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Two distinct forms of acetate kinase were purified to homogeneity from a sulfate-reduc-
ing bacterium Desulfbvibrio vulgaris Miyazaki F. The enzymes were separated from the
soluble fraction of the cells on anion exchange columns. One acetate kinase (AK-I) was a
homodimer (cfi2) and the other (AK-II) was a heterodimer (a8aL). On SDS-PAGE, otL and
a3 subunits migrated as bands of 49.3 and 47.8 kDa, respectively, but they had an identi-
cal N-terminal amino acid sequence. A rapid HPLC method was developed to directly
measure ADP and ATP in assay mixtures. Initial velocity data for AK-I and AK-II were
collected by this method and analyzed based on a random sequential mechanism,
assuming rapid equilibrium for the substrate binding steps. All kinetic parameters for
both the forward acetyl phosphate formation and the reverse ATP formation catalyzed
by AK-I and AK-II were successfully determined. The two enzymes showed similar
kinetic properties in Mg2'1" requirement, pH-dependence and magnitude of kinetic para-
meters. These results suggest that two forms of acetate kinase are produced to finely
regulate the enzyme function by post-translational modifications of a primary gene pro-
duct in Desulfovibrio vulgaris.

Key words: acetate kinase, HPLC analyses of ADP and ATP, kinetics, post-translational
modification, sulfate-reducing bacterium.

Sulfate-reducing bacteria are widespread in nature and
play important roles in the sulfur cycles in soil, sediments
from freshwater and marine environments, and deep-sea
hydrothermal vents {1-3). In wastewater treatment facili-
ties, sulfate-reducing bacteria enhance corrosion of the
facilities in concert with sulfide-oxidizing bacteria in waste-
water biofilms (4, 5). New sulfate reducers belonging to the
genus Desulfovibrio have been isolated recently from roots
of seagrass (6), and the intestine of humans and animals
(7). A strain isolated from estuarine sediments can carry
out reductive dehalogenatdon (8). A new biosynthetic path-
way of porphyrins has been found in Desulfovibrio vulgaris
(9,10). These recent advances in the studies of the sulfate-
reducing bacteria have raised many questions about their
physiology and biochemistry.

Acetate kinase (ATP:acetate phosphotransferase, EC
2.7.2.1) catalyzes the following reaction.

acetate + ATP s=t acetyl phosphate + ADP (1)

The forward reaction is important for microbes to actd-
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vate acetate when acetate is the sole carbon source avail-
able (11) and when acetyl phosphate is produced to
regulate microbial functions such as flagellar expression
(12, 13). By the reverse reaction, most facultative and
strictly anaerobic microbes can obtain ATP by substrate-
level phosphorylation.

Figure 1 summarizes bioenergetdcs of sulfate reduction in
the genus Desulfovibrio when the bacteria grow on lactate
and sulfate (14). On the one hand, the bacteria generate
two ATPs by phosphorylation at the substrate level coupled
to the oxidation of two molecules of pyruvate. On the other
hand, one ATP is consumed to activate sulfate to adenos-
ine-5'-phosphosulfate and another ATP is used to regener-
ate two ADPs. Net production of ATP cannot be attained
only by substrate-level phosphorylation. For growth on lac-
tate and sulfate, therefore, Desulfovibrio has an obligatory
requirement for electron-transfer coupled phosphorylation
for net production of ATP. Despite the importance of the
reaction catalyzed by acetate kinase in energy metabolism
in Desulfovibrio, there has been no report on acetate kinase
in sulfate-reducing bacteria since the early work done by
Brown and Akagi (15) on the enzyme in Desulfovibrio des-
ulfuricans.

In recent years, molecular cloning of the acetate kinase
gene has been done for various microbes to understand the
physiological roles of the enzyme and sometimes to address
the mechanism of enzymatic phosphoryl transfer reaction
(16-19). Acetate kinases have also been purified from Bacil-
lus stearothermophilus (20), Veillonella alcalescens (21,22),
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2lactate -» 2 pyruvate + 4 e + 4 H+

2 pyruvate + 2 CoA - • 2 acetyl-CoA + 2 CO2 + 4t + 2H+

2 acetyl-CoA + 2 Pi
2 acetyl phosphate + 2 ADP

SO42- + ATP

PPi + H2O

APS + 2e
AMP + ATP

SO 3
2 - + 6 e + 8 H+

2 lactatt + SO 4
2 - + 2 H+

-» 2 acetyl phosphate + 2 CoA
- • 2 acetate + 2 ATP

- • APS + PPi
— 2 Pi

— SO32- + AMP

-» 2 ADP

— HjS + 3 H2O

-» 2 acetate + 2 CO2 + H2S +

(lactate dehydiogenase)

(pyruvate:ferredoxin oxidoredudase)

(phosphotransacetylase)
(acetate kinase)

(ATP sulfurylase)
(inorganic pyrophosphatase)

(APS reductase)
(adenylate kmase)

(sulfite reductase)

2 H2O net reaction

Fig. 1. Bioenerget ics of D. vulgaris
cells growing on lactate and sul-
fate. The bioenergetics of sulfate re-
duction in Desulfovibrio reported by
Liu and Deck (14) is summarized in
this figure with modifications. No net
formation of ATP occurs at the sub-
strate level. Three molecules of ATP
are formed in an electron-transfer-cou-
pled manner during the reduction of
one molecule of sulfite to sulfide. APS,
adenosine-5'-phosphosulfate; PP,, inor-
ganic pyrophosphate; P,, inorganic
phosphate.

Acholeplasma laidlaivii (23), Spirochete MA-2 (24), Salmo-
nella typhimurium (25), Escherichia coli (25), Methanosa-
rcina thermophila {26), Clostridum acetobutylicum (27,28),
and Thermotoga maritima (29). Acetate kinase from all
these microbes is a homodimer except the enzyme from B.
steamthermophilus, which is a homotetramer. These en-
zymes show mainly similar kinetic properties but substan-
tial differences such aspects as enzyme stability, suscepti-
bility to sulfhydryl reagents, sensitivity to succinate or
fructose 1,6-bisphosphate, and magnitude of kinetic param-
eters. Recent progress in X-ray crystallographic study on
acetate kinase from M. thermophila (Archaea domain) (30)
has stimulated reexamination of the mechanism of phos-
phoryl transfer and new studies on the structural basis of
difference in kinetic properties among acetate kinases.

