, in 30 mM Tris- 
sulfate, pH 7.5, were divided into three port~ions 
of 1 ml, each containing I mg protein. The ad- 
justments of pH, monitored wit,h a glass electrode, 
were made with either 2 N KOH or H$SO*. The 
control sample received approximately equal 
volumes of a solution of KOH adjusted t.o pH 
7.5 with H&04. The neutralized samples were 
passed through 16 X 200-mm Sephadex G-25M 
columns previously equilibrated with 50 mM 
Tris-sulfate, pH 7.5; the protein fraction was 
collect,ed and the content of a2P was analyzed. 

Treatment 

pH 7.5 
pH 4.0 
pH 10.0 

~ounts~minute/mg protein 

992 
77 

104 

TABLE VII 

TEMPERATURE STABILITY OF THE PHOSPHATE 

MOIETY OF 3ZP-LABELED PHOSPHORYL 

TRANSFERASK 

32P-Phosphoryl transferase was prepared from 
r(zeP)ATP as described in the caption of Table 
III. The activity of the product was 7167 dis- 
~ntegrations/min~Ite/(dpm)/mg. Radioa~tivjty 
in this experiment was assayed in a Packard 
three-channel liquid scintillation counter wit,h 
automatic external standardization. All samples 
were corrected for quenching. Aqueous samples 
were counted in the scintillation mixture of 
Gordon and Wolfe (18), which contains 4% Cab- 
0-SiI. Each sample contained 0.6 mg Y2P-phos- 
phoryl transferase, 4 pmoles MgC12, and 20 pmoles 
Tris-sulfate, pH 7.5, in a volume of 0.56 ml. After 
the experimental period the samples were cooled 
rapidly in ice and the hexokinase trapping system 
was added. The transfer reaction to glucose via 
ADP was accomplished as described in the caption 
of Table III. The fractions corresponding to 
“‘Pi and G-6J2P were counted. 

Temper- Pr G-6-P 
atur~ at -__ __- -.-~-. ..~~__ _ 

$;;d Total dpm 
for 10 dpm % dpm V” 

min (“C) 

0 2105 840 39.9 1265 60.1 
1.5 2200 900 40.9 1300 59.1 
30 2212 967 43.1 1275 56.9 
45 3277 2633 80.3 644 19.7 
60 4088 3996 97.8 92 2.3 

cate that t,he enzyme preparation contained 
0.25 mole of phosphorus per mole of en- 
zyme. The enzyme did not, appear t,o be a 
conventional phosphoprotein in that it did 
not contain, upon isolation, one or more 
phosphorus atoms per molecule of enzyme, 
nor did it, appear to contain phospholipid. 

stability oj the ~h~sph~~~L gsoup associated 
with phosphophosphoryl tmnsj’erase. The 
transfer of a phosphoryl group from the 
transferase to ADP was not, affected severely 
by stSorage of the enzyme at, 0” (Fig. 2). 
The transfer was still 50% of the original 
level after almost, 2 days of storage in ice. 
On the ot’her hand, the effect, of pH on the 
retention of labeled phosphorus by the 
enzyme was profound (Table VI). After 
t.he enzyme ~-as exposed to pH 4 for 30 
minutes only 8.6% of the original counts 
was still bound to the protein tls compared 
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with 84.4% in the pH 7.5 sample, and the 
sample maintained for the same amount of 
time at pH 10.0 contained 8.9% of its 
original complement of 32P. 

To determine whether incubation of the 
labeled protein did not by itself result in a 
disruption of the bond between protein and 
phosphoryl group, the effect of prior treat- 
ment of phosphorylated phosphoryl trans- 
ferase for 10 minutes at each of five different 
temperatures on the transfer of protein- 
bound s2P to glucose via ADP was measured 
(Table VII). When the phosphorylated 
protein was maintained for 10 minutes at 
temperatures between 0” and 30”, the trans- 
fer of the phosphoryl group to glucose via 
ADP was affected t’o a negligible degree. 
However, after incubation of the enzyme 
for the same length of time at 45” and 60” 
the subsequent transfer reaction was af- 
fected profoundly. In addition, a consider- 
able proportion of the phosphorus appeared 
to have been released as Pi prior to incu- 
bation of the protein with the hexokinase 
trapping system. This release accounts for 
the increase in the total radioactivity re- 
covered in the latter two samples. 

