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The first evidence for a cofactor necessary in
acetate metabolism was provided by Nachmansohn
and Machado (13) who discovered a soluble enzyme
system in extracts of brain tissue which catalyzed the
acetylation of choline in the presence of adenosine
triphosphate (ATP). Lipmann (8) and Kaplan and
Lipmann (5) described an enzyme system in extracts
of pigeon liver which catalyzed the ATP and coenzyme
A (CoA) dependent acetylation of sulfanilamide.
These investigators were the first to identify CoA as
a necessary factor in acetate activation. Final proof
of the constitution of active acetate was provided when
Lynen and Reichert (10) isolated and identified acetyl
CoA.

Enzyme extracts were obtained from pig heart
and rabbit heart by Beinert et al (1) and pigeon liver
and yeast by Jones et al (4) which catalyzed the
reversible reaction of ATP, acetate, and CoA to yield
acetyl CoA, adenosine monophosphate (AMP), and
inorganic pyrophosphate (PP). The overall reaction
is formulated in the following equation:

Acetate + ATP + CoA -- Acetyl CoA

+ AMP + PP
Acetic thiokinase was extracted from the tissues of
higher plants by Millerd and Bonner (12). The en-
zyme was obtained by these authors from every tissue
in which it was sought; however, the most active
preparations were obtained from spinach leaves. The
enzyme appeared to be associated with the mitochon-
dria in both plant and animal organisms.

Acetic thiokinase has been shown to require Mg+ +
(1,4, 12) for activity. In addition Jones et al (4)
reported that the reaction rate appeared to be increased
in a medium containing K+. Von Korff (15) made
a study of the effects of alkali metals on the overall
acetate activation system from animal tissues and con-
cluded that the reaction was absolutely dependent
upon univalent cations and that maximum activity was
obtained with K+, Rb+, or NH,+ at concentrations
of 0.04 M. Na + or Li+ strongly inhibited the re-
action. The inhibition by Na+, however, was not
overcome by K + indicating that the inhibition was
not due to a competition between Na+ and K+. The
alkali metal requirements of acetic thiokinase from
higher plants has not been reported in the literature.

Berg (2, 3) has demonstrated that the reaction
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catalyzed by acetic thiokinase proceeds in two steps.
These are formulated in the following equations:

ATP + Acetate vz==== Adenyl acetate + PP

Adenyl acetate + CoA ±-' Acetyl CoA + AMP

All attempts to demonstrate the involvement of more
than one enzyme in the two reactions have been nega-
tive (3). According to Berg (3) Mg+ + is required
for the first step of the above sequence. This was
demonstrated by measuring ATP formation in the
presence of adenyl acetate, PP, and acetic thiokinase.
Maximum activity was produced with Mg+ + at a
concentration of 1.5 X 10-3 M. In contrast to the
Mg+ + requirement for the conversion of adenyl ace-
tate to ATP, the reaction of adenyl acetate and CoA
yielding acetyl CoA was maximal in the absence of
Mg++. No study has been conducted to determine
the possible univalent cation requirements of the
individual reactions in the acetate activation sequence.

In view of the importance of acetate in plant me-
tabolism and of the limited information concerning
the role of univalent cations in plant metabolisnm it
was considered that a detailed study of the require-
ments of univalent cations for acetate activation in
plants was appropriate.