In this study, we purified two forms of acetate kinase
from Desulfovibrio vulgaris Miyazaki F cells by separation
on an anion-exchange column. One was a homodimer, the
other a heterodimer. The presence of two acetate kinases
has been reported only for an anaerobic marine spirochete
(spirochete MA-2) (24), and a heterodimeric acetate kinase
has never been reported. To examine the kinetic properties
of the purified enzymes in detail, we developed a HPLC
method to measure directly nucleotddes (ADP or ATP) form-
ed in assay mixtures. We did not use the conventional en-
zyme-coupled methods for kinetic experiments of acetate
kinase (20-29) because addition of hexokinase, glucose-6-
phosphate dehydrogenase, pyruvate kinase, lactate dehy-
drogenase, and their substrates make reaction mixtures too
complex and therefore vulnerable to systematic experimen-
tal errors. In the present direct assay of products, reaction
mixtures contained simply substrates for acetate kinase
and a catalytic amount of the enzyme. We applied a ran-
dom sequential model to the initial velocity data obtained
by the present methods and successfully determined all
kinetic parameters contained in the model.

MATERIALS AND METHODS

Materials D. vulgaris Miyazaki F was cultured anaero-
bically on a Pbstgate medium C (31). The bacterial cells
were collected by centrifuging the culture medium, and the
cell pellets were kept at — 80"C until use. ATP disodium
salt, GTP sodium salt, and acetyl phosphate lithium potas-
sium salt were purchased from Sigma. ADP disodium salt
and FAD were purchased from Nacalai Tesque. All other
chemicals were of reagent grade.

Purification of Acetate Kinase—D. vulgaris Miyazaki F

cells (39.0 g) were homogenized in 100 ml of 20 mM Tris-
HC1 (pH 7.7) containing 2 mM DTT and 1 mM EDTA
(buffer A) by sonication. DNase I (Sigma, 2 mg) was added
to the homogenate. After 10 min of incubation in ice-water,
the homogenate was centrifuged at 16,000 Xg for 30 min at
4'C. The supernatant (crude extract) was diluted to 390 ml
with buffer A and then applied to a DEAE-Toyopearl col-
umn (5 X 14 cm, Tosoh) preequilibrated with the buffer.
The column was washed with 600 ml of buffer A, then
developed with a linear gradient of 0-0.12 M NaCl in a
total volume of 1.4 liters of the same buffer. The column
was further washed with 500 ml of buffer A containing 0.12
M NaCl. Acetate kinase activities eluted as two adjacent
but well-separated peaks (see Fig. 2A). The enzyme activi-
ties contained in the first peak (fractions 93-96) and the
second peak (fractions 100-106) were pooled separately
and designated as AK-I and AK-II, respectively.

Both AK-I and AK-II fractions (DEAE-Toyopearl) were
further purified by the same procedures. In the following,
we describe the purification of AK-I. The DEAE-Toyopearl
fraction was 3-fold diluted with cold 10 mM Tris-HCl (pH
7.3) and applied to a Q-Sepharose column (2.5 x 22.0 cm,
Pharmacia) preequilibrated with 50 mM Tris-HCl (pH 7.3)
containing 2 mM DTT. The enzyme was eluted with a lin-
ear concentration gradient of 0-0.2 M NaCl in 1 liter of the
equilibration buffer. The active fractions (Q-Sepharose)
were collected and concentrated to 0.46 ml by ultrafiltra-
tion with a Centriflo CF25 membrane cone (Amicon) and a
Microcon YM-30 membrane filter (Amicon).

The concentrated Q-Separose fraction was further puri-
fied by gel-filtration on a TSKgel G3000SWXL column (7.8
X 300 mm, Tosoh). Aliquots (20 pd) of the concentrate were
repeatedly injected into the column preequilibrated with 50
mM Tris-HCl (pH 7.3) containing 0.3 M NaCl and 2 mM
DTT. Elution was performed with the same buffer at a flow
rate of 0.3 ml/min. The pooled active fractions (TSKgel
GSOOOSWXL) were concentrated to about 0.4 ml by ultrafil-
tration with a Microcon YM-30 membrane filter. The con-
centrated sample was 5-fold diluted with 20 mM Tris-HCl
(pH 7.4) and injected into a Mono Q HR5/5 column pre-
equilibrated with 50 mM Tris-HCl (pH 7.4) containing 2
mM DTT. The column was developed with a linear gradient
of NaCl concentration (7.5 mM/min) in the equilibration
buffer. The flow rate of 0.5 ml/min. The active fractions
(Mono Q) were pooled and concentrated to about 0.1 ml by
ultrafiltration with a Microcon YM-10 membrane filter.

Aliquots (20 JJJ) of the concentrated Mono Q fraction
were repeatedly injected into a TSKgel SuperSW3000 col-

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Acetate Kinases in Desulfbvibrio vidgaris 413

nmn (4.6 x 300 mm, Tosoh) preequilibrated with 50 mM
Tris-HCl (pH 7.3) containing 0.3 M NaCl and 2 mM DTE
Elution was performed with the same buffer at a flow rate
of 0.2 ml/min. The fractions with high activity and least
contamination as judged by SDS-PAGE were pooled (TSK-
gel SuperSW3000).

Assay for Acetate Kinase Activity—At each purification
step the hydroxamate assay (32) was used to assay acetate
kinase activity. The formation of acetyl phosphate from ace-
tate and ATP was detected by this method. The reaction
mixture (0.20 ml) contained 50 mM Tris-HCl (pH 8.3), 50
mM succinate, 5 mM ATP, 5 mM MgCl̂ , 50 mM sodium
acetate, 0.5 M NH^OH, and an enzyme solution. The reac-
tion was started by the addition of 10 \xl of 1 M sodium ace-
tate, allowed to proceed at 37'C for 10-20 min, and stopped
by the addition of 0.3 ml of FeCl3-trichloroacetic acid solu-
tion (0.37 M FeCl^ 0.2 M trichloroacetic acid, 0.68 M HC1).
The absorbance at 540 nm due to the hydroxamate-ferric
ion complex was measured with a Multiscan microplate
reader (Labsystems). For reagent control and calibration,
aqueous solutions containing various known amounts of
acetyl phosphate were added to the reaction mixtures in-
stead of enzyme solutions.