Hydroxylamine and protein-bound 32P. In 

TABLE VIII 

EFFECT OF NHsOH ON THE RELEASE OF 
PROTEIN-BOUND 3zP 

Phosphorylated phosphoryl transferase was 
prepared as described in the caption of Table 
III. The relative specific radioactivity of the 
product was 2070 counts/minute/mg protein. 
During incubation at 30”, each sample contained 
2.33 mg phosphophosphoryl transferase, either 
0.25 M NHzOH (salt-free) or an equivalent volume 
of water, and 0.1 M Tris-sulfate, pH 7.5. The initial 
period of incubation with NHzOH was terminated 
by the addition of the hexokinase trapping system 
as described in the caption of Table III. Fractions 
corresponding to Pi, G-6-P, and protein were 
collected and counted. 

Time Total counts/minute in 
system at 300 

(min) Protein Pi G-6-P (%)” 

Control 60 316 1758 2143 (50.9) 
0.25 M NHzOH 30 274 3234 1260 (26.4) 
0.25 M NHzOH 60 298 2942 754 (18.9) 

a Refers to the percentage of the recovered 
counts in G-6-P. 

an attempt to gain information on the type 
of attachment between the protein and its 
bound phosphorus, the effect of exposure 
of the transferase in its phosphorylated 
form to salt-free hydroxylamine was studied 
(Table VIII). After the enzyme was incu- 
bated for 30 minutes at 30” with hydroxyla- 
mine, there was a reduction of 48.2% in the 
amount of protein-bound 32P transferred to 
glucose via ADP. Incubation for a period of 
60 minutes with hydroxylamine resulted 
in a reduction of 63% in the amount trans- 
ferred by comparison with the untreated 
control sample. The amount of radiophos- 
phate bound to the enzyme in an acid- 
stable form was not severely altered by 
treatment with hydroxylamine, whereas the 
same treatment increased the phosphorus 
assaying as Pi by 167 %. 

DISCUSSION 

The conventional formulation (20) of 
the sequence of events in oxidative phos- 
phorylation has for some years embodied 
the explicit assumption of a phosphorylated 
intermediate in the synthesis of ATP, 
namely, 

AH+B+I+A-IfBHy 
A-I+X-+A+X-I 

XNI+Pi+XmP+I 
X-P+ADP-,X+ATP 

Sum: AH2 + B + Pi + ADP-+A+BHt+ATP 

On the other hand, the elusive character of 
such intermediates of oxidative phosphoryla- 
tion has led to a hypobhesis which does 
not require the participation of a stable 
phosphorylated intermediate in oxidative 
phosphorylation (21). Several lines of evi- 
dence are consistent with the participation 
of phosphoryl transferase in oxidative 
phosphorylation : (a) the increase in the 
phosphorylative capacity of poorly phos- 
phorylating submitochondrial particles by 
the transferase (3), (b) its ADP-ATP ex- 
change activity (15), (c) the rapid phos- 
phorylation of the protein during oxidative 
phosphorylation (19), (d) inhibit,ion of the 
phosphorylation of the protein during oxi- 
dative phosphorylation by uncouplers and 
inhibitors of oxidative phosphorylation and 
by inhibitors of electron transfer (4, 19), 
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(e) the transfer of a phosphoryl group from 
the phosphorylated protein to ADP, and 
(f) phosphorylation of the enzyme by the 
terminal phosphoryl group of ATP. The 
existence of a stable phosphorylated inter- 
mediate of oxidative phosphorylation has 
been postulated by Ter Welle and Slater 
(22) on t’he basis that, the uncoupling of 
oxidative phosphorylation by arsenate can 
be reversed by l’i . These authors have 
inferred that such evidence affords “per- 
haps the best evidence that. a stable X - P 
can be formed during respirat,ory-chain 
oxidat#ive phosphorylatjion” (22). 