MATERIALS AND METHODS

PREPARATION OF ACETIC THIOKINASE: Acetic
thiokinase was obtained from an acetone powder of
the leaves of spinach (Spinacea oleracea L.). The
acetone powder was prepared according to the pro-
cedure described by Millerd and Bonner (12). All
reagents used and all operations involved in the prepa-
ration of the enzyme were maintained between 0 and
40 C. In preparing the crude extract the acetone
powder was ground with mortar and pestle for 5
minutes with 20 weights of 0.02 M tris (hydroxy-
methyl) aminomethane (Tris) buffer at pH 7.4. The
suspension was centrifuged for 10 minutes at a force
of 15,000 X G and the precipitate discarded. The
concentration of nucleic acids in the supernatant solu-
tion was determined spectrophotometrically by the
procedure described by Layne (6) and 0.025 ml of
2 % protamine sulfate was added per milligram of
nucleic acid in the extract. The suspension was
centrifuged for 10 minutes at 15,000 X G and the
precipitate was discarded. To the supernatant solu-
tion was added with stirring, sufficient solid ammoni-
um sulfate to bring the solution to 30 % of saturation.
After 10 minutes the precipitate was removed by cen-
trifugation and the supernatant was brought to 50 %
of saturation with solid ammonium sulfate. The
precipitate was collected by centrifugation and redis-
solved in a third the original volume of 0.02 M Tris
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buffer at pH 7.4. This extract contained a small
amount of reduced diphosphopyridine nucleotide
(DPNH) oxidase which was essentially removed by
refractionation with ammonium sulfate. In this pro-

cedure the extract was brought to 33 % of saturation
with ammonium sulfate and the precipitate was col-
lected by centrifugation and discarded. Sufficient
ammonium sulfate was added to the supernatant liquid
to bring the concentration to 50 C% of saturation.
The precipitate was collected by centrifugation and re-

dissolved in a sixth the original volume of 0.02 M
Tris buffer, pH 7.4. This procedure produced a two-

fold purification of the enzyml-e. The amount of
DPNH oxidase activity present in this extract was

negligible and therefore did not interfere with the
acetic thiokinase assays. The extract w,vas dialyzed
for 3 hours against 0.001 WI Tris buffer at pH 8.0.
After this period the (lialyzing solution was renewed
and dialysis wxas continued for 3 additional hours.
Extracts prepared by this procedlure were used for
the various experiments.

PREPARATION OF CONDENSING ENZY.ME: Partial-
ly purified condensing enzyme was prepared from
pig hearts by a procedure modified from the method
outlined by Ochoa (14). Two pig hearts were chilled
in ice as rapidly as possible after removal from the
animal. The fat and connective tissue were removed
and the muscle tissue was ground in a food chopper.
The resulting mince Nas stirred for 30 minutes with
0.02 M\ Tris buffer, pH 7.4 (2 ml/g of wet mince).
The suspension was squeezed through four thicknesses
of cheesecloth and the residue was re-extracted with
Tris buffer at pH 7.4 as (lescribe(l above. The two

extracts were combined and adjusted to pH 5.5 by
slowly adding 0.5 M acetic acid ith mlechanical stir-
ring. Calcium phosphate gel \as then added in the
proportion of 0.3 mig gel solids per mlilligram of pro-

tein. The suspension w-as stirred for 4 hours an(d

allowed to settle overnight. The clear red super-

natant solution was siphonedl off, ancd the gel was

collected by centrifugation. The supernatant fluid
was discardled an(d the condensing enzyme was ex-

tracted from the gel by shaking it for 30 minutes with
50 ml of 0.1 M potassium phosphate buffer at pH 7.4.
Several small glass beads were added to aid in break-
ing up the precipitate. After shaking, the suspension
was centrifuged and the supernatant fluid was col-
lected. The gel was re-extracted six times and the
eluates were combined.

Further purificatioin was accomiiplished by am-

monium sulfate fractionation. To the combined
eluates was added slowly, writh stirring, sufficient
solid ammoniunm sulfate to bring the solution to 40 %
of saturation. The precipitate was removed by cen-

trifugation and the supernatant solution was brought
to 70 % of saturation with ammonium sulfate. The
precipitate was collected by centrifugation and redis-
solved in a tentlh the original volume of 0.02 MI Tris
buffer at pH 7.4. All operations were carried out at
0 to 40 C.

This procedure resulte(I in a ten-fold purification.

The purified extract was free of acetic thiokinase and
DPNH oxidase activity. Before use in acetic thio-
kinase assays the extract was dialyzed 12 hours
against 0.001 M Tris buffer at pH 7.4.