Initial velocity in the forward reaction was determined
for purified enzymes by direct measurement of ADP forma-
tion. All kinetic assays were performed at 25°C. The assay
mixture (0.1 ml) contained 50 mM HEPES (pH 7.5), 50 mM
NaCl, 5 mM MgCL,, sodium acetate (0-0.1 M), ATP (0-5
mM) and enzyme solution. The reaction mixture without
acetate was preincubated for 5 min at 25'C, and the reac-
tion was started by the addition of 10 \il of acetate solution.
The mixture was incubated at 25°C for 5-20 min, then the
reaction was stopped by the addition of 0.1 ml of 0.5 M
potassium phosphate (pH 3.0), and 10 ^J of 0.5 mM FAD
was added as an internal standard. An aliquot (5 \il) of the
final mixture was injected into a Mono Q HR5/5 column,
and FAD and ADP were rapidly separated by the elution
with 20% acetonitrile and 80% 0.26 M potassium phos-
phate (pH 3.0) (v/v). The flow rate was 1.0 ml/min, and elu-
tion of FAD and ADP was detected by monitoring ab-
sorbance at 260 nm. The unreacted ATP that bound tightly
to the column was washed out with 20% acetonitrile and
80% 0.5 M potassium phosphate (pH 3.0) (v/v), and the col-
umn was reequilibrated with the elution buffer before injec-
tion of the next sample. It took 12 min in total to analyze
one sample. A CCPM-EI pump, an AS-8021 automatic sam-
ple injector equipped with a sample holder kept at 4"C, a
Chromatocorder 21 integrator, all from Tosoh, and a Shi-
madzu SPD-lOAvp UV-VTS detector were used for auto-
matic HPLC analyses.

Initial velocity in the reverse reaction was determined by
direct measurement of ATP formation. The assay mixture
(0.1 ml) contained 50 mM HEPES (pH 7.5), 50 mM NaCl,
10 mM MgCL., acetyl phosphate (0-5 mM), ADP (0-10
mM), and enzyme solutions. The reaction mixture without
acetyl phosphate was preincubated for 5 min at 25'C, and
the reaction was started by the addition of 10 JJLI of acetyl
phosphate solution. The mixture was incubated at 25'C for
5-20 min. The reaction was stopped by the addition of 0.1
ml of 1.0 M potassium phosphate (pH 3.0), and 20 joJ of 1
mM GTP was added as an internal standard. An aliquot (5
(jd) of the final mixture was injected into a Mono Q HR5/5
column, and ATP and GTP were rapidly separated by the

elution with 20% acetonitrile and 80% 0.42 M potassium
phosphate (pH 3.0) (v/v). The flow rate was 1.0 ml/min, and
absorbance at 260 nm was monitored.

SDS-polyacrylamide Gel Electrophoresis—SDS-PAGE
was performed on a 10% gel according to Laemmli (33)
under the reducing conditions. Aliquots (2.0 uJ) of samples
were mixed with 7.5 jxl of Laemmli's sample buffer, incu-
bated at 80'C for 3 min, and electrophoresed on a 10%
SDS-PAGE gel. Proteins were stained with Coomassie Bril-
liant Blue by using a staining kit (Wako Pure Chemical
Industries).

To determine the NHj-terminal amino acid sequences of
the acetate kinases, aliquots (1 \ig, 14-24 pj) of purified
AK-I and AK-II were electrophoresed in a 10% SDS-PAGE
gel after treatment with 7.5 jxl of Laemmli's sample buffer.
The separated proteins were electro-transferred to a PVDF
membrane (Clear Blot Membrane-P, ATTO) with a semi-
dry blotter (AE-6677-S, ATTO) and stained with Coomassie
Brilliant Blue. The membrane was rinsed three times with
50% methanol. The protein bands at 47.8 and 49.3 kDa
were excised and each of the membrane slices was directly
subjected to an Applied Biosystems 477A sequencer and a
120A PTH analyzer. The marker proteins were purchased
from Boehringer Mannheim.

Molecular Weight Determination—The molecular weight
of native acetate kinase was determined by low-angle laser
light scattering measurement combined with gel chroma-
tography (34, 35). A TSKgel GSOOOSW^ column (7.8 X 300
mm), an LS-8000 low-angle laser light scattering photome-
ter, both from Tosoh, and a Shimadzu RID-6A differential
refractometer were used. The buffer was 50 mM Tris-HCl
(pH 7.4) containing 0.3 M NaCl and the flow rate was 0.4
ml/min. The molecular weight standards used were bovine
ribonuclease-A (Mr = 13,700), bovine albumin monomer
(Mr = 66,300) and tetrameric catechol 2,3-dioxygenase
(Pseudomonas putida, MT = 140,624); the former two pro-
teins were from Sigma and the third was purified by the
reported method (36).

The subunit molecular weight of acetate kinase was
determined by matrix-assisted laser desorptdon mass spec-
trometry. The purified enzymes (10 u.1 each) were desalted
by HPLC on a Cosmosil 5C4 AR300 column (2.0 X 150
mm). The desalted enzymes were mixed with ot-cyano-4-
hydroxycinnamic acid (a matrix-forming material). Mass
spectra were obtained on a Voyager-DE RP mass spectrom-
eter (PerSeptdve Biosystems). Catechol 2,3-dioxygenase
(35,156 Da) and bovine serum albumin (66,300 Da) were
used for mass calibration.

Other Analytical Methods—Protein concentrations of
crude samples were measured in a final reaction volume of
420 pJ with a dye reagent (Bio-Rad), and those of purified
enzyme were estimated in a final reaction volume of 120 JJLI
with the dye reagent by using a Shimadzu UV-2200 spec-
trophotometer equipped with an ultramicro cell holder.
Bovine -y-globulin was used as a standard protein. The con-
centrations of the purified enzymes determined by the dye
reagent were converted to the respective molar subunit
concentrations by using the subunit molecular weight of
44,270, which was determined by mass spectrometry de-
scribed above.

Kinetic Models—Blatter and Knowles (37) have clearly
demonstrated that acetate kinase reaction proceeds with
net steric inversion on the transferring phosphorus atom.
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This fact is most simply explained by a direct in-line trans-
fer of phosphoryl from donor to acceptor in a ternary en-
zyme-donor-acceptor complex (37, 38). Initial velocity data
are therefore expected to obey either a random sequential
Bi Bi mechanism or an ordered sequential Bi Bi mecha-
nism (39). Another important finding, that a specific gluta-
mate residue is phosphorylated when acetate kinase is
incubated with acetyl phosphate or ATP alone, has raised
controversy about whether the acyl-phosphate form is an
obligatory covalent intermediate in the catalysis. The cata-
lytic mechanism of acetate kinase is still poorly understood.
To date, relatively thorough kinetic studies of acetate ki-
nase have been done only for the enzyme from Escherichia
coli (40,42-44) and a large discrepancy is found among the
reported results for E. coli acetate kinase.

In this study, kinetic data for the forward reaction (acetyl
phosphate formation) and the reverse reaction (ATP forma-
tion) were analyzed based on a random mechanism in
which all steps for substrate binding are in rapid equilib-
rium. Then, the forward and reverse reactions are express-
ed by the following Eqs. 2 and 3, respectively.

