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The activation of acetate by acetic thiokinase has
been shown to proceed through 2 steps (2, 18):
ATP + acetate =- Adenyl acetate + PPi I
Adenyl acetate + CoA = Acetyl CoA + AMP II

Von Korff (16) studied the over-all reaction and
reported that univalent cations were required for the
synthesis of acetyl CoA from ATP, acetate and CoA.
K+, Rb+, and NH4+ at concentrations of 0.04 M
gave maximum activity while Na+ and Li+ strongly
inhibited the reaction. Hiatt and Evans (6) reported
a similar effect of univalent cations upon the overall
reaction catalyzed by acetic thiokinase from plants.
The inhibitory effect of Na+ and Li+ was not due to
competition between these ions and activating uni-
valent cations (6). Pyruvate kinase from animal
tissues (8), formate activating enzyme from erythro-
cytes *(4), yeast aldehyde dehydrogenase (5), and
phosphotransacetylase (15) are other enzymes which
are activated by K+ but are inhibited by Na+. In-
corporation of amino acids into protein by cell-free
extracts of pea roots is promoted by K+ and inhibited
by Na+, Li+, NH4+, and Rb+ (17). The nature of
the Na+ inhibition of these enzymes was not studied
in detail.

The overall acetic thiokinase reaction requires
MIg+ + (1, 7, 12) and Berg (2) reported that
Mg+ + is required for only the first step in the reac-
tion sequence. The effect of univalent cations on the
individual steps in the reaction sequence has not been
studied with either plant or animal acetic thiokinase.

In this paper experimentation on the effect of ca-
tions on acetic thiokinase has been extended to study
their effect on individual steps of the reaction se-
quence. It was considered that these studies would
present a better understanding of the role of univalent
cations in enzyme reactions and of the antagonism
between Na+ and activating cations in certain en-
zyme systems.

Materials and Methods
Enzymjze Extracts. Acetic thiokinase from Spina-

cia oleracea L. and condensing enzyme from pig heart
were prepared as previously reported (6). Glucose-
6-phosphate dehydrogenase and yeast hexokinase
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tion Director.

were purchased from Nutritional Biochemicals Cor-
poration and were dialyzed for 12 hours against
0.001 M Tris buffer at pH 7.4 before use.

Other Materials. ATP, CoA (75 % purity),
TPN, and oxaloacetic acid were obtained from the
Nutritional Biochemicals Corporation. DPN and
AMP were obtained from the Sigma Chemical Com-
pany. Adenyl acetate was prepared from AMP and
acetic anhydride according to the procedure described
by Berg (3) except that the pH was adjusted with
solid Tris instead of KOH. Other chemicals were of
reagent grade and were obtained from commercial
sources. The Tris salts of DPN, ATP, and PPI were
prepared by passing solutions of the sodium salts of
these compounds through an exchange column con-
taining Dowex 50 resin (Tris cycle). Tris salts of
other reagents were prepared by neutralizing the
respective acids to pH 7.5 with Tris.

Standard Assay Procedu res. The overall reaction
catalyzed by acetic thiokinase was assayed by measur-
ing the synthesis of citrate in a system involving the
coupling of acetic thiokinase with condensing enzyme.
The standard reaction mixture in a volume of 1 ml
contained the following constituents: 100 ,umoles Tris
buffer adjusted to pH 8.0 with HCl; 10 ,umoles Tris
acetate; 2.5 ,imoles MgCl2; 50 ,umoles KCl; 1.5 ,umoles
Tris oxaloacetate; 5 ,umoles ATP; 0.1 ,mole CoA;
20 to 30 units of condensing enzyme and acetic thio-
kinase extract usually containing between 1 and 2 mg
of protein. The reaction mixture was incubated for
20 minutes at 300 and the reaction was stopped by add-
ing 1 ml of 15 % trichloroacetic acid. Denatured
protein was removed by centrifugation and citrate was
determined by the method of Natelson et al. (13). A
control containing no CoA was carried through the
procedure.