OTHER MATERIALS: Diphosphopyridine nucleo-
tide (DPN) of 95 to 100 % purity and ATP of 99 to
100 % purity were obtained from the Sigma Chemical
Co., St. Louis, Mo. CoA of 75 % purity, malic acid,
and glutathione were obtained from Nutritional Bio-
chemical Corp., Cleveland, Ohio. Other chemicals
were of reagent grade and were obtained from com-
mercial sources. The Tris salts of DPN and ATP
were obtained by passing solutions and the sodium
salts of these coenzymes through an exchange column
containing Dowex 50 resin (Tris cycle). The Tris
salts of acetate and malate were prepared by neutral-
izing the respective acids to pH 8.0 with Tris. Acetyl
CoA was prepared from acetic anhydride and CoA
according to the procedure outlined by Ochoa (14).

STANDARD ASSAY PROCEDURES: Acetic thiokinase
was assayed by a method essentially the same as that
described by Mlillerd and Bonner (12). Activity was
followed spectrophotometrically by measuring the rate
of reduction of DPN at a wave length of 340 my in
a system involving the coupling of malic dehydrogen-
ase, acetic thiokinase, and condensing enzyme. These
reactions, in the proper sequence are as follows:

Malate + DPN Oxaloacetate + DPNH + H+

Acetate + ATP + CoA Acetyl CoA +
AMIP + PP

Oxaloacetate + Acetyl CoA \ Citrate + CoA

In this assay the rate of reduction of DPN is equal
to the rate of citrate synthesis (14). The standard
reaction mixture in a final volume of 1 ml contained
the following constituents: 100 nmicromoles of Tris
buffer adjusted to pH 8.0 with HCl; 10 micromoles
of Tris acetate; 2.5 micromoles of MgCl,; 50 micro-
moles of KCl; 5 micromoles of Tris malate; 10 micro-
moles of glutathione; 5 micromoles of Tris ATP;
0.67 micromole Tris DPN; 0.09 micromole of CoA;
20 to 30 units of condensing enzyme and acetic thio-
kinase extract usually containing between 0.6 and 1.0
mg of protein. The quantities, in micromoles, of
ATP, CoA, acetate, and DPN required for maximum
enzyme activity in a 1 ml reaction mixture were 2.5,
0.09, 5.0, and 0.4, respectively. Both the condensing
enzyme extract and the acetic thiokinase extract con-

tained large amounts of malic dehydrogenase. Suffi-
cient malic dehydrogenase and condensing enzyme
were present in the reaction mixture, therefore, to in-
sure that acetic thiokinase was the rate-limiting step.
The nmixtures were incubated 30 minutes at 300 C
and the reaction was stopped by adding 5 ml of 0.5 M
sodium phosphate buffer at pH 7.2. DPNH formed
under the desired experimental conditions was com-

pared with a control reaction containing all the com-

ponents except CoA. The reaction rate was propor-
tional to acetic thiokinase concentration up to a con-
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FIG. I (majo)r grapei). The influence of various con-

centrations ot univalent cations on the activity of acetic
thiokinase. The standard assay procedure was used with
variation in concentration of univalent cations as indicated.
The dialyzed enzyme extract added to each reaction mix-
ture conitained 0.7 mg. of protein.

(Inset) Reciprocal plots of reaction velocities versuis
salt concentrations indicated in the major graph. Only
those points were utilized in the maj'or graph that were

rABLE I
ESSENTIA\LITY OF VARIOUS COMPONENTS OF STANDARD

ASSAY MEDIUM FOR ACETIC THIOKINASE*

ACTIVITY RELATIVE TO
REACTION MIXTURE CMLT ITRCOMPLETE MIXTURE

Complete 100
No ATP 0
No CoA 0
No Acetate 15
No MgCl2 0

No KC1 0
No DPN 0
No malate 0
No condensing enzyme 0

* The complete reaction mixture in a volume of 1 ml
contained the following constituents in micromoles: Tris
buffer, pH 8.0, 100: Tris acetate, 10; MgCl2, 2.5; Gluta-
thione, 10; Tris ATP, 5; Tris DPN, 0.67; CoA, 0.09;
KCI, 50: Tris malate, 5; condensing enzyme (20-30
units) and acetic thiokinase (1.0 mg protein.).

centration of 2.0 mg of protein in each assay vessel.
No activity was obtained when the active enzyme was
replaced in the standard mixture by a boiled enzyme
preparation. Evidence for the dependence of enzyme
activity on the various constituents of the assay medi-
um is presented in table I.