EA

EB

fcAB -> E + P + U

EPQ -»• E + A + B

(2)

(3)

where A, B, P, and Q are acetate, ATP, acetyl phosphate,
and ADP, respectively. The kinetic constants (K ,̂ KA, K^
K& K^, Kp i£ > and XQ) are dissociation constants for the
respective binding reactions.

In these models, initial velocities (vF and vR) are given as
follows.

KinKB + KBA + KAB + AB

«cat,REtPQ
KPQ + PQ

(4)

(5)

where Et is the total subunit concentration of acetate
kinase and italic letters are the concentrations of the corre-
sponding substrates. The following relations exist among
the equilibrium constants.

KA
(6)

(7)

Rate equations for an ordered sequential Bi Bi mecha-
nism are given by the same equations as Eqs. 4 and 5,
although the kinetic parameters have different meanings
from those in the rapid equilibrium random mechanism
explained above. To differentiate random and ordered se-
quential mechanisms, inhibition of the forward reaction by
acetyl phosphate was examined.

Data Processing—All kinetic data obtained in the
present study fitted well to a simple hyperbolic curve. We
first determined apparent V ^ and K^ values by siv versus

s plots, where v is the initial velocity and s is substrate con-
centration. Then, the theoretical v versus s curve was
drawn using the VmMI and K^ values obtained above, and
the data were plotted on the curve. The goodness of the fit
was easily confirmed by inspection of the deviation of the
data points from the theoretical hyperbola.

From Eq. 4, the apparent V ^ (VT) and K^ (XT) for ace-
tate under the ATP concentration of B are expressed as fol-
lows.

_ k E ( B )
\FL g "1" Of

= KA
Km - KA)KB

(KB + B)

(8)

(9)

From Eqs. 5 and 7, the apparent V^ (VT) and Km

for ADP under the acetyl phosphate concentration of P are
expressed as follows.

n p p =
y^-app TT- •

• " • Q — • * * • Q

The values of i
(Kv + P) (11)

and KB were first obtained from Bi

VA"" versus B plots on the basis of Eq. 8 and then those of

KA and K^ were obtained from KK9 versus v ° D . plots
(K + B)

on the basis of Eq. 9. The value of K^ was finally obtained
by using Eq. 6. All kinetic parameters for the reverse reac-
tion (Eq. 3) could be determined in the same way as for the
forward reaction in using Eqs. 7,10, and 11.

RESULTS

Purification of Acetate Kinases—From the soluble frac-
tion of D. vulgaris MiyazaM F cells, two acetate kinase
activities were separated almost completely by anion-
exchange chromatography on a DEAE-Toyopearl column
using a gradient of increasing NaCl concentration (Fig. 2A).

The enzyme eluted first (fractions 93-96 in Fig. 2A) and
that eluted just after the first enzyme (fractions 100-106 in
Fig. 2A) were collected separately and designated as ace-
tate kinase-I (AK-I) and acetate kinase-II (AK-II), respec-
tively. The total activity of AK-I was about 1.8-fold higher
than that of AK-II. AK-I and AK-II were further purified by
anion-exchange chromatography on a Q-Sepharose column
and then by gel filtration on a TSKgel GSOOOSW^ column
(chromatograms not shown).

The partially purified AK-I and AK-II obtained in the
three chromatographic purification steps described above
were then subjected to a Mono Q column (Fig. 2, B and C,
respectively). AK-II showed slightly higher affinity to the
column than AK-I, consistent with the chromatographic
behavior on the first anion-exchange chromatography on a
DEAE-Toyopearl column (Fig. 2A). A small amount of AK-
II contaminating the partially purified AK-I was separated
as a shoulder to the main peak by this chromatography
(Fig. 2B).

Figure 2, D and E, shows SDS-PAGE analyses of the AK-
I and AK-II fractions with high acetate kinase activities,
respectively. The AK-I fractions contained one dominant
protein band (47.8 kDa) and two weak ones (57.4 and 76.4
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Fig. 2. Chromatographic separation of two acetate kinase ac-
tivities from D. vulgaris Miyazaki F cells. A: The crude extract
prepared from 39 g of the bacterial cells was applied to a DEAE-Toy-
opearl column (5.0 X 14.0 cm) preequilibrated with 20 mMTris-HCl
(pH 7.7) containing 2 mM DTT and 1 mM EDTA as described under
"MATERIALS AND METHODS." The bound proteins were first
eluted with a linear gradient of 0-0.12 M NaCl concentration built
in 1.4 liters of the buffer and then with 500 ml of the buffer contain-
ing 0.12 M NaCl. Acetate kinase activity was measured by the hy-
droxamate method as described under "MATERIALS AND METH-
ODS" using 50 mM sodium acetate and 5 mM ATP (with 5 mM
MgCL,) as substrates. The active fractions eluted as the first peak
and those eluted as the second peak just after the first peak were
separately collected and designated as AK-I and AK-II, respectively.
B: The AK-I active fractions obtained by gel filtration on a TSKgel
G3000SWJCL (the third purification step) were applied to a Mono Q
HR5V5 column preequilibrated with 50 mM Tris-HCl (pH 7.4) con-
taining 2 mM DTT as described under "MATERIALS AND METH-
ODS." The column was developed at the flow rate of 0.5 ml/min with
a linear gradient of NaCl concentration (7.5 mM/min) in the equili-
bration buffer. C: The AK-II active fractions obtained by gel filtra-
tion on a TSKgel G3000SWJQ. were subjected to a Mono Q HR5/5
column by the same procedures as for AK-I. D: Aliquots (2.5 |xl each)
of the AK-I Mono Q fractions with a high activity (the fractions 1-7
in the Fig. 2B) were 5-fold diluted with distilled water, incubated
with 10 pi of SDS buffer containing 2-mercaptoethanol at 80'C for 3
min, and then analyzed by SDS-PAGE on a 10% gel. The proteins
were stained with Coomasssie Brilliant Blue The lane number cor-
responds to the respective number of Mono Q fractions applied to
the lane. The positions of the molecular weight markers and the re-
spective molecular mass (kDa) are shown on the right side. E: The
AK-II Mono Q fractions with a high activity (the fractions 1-7 in the
Fig. 2C) were analyzed by SDS-PAGE as described above for the AK-
I fractions.

kDa), while the AK-II fractions showed two major bands
(47.8 and 49.3 kDa) with an equal amount of proteins.