An alternat’ive explanation for t’he phos- 
phorylation of phosphoryl transferase during 
oxidative phosphorylation is that t’his pro- 
tein would serve as an acceptor of a phos- 
phoryl group originating from ATP formed 
during oxidative phosphorylation, and, in 
that case, would not serve as an int,ermediate 
in the synthesis of ATP. The fact, that oligo- 
mycin inhibited the formation of the phos- 
phorylated protein during oxidative phos- 
phorylation does not’ constitute decisive 
evidence that t’he phosphorylated protein 
preceded the formation of ATT’, i.e., does not 
allow a distinct’ion between 

Pi 
dig0 

) -1’ + ATP and 

Pi 
olig. ATp ---t -P. 

Our present evidence does not permit us to 
distinguish between these alternatives. How- 
ever, in the event that the latter alternative 
proves correct, phosphoryl transferase would 
be engaged in the transfer of a phosphoryl 
group from endogenous, bound ATP, to 
exogenous ADP. The finding by Heldt et 
al. (23) that endogenous ADP serves as an 
early phosphate acceptor during oxidative 
phosphorylation is consistent wit,h such an 
interpretation. 

The formation of a phosphorylated in- 
termediate is in no way unique to phos- 
phoryl transferase. r\;a+ + I<+ - activated 
ATPase has been shown to form a phos- 
phorylated intermediate (24-25) which ap- 
pears to have the characteristics of an acyl 
phosphate (25-27). Phosphoglucomutase has 
been shown (12) to exist either in a phospho- 
or dephospho-enzyme form, as has alkaline 
phosphatase from Escherichia coli (29, 30). 

Succinate thiokinase from mitochondria has 
been found to form kinetically active inter- 
mediates which contain phosphohistidine 
(31) and enzyme-bound succinyl phosphate 
(32), respectively. In addition, phospho- 
proteins are known to be formed rapidly 
during elect,ron transfer in yeast respiratory 
particles (33) and in chloroplast,s (34). The 
latter work (34) is of particular interest 
since the phosphorus bound to chloroplast 
prot’eins did not appear to be either protein- 
bound phosphohistidine or phosphoserine 
(34). Although we do not pretend that this 
list represents a complete survey of possible 
phosphorylated intermediates, it is safe to 
say that such phenomena are far from being 
numerically restrict’ed. Of particular rele- 
vancc t,o t,he protein under discussion here, 
however, is the recent, report’ (35) of t,he iso- 
lat’ion from beef heart mitochondria of a 
phosphorylated int’ermediate involved in 
the ATP-ADP exchange reaction since 
some of its characteristics appear to be 
similar to t,hose of phosphoryl transferase in 
its phosphorylated form. Both prot,eins cata- 
lyze an exchange between iZTP and ADP, 
bot,h are phosphorylated by r(V)ATP, in 
both bound phosphate does not equilibrate 
wit,h 32Pi, and the phosphoryl group in both 
proteins is unstable outside a limit,ed range 
of temperature and pH. Also of int’erest in 
this regard is the report by Wadkins and 
Lehninger (36) that an ATP-ADP exchange 
enzyme isolated from rat liver mitochondria 
can increase the phosphorylative capacity 
of mitochondria depleted of this enzyme. 
The similarities between our preparat’ion 
and those of Colomb et al., and Wadkins 
and Lehninger, are quite clear and suggest 
that the same enzyme is common to all 
three preparations. 

The nature of the binding between phos- 
phorus and protein deserves some mention 
since considerable difference was found be- 
tween the st’ability of the phosphate residue 
before and after reaction of the ADP. 
Prior to reaction of the enzyme with ,4DP 
the protein-bound phosphorus was easily 
released by high pH, heat, or acid. After the 
transfer of phosphat,e from the protein to 
,4DP, a considerable portion of the phos- 
phorus had been altered, result’ing in a stable 
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relationship such as that found in phospho- 
rylserine. It is not unlikely that reaction of 
the transferase with ADP results in a con 
formational change in the enzyme which 
uncovers a serine side chain capable of 
forming a stable 0-phosphoryl derivative. 
The pH lability of the bond prior to reaction 
with ADP would appear to argue against the 
phosphate residue being in the form of 
phosphorylhistidine, while the effect of 
hydroxylamine in releasing bound phosphate 
from the transferase suggests a carboxyl- 
phosphoryl linkage. 
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