In addition to the procedure involving coupling
of the acetic thiokinase reaction with the condensing
enzyme and malic dehydrogenase reactions, incubation
mixtures containing hydroxylamine prepared as de-
scribed by Millerd and Bonner (12) exhibited positive
acetate dependent hydroxamic acid reactions.

Condensing enzyme was assayed according to the
optical procedure outlined by Ochoa (14). One unit

free of apparent inhibition. Calculation of regression
lines by the method of least squares gave the following
regression equations: K+, Y = 5.65 + 0.054 X, NH4+,
Y = 6.56 + 0.033 X; Rb+, Y = 4.98 + 0.048 X.

FIG. 2. Reciprocal plots of reaction velocities versus

KCl concenitration at different NaCl concentrations. The
standard assay procedure was used with variation in salts
as indicated. The dialyzed enzyme extract added to each
reaction mixture contained 1.0 mg of protein. Calcula-
tion of regression lines by the method of least squares
gave the following regression equations: No NaCl, Y =

3.69 + 0.050 X; 0.05 M NaCl, Y = 6.98 + 0.059 X;
0.1 M NaCl, Y = 9.77 + 0.082 X.

FIG. 3. Reciprocal plots of reaction velocities versus

KCl concentration at different levels of LiCl concentra-
tion. The dialyzed enzyme extract added to each reaction
mixture contained 1.0 mg of protein. The standard assay

procedure was used with variation in salt as indicated.
Calculation of regression lines by the method of least
squares gave the following regression equations: No
LiCl, Y = 4.27 + 0.26 X; 0.05 M LiCl, Y = 9.6 +
0.074 X; 0.1 M LiCl, Y _ 13.45 + 0.17 X.
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of condensing enzyme is definedl as that amount which
gives an optical density change of 0.01 per minute un-
der the standard assay conditions. Protein was de-
termined by the Folin-phenol method of Lowry et al
(9) using bovine albumin as the standard.

RESULTS

UNIVALENT CATION ACTIVATION: The curves in
figure 1 (major graph) illustrate the influence of
chloride salts of K+, NH4 , and Rb+ on the activity
of acetic thiokinase. In these experiments an extract
was utilized that had been dialyzed for 6 hours against
0.001 M Tris buffer at pH 8.0. As indicated by these
curves the enzyme activity was absolutely dependent
upon univalent cations. Periods of dialysis less than
6 hours were not sufficient to remove all endogenous
univalent cations. Maximum enzyme activity was
exhibited with chloride salts of K+, NH4+. or Rb+
at a concentration of 0.04 I. The addition of these
salts at levels higher than 0.04 M resulted in inhibi-
tion. Using the points on the curve which were free
of apparent inhibition, plots were constructed (inset
graph, fig 1) according to the method of Lineweaver
and Burk (7) and the Michaelis constants (KA) for
the activating cations were calculated. KA values
for K +, NH4+, and Rb were, respectively: 9 X
10-3 M; 5 X 10-3 M, and 9 X 10-s.Mf. These
values are only approximations, however, because
concentrations of salts greater than 0.04 M resulted
in inhibition. This was most apparent with NH1Cl.

The enzyme was not activated by Na + or Li +
and inhibition was produced by low concentrations
of these cations. When a concentration of 0.05 M
Na+ or Li+ was included in the standard assay mix-
ture, enzyme activity with the two ions was inhibited
38 % and 56 %, respectively. To dletermine whether
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or not the inhibition produced by Na + or Li+ was due
to competition of these cations with the activating
univalent cations, KCl saturation curves were deter-
mined at various concentrations of Na + or Li +.
Lineweaver-Burk plots of these data are presented in
figures 2 and 3. Failure of the projected curves to
intersect at infinite KCI concentration demonstrates
that the inhibition by Na+ or Li+ is not competitive
with respect to K+.