The Mono Q fractions (fractions 1-4 for AK-I and 2-6 for
AK-II) were combined and subjected to gel filtration on a
TSKgel SuperSW3000 column, the final purification step.
Both enzymes were eluted as a single peak at the same elu-
tdon volume (data not shown). Tables I and II summarize
the purification of AK-I and AK-II, respectively.

AK-I was finally purified 110-fold (28.3 ujnol/min/mg)
with a yield of 2.0%, while AK-II was purified 76-fold (19.6
punol/min/mg) with a yield of 0.5%. The respective yields
indicate that both AK-I and AK-II represent about 1% of
the soluble D. vulgaris protein. Purified AK-I and AK-II
could be stored in 50 mM Tris-HCl (pH 7.4) containing 0.3
M NaCl and 2 mM DTT at -20'C for several months with-
out loss of activity.

Molecular Characterization of AK-I and AK-II—As
shown in Fig. 3A, SDS-PAGE revealed the presence of only
one subunit with apparent molecular mass of 47.8 kDa for
AK-I, but two subunits with apparent molecular mass of
47.8 and 49.3 kDa for AK-II. The N-terminal amino acid
sequences of the AK-I subunit (47.8 kDa) and the two AK-
II subunits (47.8- and 49.3-kDa subunits) were determined.
All subunits had an identical sequence of MNVLVTN-
SGSSSIKYQLJDMTTEKAL, strongly suggesting that the
AK-I subunit and the 47.8 kDa AK-II subunit are same
protein, and that the two AK-II subunits are products of a
single gene. We designate the 47.8- and 49.3-kDa subunits
as as and aL subunits, respectively. The N-terminal amino
acid sequence of the acetate kinase shows high identity
with those in organisms belonging to the Bacteria or
Archaea domains, especially 86% identity to that in Metha-
nosarcina thermophila {30). The N-terminus of acetate
kinases is suggested to bind nucleotide-P-phosphate, be-
cause the sequence is similar to the consensus sequence for
the nucleotide-p-phosphate loop in the sugar kinase/hsp70/
actin superfamily.

The purified AK-I and AK-II were subjected to mass
spectrometry after desalting by HPLC on a small Cosmosil
5C4 column. Only one molecular peak with molecular mass
of 44,270 Da was detected for both purified enzymes (data
not shown), contrasting to the results obtained by SDS-
PAGE. The molecular weight of native AK-I and AK-II was
determined to be 8.35 X 104 and 8.48 X 104, respectively, by
low-angle laser light scattering photometry coupled with
high-performance gel chromatography (Fig. 3B). These re-
sults indicate a homodimer (as

2) structure for AK-I and a
heterodimer (asaL ) structure for AK-EI.

Kinetic Characterization of AK-I and AK-II—Initial veloc-
ity in the forward reaction was measured as a function of
acetate concentration for purified AK-I and AK-II by direct
measurement of ADP formation, rather than the enzyme-
coupled assay commonly used for kinetic experiments of
acetate kinase. Figure 4A shows a linear relation between
the ratio of ADP and FAD peak areas (inset, Fig. 4A) and
the ADP concentration in the reaction mixtures. The good
linear relation was obtained for a wide ADP concentration
range of 10-500 \sM.

Figure 4B shows the dependence of initial velocity of AK-
I as measured by the rate of ADP formation on the acetate
concentration under the fixed ATP concentration of 3.0
mM. The v versus s data fitted well to a simple hyperbolic
curve, and the apparent VmtJL and K^ values obtained were
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64.3 u,M/min and 27.9 mM, respectively. In the presence of
the fixed ATP concentrations of 0.25, 0.5, 1.0, 3.0, and 5.0
mM, the dependence of initial velocity of AK-I and AK-II on
the acetate concentration was examined (Fig. 5, A and C,
respectively).

On the basis of Eqs. 8 and 9, the apparent V ^ (VX*) and
Km (KT) values for acetate as functions of ATP concentra-
tion were analyzed. Figure 6A shows V?* versus B plots for
AK-I and AK-II (S is the ATP concentration). Both data for
AK-I and AK-II fitted well to a hyperbolic curve, and the
ĉat, F t̂ aQd KB values for AK-I obtained were 99.0 u,M/min

and 2.15 mM, respectively; the k^ pEt and KB values for
AK-II were 96.9 (xM/min and 3.40 mM, respectively. By
using the respective total enzyme concentration (Et) of 4.56
and 5.22 nM, the turnover number for the forward reaction
(k^ F) for AK-I and AK-II was calculated to be 362 and 310
s~\ respectively.

The iCf values were plotted against Kf/(KB+B) values,
which were calculated with the obtained KB value (Fig. 6C).
Both X T versus Kf/(KB+B) data for AK-I and AK-H fitted
fairly well to linear relation of Eq. 9. The intercept on KT-
axis gave the KA values for AK-I and AK-II of 30.6 and 26.9
mM, respectively. The slope gave the K^—Kj^ value, and by
adding the KA value to the slope we obtained K± value.
Finally, by using Eq. 6 the K^ value was obtained. The
results are summarized in Table HI.

Initial velocity in the reverse reaction was measured as a
function of ADP concentration for purified AK-I and AK-II
by direct measurement of ATP formation. Figure 4C shows
a linear relation between the ratio of ATP and GTP peak
areas (inset, Fig. 4C) and the ATP concentration in the
reaction mixtures. In the presence of 10 mM ADP, the cali-
bration line did not pass through the origin but intercepted
the (ATP)/(GTP)-axis at 1.32, indicating that the commer-
cial ADP used contained ATP as a contaminant at the level
of 2%. Despite the substantial levels of contaminating ATP
in the ADP preparation, a good linear relation was ob-
tained for a wide ATP concentration range of 10-500 uM.
This enabled us to discriminate enzymatically formed ATP
from the contaminating ATP.

Figure 4D shows the dependence of initial velocity of AK-
I as measured by the rate of ATP formation on the ADP
concentration under the fixed acetyl phosphate concentra-

tion of 2.5 mM The v versus s data fitted well to a simple
hyperbolic curve, and the apparent Vmal and Km values for
ADP obtained were 125 u.M/min and 1.12 mM, respectively.
In the presence of fixed acetyl phosphate concentrations of
0.5, 1.0, 2.5, and 5.0 mM, the dependence of initial velocity
of AK-I and AK-II on the ADP concentration was examined
(Fig. 5, B and D, respectively). On the basis of Eqs. 7, 10
and 11, the VT" and KT data as functions of ATP concen-
tration were analyzed as described above for the forward
reaction (Fig. 6, B and D). The kinetic parameters obtained
are summarized in Table IV.