The first and second steps in the reaction sequence
were assayed by measuring the conversion of adenyl
acetate to ATP and acetyl CoA, respectively. Since
adenyl acetate is apparently tightly bound to the en-
zyme (18), the first step in the reaction (equation I)
could not be assayed by measuring adenyl acetate
formation from ATP. The conversion of adenyl
acetate to ATP (equation I) was assayed by measur-
ing the reduction of TPN spectrophotometrically in
a system coupling ATP synthesis with hexokinase
and glucose-6-phosphate dehydrogenase essentially as
described by Berg (2). The standard reaction mix-
ture in a volume of 1 ml contained the following
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constituents: 100 ,umoles Tris buffer, pH 7.4; 5
,umoles MgCl,; 10 unmoles Tris PP1; 0.5 Min-Gole adenyl
acetate; 25 umoles glucose; 0.5 ,umole TPN; 0.3 mg
hexokinase; 4,g glucose-6-phosplhate (lehy(lrogenase;
and acetic thiokinase extract containing 1 to 2 mg of
protein. The reactioni mlixture was incubatedl for 15
minutes at 300 and the reaction was stopped by adding
5 nil of 0.5 ix\ so(liumii phosphate buffer, pH 7.2. TPN
reduction was (letermiiine(I with a Becknman DU spec-
trophotomleter at a xxvavelenigth of 340 m,u and activity
is expressed as change in optical (lensity at this wave-
length. A reaction mlixtuire containing no acdenil ace-
tate was used as a control. The quantity of hexo-
kinase and glucose-6-phosphate dehYdrogenase pres-
ent was 20 to 30 timies the amlount required to insure
that acetic thiokinase was the limitinig enzymiie. The
rate of utilization- of ATP 1v hexokinase an(l glucose-
6-phosplhate dehvdrogenase wvas unaffected by Na+,
K+, and a(lenIl acetate. A 25 C% inllibition of ATP
utilization by 10-2 M\ Tris pyrophosphate dlidl not affect
the assay of acetic thiokiniase by the couplecl system.

The conversioni of adlenyl acetate and CoA to acetyl
CoA (equation II) xvas assayed by coupling acetyl
CoA synthesis w ith con(lensinig enzynme and mleasuring
the formation of citrate. The standlard reaction mix-
ture in a volumiie of 1 mil contained the following
constituents: 100 Mumioles Tris buffer, pH 7.4; 50
,umoles KCl; 1.5 Ftlmloles Tris oxaloacetate; 0.1 ,amole
CoA; 2 MLmoles adelivl acetate: 20 to 30 units of con-
densiing enzymnie an(d acetic thiioki nase extract contain-
ing 2 to 4 mlg of proteini. The mixture xvas incubated
for 10 minutes at 300 andl the reaction was stoppe(l by
a(lding 1 nml of 15 % trichloroacetic aci(l. After
centrifugation to remove d(enature(l protein, a 1-ml
aliquot wvas assayed for citrate by the mletlho(d of
Natelson et al. (13).

Hexokiinase was assayed by imieasurilng TPN re-
ductionliii a system coupling glucose-6-plhosplhate
synthesis froml glucose and( ATP' vith glucose-6-phos-
phate (lehy(lrogeniase. The cuvette contained the fol-
lowling constitueints in a volume of 3.0 ml: 200 munoles
Tris buffer, pH 7.4: 2.5 ,tmoles M\fgCl..; 50 Mmnioles
glucose; 0.5 uimole TPN; 5 1imiioles ATP; 1 jig glu-
cose-6-phosplhate dehyd(lrogeilase; an( hexokinase.
The reactien was starte(d bv adding ATP and the
optical density change at a xvavelenlgth of 340 mM1y was
followved wvith a Beckmiian DU spectrophotometer.
Glucose-6-phosphate dehydrogenase wvas assayedl by
the samle procedure except that bexokinase Nvas pres-
ent in excess.

Conidensing enzymie xvas assayed accordling to the
optical procedure of Ochoa (14). One unit of con-
denisinig enzyme is define(d as that aminount \vhich gives
an optical density clhange of 0.01 per minute unider
standard assay con(litions. Protein Wvas (letermiiined
by the Folin-pheniol metlhod of Lowry et al. (11)
using bovine albunmin as the standard.

Results

Effects of Adeiivl Acetatc 0)1(1 Pyropliosphlate
Concentration on1 A7AP Synthesis. -Maximumti enzyme

Table I
7Thc Effrct of 0.1 Mi Concenrationis of Sezcral l nzi-aleatI
Cationl Chlorides ooi ATP Synltlhesis fromii A-denv;Al .4cetate

anid PPi at 2 Levcls of M1yCl2
Standard assay conditions were used except that unii-

valent cations and MlgCl2 were varied as indicated. Tlhe
dialyzed enzyme extract added to each reaction mixtuire
contained 1.5 mg of protein.

Cation added

None
K
Rb
N.a
Li
Cs

Nctivity in prese ce of
2 x10-3 -AI N.Ig- 10-3 Al NIg2.5 X 10 a3 5 0X I g

Change in GD at 340 imi

0.074
0.052
0.048
0.042
0.035
0.036

0.132
0.127
0.115
0.096
0.045
0.055

activity NA-as obtainedl xith an adenyl acetate colnceni-
tration of S X10X '\r (fig 1). Althoughl not shoxvn
in figure 1, enzyme activity was redlucedI markedly by
adlenvl acetate at concentratiois greater than 10-3 NI.
A PPi concentration of 10- rAl'as optimiunm for the
enzymie ancl an excess of PPi inllibite(d the reactioln.