EFFECT OF VARIOUS ANioNS OF ENZYME Ac-
TIVITY: As indicated by the curves in figure 4, the
influence of univalent cation salts on enzyme activity
was not independent of the balancing anion. Al-
though the optimum concentration varied slightly with
potassium salts of different anions, maximum enzyme
activity varied markedly with different potassium
salts. Enzyme activity in the presence of the nitrate
salt of potassium was 55 % of the activity in the pres-
ence of chloride. The activity obtained with po-
tassium sulfate was intermediate between the activi-
ties obtained with potassium fluoride and potassium
nitrate.

DIVALENT CATION ACTIVATION OF ACETIC THIo-
KINASE: In addition to the requirement for univalent
cations for activity, acetic thiokinase from spinach
exhibits an absolute requirement for divalent cations.
The effect of various divalent cation chlorides on the
enzyme activity is illustrated by the curves in figure 5.
In these experiments the standard assay procedure
was used with the exception that divalent cation salts
were included in the assay mixture as indicated. The
activating capacities of Mg++ and Mn+ + were ap-
proximately equal at optimal concentrations. Ca"+
was 77% as effective as Mg + + or Mn + +, and Ba + +
failed to activate the enzyme at any concentration
tested. Maximum enzyme activity was observed at
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FIG. 4. The influence of various concentrations of potassium salts of several anions on the activity of acetic

thiokinase. The standard assay procedure was used with variation in anions as indicated. The dialyzed enzyme ex-
tract added to the reaction mixture contained 0.7 mg of protein.

FIG. 5. The influence of various divalent cations on the activity of acetic thiokinase. The standard assay pro-
cedure was used with variation in divalent cations as indicated. The dialyzed enzyme extract added to the reaction
mixture contained 0.8 mg of protein.
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a Mg+ +, Mn+ +, or Ca+ + concentration of approxi-
mately 3 x 10-3 M. Activity was markedly in-
hibited at concentrations higher than optimal.

DISCUSSION

Acetic thiokinase from spinach exhibits an absolute
requirement for univalent cations. MIaximum enzyme

activity was produced by K+, NH4+, or Rb+ at a

concentration of 0.04 M. A similar concentration of
these cations produced maximum activity of the en-

zyme from animal tissues (15). Enzyme activity was
inhibited by Na+ or Li+ and the inhibition was not
competitive with respect to the activating univalent
cations. The influence of these ions on acetic thio-
kinase from animals (15) was similar to that observed
for the plant enzyme.

The failure of Na+ to replace K+ in the activation
of acetic thiokinase is in contrast with the capacity
of this cation to function as an activator for pyruvate
kinase from higher plants (11). One might postu-
late that the acetic thiokinase reaction may represent
an important site of physiological antagonism between
K+ and Na+ in higher plant metabolism.

The reason for the differences in maximum enzyme

activity obtained when different anions were used in
conjunction with a common cation is not readily ap-

parent. Perhaps there is a total salt or anionic in-
hibition which partially overcomes the activating ef-
fect of the univalent cation. Further investigation is
necessary to clarify this observation.

In addition to its requirement for univalent cations
the activity of acetic thiokinase also is dependent upon

divalent cations. This requirement was satisfied by
Mg+ +, Mn+ +, or Ca+ +; however, the maximum
activity with the latter cation was only 77 % of that
with either Mg+ + or Mn++. Further experimenta-
tion would be necessary in or(ler to postulate reasons

for the variability in activating capacities of different
divalent cations.

In regard to the physiological importance of vari-
ous univalent cation activators of this system it is
concluded that the concentrations of either NH,+ or

Rb+ normally present in fresh plant material are in-
sufficient to play an important role in activating this
enzyme. In view of this conclusion and of the toxicity
of high concentrations of either NH,+ or Rb+ to

plant tissues, the most probable physiologically active
univalent cation for this enzyme is K+. In this re-

gard fresh plant material normally contains about
0.2 % of K+. This concentration is very near to the
0.04 M concentration required for maximum activity
of the enzyme in vitro.

Experiments are presently being conducted to de-
termine the possible role of univalent cations in the
individual reactions of the acetate activation sequence.