Inhibition of the forward reaction by acetyl phosphate
was examined (Fig- 7). Acetyl phosphate showed competi-
tive inhibition against both substrates, acetate (Fig. 7, A

1116.4
85.2

55.6

39.2

26.6

-

1 2 3 0 5 10 15
Molecular Weight x 10 " 4

Fig. 3. Molecular Characterization of AK-I and AK-II. A; Ali-
quote of 1 (ig of the finally purified AK-I (lane 2) and AK-II (lane 3)
were subjected to SDS-PAGE on a 10% gel. The proteins were
stained with Coomasssie Brilliant Blue. Lane 1 shows the marker
proteins and the values on the left side are the respective molecular
mass expressed in kDa. B: Aliquots (10 u.1) of the finally purified AK-
I (a), AK-II (b), and a mixture of the two enzymes (c) were each sub-
jected to gel filtration on a TSKgel GSOOOSW ,̂ column (7.8 x 300
mm) and the components in the eluates were detected by a low-an-
gle laser light scattering photometer and a differential refractmeter
in this order. The elutdon buffer was 50 mM Tris-HCl (pH 7.4), 0.3 M
NaCl, and the flow rate was 0.4 ml/min. The ratio of the output of
the light scattering photometer (LS) to that of the refractmeter (RI)
was plotted against molecular weight.

TABLE I. Purification of acetate kinase I in the soluble fraction of the Desulfovibrio vulgaris cells.

Purification step Total Volume
(ml)

Total activity
(fimol/min)

Total protein
(mg)

Specific activity
((xmol/min/mg)

Purification
(fold)

Yield

Crude extract
DEAE-Toyopearl
Q-Sepharose
TSKgel GSOOOSW^
Mono Q
TSKgel SuperSW3000

116
76.0
71.9
4.7
1.9
0.78

1,252
399
fig
115
47.1
25.2

4,860
227
36.4
6.72

0.89

0.258
1.76

17.1
18.5
28.3

1
6.82

25.3
66.3
71.7

110

100
31.9
19.0
9.2
3.8
2.0

TABLE II. Purification of acetate kinase n in the soluble fraction of the Desulfovibrio vulgaris cells.

Purification step Total Volume
(ml)

Total activity
(jimol/min)

Total protein
(mg)

Specific activity
((imol/min/mg)

Purification
(fold)

Yield

Crude extract
DEAE-Toyopearl
Q-Sepharose
TSKgel G3000SWXL
Mono Q
TSKgel SuperSW3000

116
136
53.6

1.9
1.57
0.27

1,252
226
71.8
25.7
13.5
6.36

4,860
234
18.7
2.01
0.81
0.32

0.258
0.966
3.84

12.8
16.7
19.6

1
3.74

14.9
49.6
64.7
76.0

100
18.1
5.7
2.1
1.1
0.51
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0.5

Fig. 4. Kinetic analyses of the forward and re-
verse reactions by measuring ADP and ATP. A;
Reaction mixtures (0.1 ml) containing 5.0 mM ATP,
5.0 mM MgCl,, 50 mM HEPES (pH 7.5), 50 mM
NaCl, and the indicated concentrations of ADP were
prepared. The mixtures were incubated at 25"C for
11 min, then an equal volume of 0.5 M potassium
phosphate (pH 3.0) and 5 nmol FAD (10 pJ of 0.5 mM
FAD) was added to each mixtures. After vigorous
mixing, an aliquot (5 ul) of each sample was injected
into a Mono Q HR5/5 column preequilibrated with
acetonitrile/0.26 M potassium phosphate (pH 3.0) =
20/80 (v/v). The column was developed with the same
solvent at a flow rate of 1.0 mVmin and absorbance at
260 nm was monitored. Inset shows a typical chro-
matogram obtained with the sample containing 0.2
mM ADP. The ratio of the peak areas of ADP (ADP),
and FAD (FAD) was plotted against the ADP concen-
tration. B: Initial velocities were measured for the
forward reaction catalyzed by AK-I (£,= 4.65 nM) at
25'C in 50 mM HEPES (pH 7.5) and plotted against
acetate concentrations in the reaction mixtures. The
reaction mixtures contained 3.0 mM ATP, 5.0 mM
MgClj, and the indicated concentrations of acetate
After the reaction was stopped and an aliquot of the
sample subjected to HPLC as described above, the
amount of ADP was determined by using the linear
relation between the (ADPMFAD) ratio and ADP
concentrations obtained above. The theoretical curve
in the figure was drawn with apparent V^^ and Ka
values of 64.3 jiM/min and 27.9 mM, respectively. C:
Reaction minima (0.1 ml) containing 10.0 mM ADP, 10.0 mM MgCl̂ , 50 mM HEPES (pH 7.5), 50 mM NaCl, and the indicated concentrations
of ATP were prepared. The mixtures were incubated at 25'C for 9.0 min, then an equal volume of 1.0 M potassium phosphate (pH 3.0) and 20
nmol GTP (20 \i\ of 1 mM GTP) was added to each mixture. After vigorous vortexing, an aliquot (5 p.1) of each sample was injected into a Mono
Q HR5/5 column preequilibrated with acetonitrile/0.42 M potassium phosphate (pH 3.0) = 20/80 (v/v). The column was developed with the
same solvent at a flow rate of 1.0 ml/min and absorbance at 260 nm was monitored. Inset shows a typical chromatogram obtained with the
sample containing 0.1 mM ATP. The ratio of the peak areas of ATP (ATP) and GTP (GTP) was plotted against the ATP concentration. D: Ini-
tial velocities were measured for the backward reaction catalyzed by AK-I IE, = 4.65 nM) at 25'C in 50 mM HEPES (pH 7.5) and plotted
against ADP concentrations in the reaction mixtures. The reaction mixtures contained 2.5 mM acetyl phosphate, 10.0 mM MgCL,, and the in-
dicated concentrations of ADP. After the reaction was stopped and an aliquot of the sample subjected to HPLC as described above, the amount
of ATP was determined by using the linear relation between the ATP/GTP peak ratio and ATP concentrations obtained above The theoretical
curve in the figure was drawn with apparent V^ and Km values of 125 nM/min and 1.12 mM, respectively.

20 40 60 80
[acetate] (mM)

100 4 6
[ADP] (mM)

and C) and ATP (Fig. 7, B and D). The results suggested
that both enzyme reactions follow a rapid equilibrium ran-
dom sequential mechanism.