Mla,gncsin;;tI Reqitiremlcnlt for A TP Srnlthesis.
The effect of Mg±±++ on ATP synthesis fromii adenyl
acetate an(d 1'Pi is shown in figure 2. Separate ex-
perimlenits in(licated that hexokinase ani(l glucose-6-
phosplhate Nxere present in such excess quanitities thlat
their activity did not linlit the reactioni rate at M-' +
concenitrations greater thani 2.5 X 10-4 Ar. The re-
sults slhox-n in figure 2 are, therefore, (due only to tlle
effect of Mg±+ + on ATP synthesis. MAaxinmum activ-
ity xvas prodluce(d by a Mig+ + concentration of 5 X
10-3 i. Increasing l'Pi to tw ice the optimumii con-
centrationl resulte(d inl a twvofold inlcrease in the cOI-
centration of Ag±+ + reqiuire(d for maximunm activity.

Univalent Cation Ilihibition of A 71' Sywthicsis.
Univalenit cations inhibited the synthesis of ATP frolm
adenyl acetate an(l Pl'i (fig 3). In the presence of
2.5 X 10-l Ai Mg+ +, NaCl at concentrations of 0.1 M
anid 0.2 im inhibited enzyme activity by 55 ' and
70 %, respectively. l'otassiumii inllibitedI the reaction
less thani sodium.

The effect of 0.1 -m NaCl alndI 0.1 -r KCI on ATP
synthesis at various concentratioins of NIg+ xvwas
determlinecl. Vhien these data are plottecl accor(ling
to the imiethodI of Lineweaver and( Burk (9) the pro-
jectedl lines intersect at the ordiinate (fig 4) in(licating
that the inhibition of Na+ and K+ is due to competi-
tion of these ioIns With Mg±+. Table I shioxvs the
effect of several univalent catioins on ATP synthesis
froml adenvl acetate at 2 levels of MIgCl2.

Effcct of Adncvin Acetate Concentration onl Svn-
thlesis of Acetyl CoA fr-oni Adenvfl .4cet(ate a0(1 CoA.
M\aximllumn syntthesis of acetyl CoA froml aclenvl ace-
tate (equation II) was pro(luce(l by ani a(leilnl acetate
concenitrationi of approxiimiatelv 3 X 10: a (fig 5).
This concentration of aderlvI acetate xvas six-fold
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greater than the optimum for ATP synthesis (equa-
tion I). Adenyl acetate at 10-2 M slightly inhibited
acetyl CoA synthesis.

Effect of Univalent Cations and Magnesium on

Synthesis of Acetyl CoA from Adenyl Acetate and
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CoA. An absolute requirement for K+ was exhibited
in the synthesis of acetyl CoA from adenyl acetate
and CoA (fig 6). When Rb+ was substituted for
K+ a similar curve was obtained. Na+ did not re-
place K+ in the activation of acetic thiokinase nor did
Na+ inhibit the reaction in the presence of 0.05 M
K+. Mg+ + up to a concentration of 5 X 10-3 M
did not affect the reaction rate either in the presence
or absence of K+.

Discussion

Nearly all transphosphorylation reactions involv-
ing ATP require the presence of Mg ions and it has
become more or less routine procedure to add this
ion when assaying these reactions. It is generally
assumed that the reactive species is a Mg+ + complex
of ATP. In addition a number of enzyme reactions
involving nucleoside triphosphates show an absolute
requirement, or a stimulation by, univalent cations.
This requirement is usually met by K+ but in most
cases Rb+ and NH4+, and in some cases Na+, will
substitute for K+. The majority of reactions which
involve ATP have not been tested for univalent cation
requirement and such a requirement could easily be
missed since many of the reagents are commonly
used in the form of their sodium or potassium salts.
A wide variety of enzymes, some not involving phos-
phorylated substances, have been found to require K+
and no common reaction pattern for the basis of K+
requirement has yet emerged.