Preliminary experiments have indicated that the con-

version of adenyl acetate and CoA to acetyl CoA and
AMP is stimulated by potassium ions.

SUMMARY

Acetic thiokinase was obtained from an acetone
powder of the leaves of Spinach (Spinacea oleracea
L.). Dialyzed extracts of this enzyme required both

univalent and divalent cations for activity. The uni-
valent cation requirement was satisfied by K+, NH,+,
or Rb+ and maximum activity was obtained in the
presence of 0.04 M concentration of these cations.
Enzyme activity was inhibited when Na+ or Li+ was
added to the standard assay mixture. This inhibition
apparently was not due to a competition of these
cations with the activating univalent cations.

The divalent cation requirement for enzyme ac-
tivity was satisfied by Mg++, Mn or Ca
Ba+ + was ineffective at all concentrations tested.

In general it is concluded that the cation require-
ments for acetic thiokinase from spinach leaves are
very similar to those that have been established for
this enzyme from animal sources.

LITERATURE CITED

1. BEINEFRT, H., D. E. GREEN, P. HELE, HELEN HIFT,
R. W. VON KORFF, and C. V. RAMAKRISHNAN.
1953. The acetate activating enzyme system of
heart muscle. Jour. Biol. Chem. 203: 35-45.

2. BERG, P. 1955. Participation of adenyl-acetate in
the acetate-activating system. Jour. Amer. Chem.
Soc. 77: 3163-3164.

3. BERG, P. 1956. Acyl adenylates: an enzymatic
mechanism of acetate activation. Jour. Biol. Chem.
222: 991-1013.

4. JONES, MARY EILLEN, S. BLACK, RUTH M. FLYNN,
and F. LIP-MANNM. 1953. Acetyl CoA synthesis
through pyrophosphoryl split of adenosine triphos-
phate. Biochem. Biophys. Acta 12: 141-149.

5. KAPLAN, N. 0. and F. LIPMANN. 1948. The assay
and distribution of coenzyme A. Jour. Biol. Chem.
174: 37-44.

6. LAYNE. E. 1955. Spectrophotometric and turbido-
metric methods for measuring protein. In:
Methods in Enzvmology, S. P. Colowick and N. 0.
Kaplan, e(ls. Vol. III. Pp. 447-454. Academic
Press Inc., New York.

7. lINEWLAVER. HI. and D. BURK. 1934. The deter-
mination of enzyme dissociation constants. Jour.
Amer. Chem. Soc. 36: 658-666.

8. LIPMANN, F. 1945. Acetylation of sulfanilimide by
liver homogenates and extracts. Jour. Biol. Chem.
160: 173-190.

9. LOWRY, D. H., NIRA J. ROSEBROUGH, A. L. FARR.,
and RoSE J. RANDALL. 1951. Protein measure-
ment wvith the Folin phenol reagent. Jour. Biol.
Chem. 193: 265-275.

10. LYNFN, F. and E. REICHERT. 1951. Zur Chem-
ischen struktur activierten Essigsaure. Angew.
Cliem. 69: 47-48.

11. MILLER, G. W. and H. J. EVANS. 1957. The in-
fluence of salts on pyruvate kinase from tissues of
higher plants. Plant Physiol. 32: 346-354.

12. MILLERD, A. and J. BONNER. 1954. Acetate activa-
tion and acetoacetate formation in plant systems.
Arch. Biochem. Biophys. 49: 343-355.

13. NACH-MANSOHN, D. and A. L. MACHADO. 1943.
The formation of acetyl choline. A new enzyme:
"choline acetylase." Tour. Neurophysiol. 6: 397-
403.

14. OCHOA, S. 1955. Crystalline condensing enzyme
from pig heart. In: Methods in Enzymology, S. P.
Colowick and N. 0. Kaplan, eds. Vol. I. Pp.
685-694. Academic Press, Inc., New York.

15. VON KORFF, R. W. 1953. The effects of alkali
metal ions on the acetate activating enzyme system.
Jour. Biol. Chem. 203: 265-271.

677