Effect ofMg*+ Concentration on Acetate Kinase Reaction-
Figure 8 shows the data for the Mg2* ion dependence for
the forward reaction catalyzed by AK-I and AK-LT. When
Mg2* ion was absent, neither acetate kinase showed mea-
surable activity. The activities of AK-I and AK-II increased
almost linearly as Mg2* concentration increased from 0 to 5
mM ([Mg^MATP] = 1.0), while a further increase in Mg=+

concentration up to 10 mM ([Mg^J/lATP] = 2.0) did not
change their activities. These results confirmed that ace-
tate kinase requires a Mg2+-nucleotide complex as sub-
strate, and that a moderate excess of Mg2* does not inhibit
the activity of AK-I or AK-II. In the kinetic experiments
done in the present study, we used HEPES as a buffer,
which has a low metal-complexing capacity, and the con-
centrations of Mg2* in assay mixtures were always higher
than those of ATP or ADP.

Effect of pH on Acetate Kinase Reaction—The pH opti-
mum of the acetate kinase reaction was measured in the
direction of acetyl phosphate synthesis (Fig. 9). Both AK-I
and AK-II showed a high activity (70-100% of the maxi-
mum activity) over a broad pH range of 7.0-8.5, and the

shapes of the respective pH curves for AK-I and AK-II were
generally similar. The pH curve of AK-I showed a plateau
in the pH region of 7.0—8.5, and that of AK-LT showed a
near plateau in the same pH region where AK-II activity
slightly increased with the increase in pH value from 7.0 to
8.5.

In the present study, the acetate kinase reaction was ter-
minated by the addition of an equal volume of 0.5-1.0 M
potassium phosphate (pH 3.0) to the reaction mixture
After this treatment, the pH values of the samples were
less than 5.0, usually in the range of 4.0-5.0, as directly
determined by a pH meter. Neither enzyme showed mea-
surable activity at pH range lower than 5.0, supporting the
effectiveness of the present method to stop the enzymatic
reaction.

DISCUSSION

In this study, two forms of acetate kinase were for the first
time purified to homogeneity from Desulfovibrio vulgaris
Miyazaki F. The two enzymes were separated on an anion-
exchange column, like the two isoenzymes from a spiro-
chete (24). One enzyme (AK-I) was a homodimer and the
other (AK-II) was a heterodimer. They shared one common
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-0.1 0.1
1/Iacetate] (mW1)

0.2 -4.0 -2.0 0 2.0 4.0
1/[ADP)(mir')

-0.1 0.1 0.2
1/[acetate] (mM"'

0 2.0 4.0
1/[ADP](mM-')

Fig. 5. Initial velocity pattern for AK-I and AK-
II with acetate (in the forward reaction) and
ADP (in the reverse reaction) as the varied
substrates. A; Initial velocities were measured for
the forward reaction catalyzed by AK-I (Et = 4.56
nM) under the fixed ATP concentrations of 0.25 (v),
0.5 (A), 1.0 (a), 3.0 (•), and 5.0 (o) mM. B: Initial ve-
locities were measured for the reverse reaction cata-
lyzed by AK-I 0Et = 4.56 nM) under the fixed acetyl
phosphate concentrations of 0.5 (A), 1.0 (D), 2.5 (•),
and 5.0 (o) mM. C: Initial velocities were measured
for the forward reaction catalyzed by AK-II (£, =
5.22 nM) under the fixed ATP concentrations D: Ini-
tial velocities were measured for the reverse reac-
tion catalyzed by AK-II (£t = 10.3 nM) under the
fixed acetyl phosphate concentrations.

2 3 4
[ATP] (mM)

1 2 3 4 5
[acetyl phosphate] (mM)

30-

Z

20-

10-

Fig. 6. Analyses of apparent V,^ and K^ for
acetate as functions of ATP concentration (in
the forward reaction) and those for ADP as
functions of acetyl phosphate (in the reverse
reaction). The apparent V m and Km values for ac-
etate were obtained for the fixed ATP concentra-
tions of 0.25, 0.5, 1.0, 3.0, and 5.0 mM. The ap-
parent V,^ and K^ values for ADP were obtained
for the fixed acetyl phosphate concentrations of
1.0, 2.5, and 5.0 mM. Open circles, AK-I; closed cir-
cles, AK-II. The error bars show standard devia-
tion (SD). Data points without error bars means
that SD values are less than the radius of the open
or closed circles used. A: The apparent V,^ was
plotted against ATP concentration. The theoretical
curves in the figure were drawn on the basis of Eq.
8 with the k^ FEi and KB values of 99.0 jiM/min
and 2.15 mM for AK-I, and with those values of
96.9 |iM/min and 3.40 mM for AK-II. B: The appar-
ent V ^ was plotted against acetyl phosphate con-
centration. The theoretical curves in the figure
were drawn on the basis of Eq. 10 with the kaLjfit
and Xj, values of 180 (iM/min and 0.834 mM for
AK-I, and 219 yM/min and 0.758 mM for AK-H. C:
The apparent 1^ value was plotted against KJ
(KB+B), where B is the ATP concentration and KB
value of 2.15 mM for AK-I and 3.40 mM for AK-H
K^ versus KJ[KB+B) data were analyzed on the
basis of Eq. 9. D: The apparent Km value was plot-
ted against KJ(Kf+P), where P is the acetyl phos-
phate concentration and K̂  value of 0.834 mM for
AK-I and 0.758 mM for AK-D. K^ versus KJ(K,+P)
data were analyzed on the basis of Eq. 11.

subunit {as), and the subunit unique to AK-EI (aL) had an
identical N-terminal amino acid sequence to the a s subunit
a s Subunit migrated at an apparent molecular mass of 47.8

kDa, while aL subunit migrated at that of 49.3 kDa. Both
enzymes, however, showed only one molecular peak with
similar molecular mass. These results suggest that aL sub-
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Fig. 7. Product inhibition of AK-I and AK-II
by acetyl phosphate with acetate (A, C) or
ATP (B, D) as the varied substrate. Acetyl
phospate concentrations were fixed at 0 (o), 0.25
(A), 0.5 (•), and 1.0 (v) mM. A and C: The concen-
trations of ATP and MgCl, were fixed to 1.0 and
5.0 mM, respectively. B and D: The concentra-
tions of acetate and MgCl, were fixed at 30 and
5.0 mM, respectively.

20 40
1/[acetate] (HT1)

1.0 2.0
1/IATP] ( m l O

3.0

TABLE HI. Comparison of kinetic constants for the forward
reaction between AK-I and AK-IL

[Mg2'l/[ATP]
05 1.0 1.5

Enzyme

AK-I
AK-II

Acetate
X,, (mM) KA (mM)

11.4 30.6
17.8 26.9

ATP

Kg, (mM) K

0.804
2.25

h

B (mM) ''

2.15
3.40

TABLE IV Comparison of kinetic constants for the
reaction between AK-I and AK-II.