The activation of acetate by acetic thiokinase pro-
vides a good system for studying the role of inorganic
ions in transphosphorylation since the reaction pro-
ceeds by 2 steps which can be assayed independently.
Mg+ + is required in the first step of the reaction
sequence (equation I), but not in the synthesis of
acetyl CoA from adenyl acetate and CoA. This
agrees with the findings of Berg (2). The increase
in Mg+ + requirement with increasing PPi concentra-
tion suggests, but does not prove, that a Mg-PP1
complex may be the active form of the substrate.
The overall reaction will not proceed in the absence
of Mg+ +. These findings lend further support to
the proposal that the true substrate in the forward
reaction of acetic thiokinase is a Mg chelate of ATP,
the role of the metal being to bind the nucleotide to
the enzyme. Lowenstein (10) has proposed a model

FIG. 1. Effect of adenyl acetate concentration on
synthesis of ATP from adenyl acetate and PP.. The
dialyzed enzyme extract added to each reaction mixture
contained 2 mg of protein.

FIG. 2. Effect of Mg concentration on synthesis of
ATP from adenyl acetate and PPi. The dialyzed enzyme
extract added to each reaction mixture contained 2 mg of
protein.

FIG. 3. Effect of KCl and NaCl concentration on syn-
thesis of ATP from adenyl acetate and PP.. The reaction
mixture contained 2.5 X 10-3 M Mg and the dialyzed
enzyme extract added to the reaction mixture contaiined
1.4 mg of protein.
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by which ATP may be bound to the enzyme surface
through chelation with Mg + or Mn+.

The synthesis of ATP from adenyl acetate and
PPi (equation I) was not stimulated by K+ at any

concentration. The acetylation of CoA (equation
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II), however, required the presence of K + . This
requirement was the same as that reported for the
overall reaction (6). These results indicate that
Ig+ + and K+, while being involved in the same

svstem, act more or less independently in their
catalytic role.

The inhibition of ATP synthesis from adenyl
acetate and PPi (equation I) by univalent cations
was competitive with respect to Mg+ +, suggesting
that these ions were occupying sites normally occupied
by Mg++ in the active complex. Several K+ acti-
vated enzymes are iinhibited by Na and Li ions (4, 5,
6, 8, 15, 16). There has been little detailed experi-
mentation on the inhibitory action of Na+ and Li+,
but it has often been assumed that these ions were

interfering with K+ activation of the enzyme. While
this is undoubtedly true in some cases, the data pre-

sented in this paper suggest that Na and Li ion inhibi-
tion of some of the transphosphorylation reactions
may be due to a Mg+ +-univalent cation antagonism.
This antagonism may be rather widespread in trans-
phosphorylation reactions and yet go undetected since
the effect of univalent cations on activity is not nor-

mally considered unless there is some indication of a

K+ stimulation of the reaction. Perhaps the inhibi-
tion of univalent cation-requiring enzyme reactions by
concentrations of the activating ion greater than the
optimunm might also be explained on the basis of this
antagonism.

The antagonism between univalent cations and
M\g+ + may be of significance in intact biological
systems. Analysis of tobacco leaf tissues in our lab-
oratory have shown that the tissue often contains suf-
ficient K+ to produce levels greater than 0.1 Wi in the
cell sap. Perhaps excessive rates of potassium ferti-
lization could lead to an interference of phosphorus
metabolism.

Summary

The role of metals in the activation of acetic thio-
kinase from spinach (Spinacia oleracea) was studied.
Adenyl acetate, an intermediate in the 2-step reaction,
was synthesized and the individual steps were assayed
by-measuring the conversion of adenyl acetate to
adenosine triphosphate and acetyl CoA, respectively.
The reversible conversion of adenosine triphosphate
and acetate to adenyl acetate and pyrophosphate ex-

hibitedl an absolute requirement for Mg ions. Mg

<ci
FIG. 4. Reciprocal plots of reaction velocity versus

Mg concentration with and without added univalent ca-

tions. Mg concentration was varied from 5 X 10-4 M
to 5 X 10-3 M.

FIG. 5. Effect of adenyl acetate concentration on syn-

thesis of acetyl CoA from adenyl acetate and CoA. The
dialyzed enzyme extract added to each reaction mixture
contained 4 mg of protein.

FIG. 6. Effect of K+ concentration on synthesis of
acetyl CoA from adenyl acetate and CoA. The dialyzed
enzyme extract added to each reaction mixture contained
3 mg of protein.
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ions were without effect on the subsequent conversion
of adenyl acetate to acetyl CoA.

K ions did not stimulate the first step of the reac-
tion. The synthesis of acetyl CoA from adenyl ace-
tate and CoA, however, required the presence of uni-
valent cations. K or Rb ions satisfied this require-
ment but Na ions were without effect on the reaction.
The optimum concentration of K and Rb was 0.04 M.

Univalent cations inhibited the conversion of
adenyl acetate and pyrophosphate to ATP. This in-
hibition was competitive with respect to Mg suggest-
ing that univalent cations were occupying sites nor-
mally occupied by Mg ions in the active complex.
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