Enzyme

AK-I
AK-II

Acetyl phosphate
Ajp (mM) Ap (mM)

0.481 0.834
0.332 0.758

ADP

IC^ (mM) K, (mM) "'

0.726
0.774

1.26
1.77

_
« . F

362
310

reverse

659
353

unit is produced by post-tranlational chemical modification
of a3 subunit, and that aL subunit migrates abnormally on
SDS-PAGE due to the modification, although the possibil-
ity remains that 0 s subunit is a ^terminally truncated
product of aL subunit.

The acetate kinase gene is present in only one copy per
genome of Methanosarcina thermophila (IT) and Coryne-
bacterium glutamicum (11). A single acetate kinase activity
has been found in the crude extracts from a number of bac-
teria (20-23, 25-29). Two distinct forms of acetate kinase
have been demonstrated only for a spirochete (24) and D.
vulgaris (the present work). The two acetate kinase iso-
zymes from the spirochete were only partially purified and
no comparison was done of their peptdde sequences. Inter-
estingly, the relative amount of the two spirochete isozymes
varied greatly among cells grown in different batches.
Taken together, these findings strongly suggest that the
two forms of acetate kinase in D. vulgaris are products of a

Fig. 8. Effect of the Mg*+concentration on the activity of AK-I
and AK-II. Acetate kinase activity was determined at 25'C in 50
mM HEPES (pH 7.5), 50 mM NaCl. The reaction mixture (0.1 ml)
contained 5.0 mM ATP, 0.1 M acetate, and the indicated concentra-
tions of MgCL, (0-10 mM). The total concentrations AK-I and AK-II
were 4.54 and 10.5 nM , respectively. After a 9-min incubation, the
reaction was stopped by the addition of 0.1 ml of 0.5 M potassium
phosphate (pH 3.0). The enzymatically formed ADP was assayed by
HPLC using 5 nmol of FAD as an internal standard. Open circles,
AK-I; closed circles, AK-II.

single gene, and that the primary gene product is changed
into distinct forms by post-translational modification de-
pending on growth conditions.

Nitrogenase from Rhodospirillum rubrum is inactivated
by ADP-ribosylation, and the modified enzyme shows a
31.5-kDa subunit in addition to a 30.0-kDa subunit on
SDS-PAGE, while the unmodified enzyme has only 30.0-
kDa subunits (47,48). l ike in R. rubrum, some post-trans-
lational modification mechanism in D. vulgaris may play
an important role in regulation of enzymes in the bacteria.
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100-
tion, the ratio of Kp and ifip values (= that of K^ and

9 106 7 B
PH

Fig. 9. Effect of pH on the activity of AK-I and AK-II. Acetate ki-
naae activity was determined at 25'C in the following buffers: MES
(pH 5.0-6.2), HEPES (pH 6.0-7.5), Trig (pH 7.4-8.6), and glycine
(pH 8.8-10). The buffer concentration was 50 mM and all buffers
contained 50 mM NaCl. The pH values of each reaction mixture
were confirmed with a pH meter. The reaction mixture (0.1 ml) con-
tained 5.0 mM ATP, 5 mM MgCl̂ , and 0.1 M acetate. The total con-
centrations of AK-I and AK-II were 4.65 and 10.5 nM, respectively.
Open circles, AK-I; closed circles, AK-II.

Further investigations are in progress to elucidate the dif-
ference between a s and aL subunits.

AK-I and AK-II showed the same requirement of Mg2^
and excess Mg2* did not inhibit either enzyme activity.
Because the optimal Mg2+/ATP ratio of 1:1 means that the
actual substrate of acetate kinase is the Mg-ATP complex,
the results indicate that both as and otL subunits have no
allosteric Mg2+ binding sites which affect the activity. To
rninimize possible systematic errors due to insufficient lev-
els of Mg2*, the present kinetic data were obtained under
the condition that the ratio of Mg^/ATP or Mg2+/ADP in all
assay mixtures was higher than 1 (the Mg2* concentration
was maximally 10 mM).

The pH curves of AK-I and AK-II had a near plateau
region around pH 7.5. Because both enzyme activities were
least sensitive to a pH change around this pH value,
kinetic experiments were done at pH 7.5 to avoid possible
disturbance of pH by relatively high concentrations of sub-
strates. As summarized in Tables III and IV, AK-I showed
moderately larger turnover number than AK-II in both the
forward and reverse reactions. No large difference was
found in the values of dissociation constants between AK-I
and AK-II except for those of K^. The K& value for AK-I is
less than half of that for AK-II. This means that AK-I has
2.8-fold higher affinity to ATP than AK-II.

The present initial velocity data were well fitted to a
sequential Bi Bi mechanism {39). As shown in Fig. 5, all
double-reciprocal plots intersected within experimental
errors to the left of the 1/v axis. A Ping Pong mechanism
(39) could be ruled out for both AK-I and AK-H, because
double-reciprocal plots did not give parallel lines. As shown
in Fig. 7. acetyl phosphate inhibited competitively both ace-
tate and ATP, supporting a rapid equilibrium random se-
quential Bi Bi mechanism.

The ratio of KA and K± values (= that of KB and K^ val-
ues, Eq. 6) were 2.7 for AK-I and 1.5 for AK-E (Table US).
This means that occupancy of the acetate-binding site does
not strongly affect the binding of ATP to the nucleotide-
binding site in the active site, and vice versa. This conclu-
sion is consistent with a random model. In the reverse reac-

p p ^ ^
values, Eq. 7) was 1.7 for AK-I and 2.3 for AK-II. The re-
sults indicate that the occupancy of the binding site for
acetyl phosphate or ADP moderately weakens mutual bind-
ing but does not prevent binding of the other substrate
This conclusion is also consistent with a random model.

The catalytic mechanism of acetate kinase is still poorly
understood. Recent progress in X-ray crystallographic
study and site-directed mutagenesis study on acetate ki-
nase from M. thermophila (30, 45, 46) has shed new light
on the mechanism of phosphoryl transfer and on the struc-
tural basis of difference in kinetic properties among acetate
kinases. Thorough kinetic studies of acetate kinase are
important to address these problems, and the method de-
veloped in the present study is suitable for such studies.
Molecular cloning and hyperexpression of the acetate ki-
nase gene from D. vulgaris are in progress in our labora-
tory to understand how two forms of acetate kinase are
produced and what physiological roles the enzymes play.
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