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The phosphotransacetylase from Clogtridium acidiurici has two properties
not observed for this enzyme in other bacteria: (i) it requires a divalent metal
for activity, and (ii) it is not subject to uncoupling by arsenate. The enzyme
has been obtained in highly purified form, with a specific activity 500-fold
higher than crude extracts. Ferrous or manganous ions are required for max-

imal activity, with Mn2+ being 50 to 75% as effective as Fe2+. The acetyl group

can be transferred from acetyl phosphate to coenzyme A in 20 mm arsenate
without a net decrease in high-energy acyl linkages. Likewise, H32PO02- will
exchange with acetyl-PO2, in the presence of arsenate without loss of acetyl
phosphate. This suggests that the active site on the enzyme is capable of dis-
criminating between phosphate and arsenate while permitting the reversible
transfer of acyl groups between CoA and phosphate.

Clostridium acidiurici satisfies all of its car-
bon, nitrogen, and energy requirements by the
fermentation of certain purines. Uric acid,
xanthine, guanine, and hypoxanthine are de-
graded through a series of enzymatic steps to
acetate, ammonia, and carbon dioxide, with
the production of adenosine triphosphate
(ATP). One important step in this degradative
pathway involves the transfer of an acetyl
group from acetyl-S-CoA to orthophosphate to
form acetyl-PO. The acetyltransferase cata-
lyzing this reaction is phosphotransacetylase
(acetyl-S-CoA: orthophosphate acetyltransfer-
ase, EC 2.3.1).

Initial studies with protein fractions from C.
acidiurici revealed that this enzyme possessed
two properties not common to phosphotrans-
acetylases from other sources; it required fer-
rous ions for activity and was not subject to
arsenolysis (12).

This early report of a nonarsenolyzable phos-
photransacetylase was regarded as an excep-
tion to the commonly observed property that
these enzymes are subject to uncoupling by
arsenate. Recently, however, Sucker and co-
workers (3, 4, 20, 21) have shown that the phos-
photransacetylases from the honey bee, house-
fly, leech, and yeast are also nonarsenolyz-
able, possibly indicating that generalizations
in this regard are premature.

I Presented in part at the 71st Annual Meeting of the
American Society for Microbiology, Minneapolis, Minn.,
May, 1971.

None of the phosphotransacetylases pre-
viously described have shown an absolute re-
quirement for metal ions at catalytic levels,
although in high concentrations several ions
such as NH,+, K+, SO02-, and PO02- have
been shown to effect enzyme activity (2, 7, 14).
The relatively high concentrations of ions re-
quired in these cases for stimulation or stabili-
zation suggest that they function predomi-
nantly in maintaining the tertiary structure of
the enzyme rather than in a catalytic role.

Phosphotransacetylase from C. acidiurici has
an absolute requirement for catalytic levels of
ferrous ion and, analogous to the animal and
plant systems investigated by Sucker, is not
subject to arsenolysis. Previous data, sup-
ported by comparison with arsenolyzable sys-
tems, suggest that the ferrous ion requirement
might render the catalytically active site ca-
pable of discriminating between orthophos-
phate and arsenate, thereby preventing arsenol-
ysis.
The purpose of this investigation was to

characterize the purified enzyme and continue
the evaluation of its unusual properties.

MATERIALS AND METHODS
Cultivation of C. acidiurici. C. acidiurici was

maintained in stock cultures, grown for enzyme
preparation, and harvested as described by Sagers
and Carter (13). The cells prepared in this manner
were stored under a nitrogen atmosphere in. tightly
stoppered tubes at -20 C until used. Phosphotrans-
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acetvlase activity was stable in the frozen cells over
a period of several months.

Peptococcus glycinophilus. Cells of P. glycino-
philus were grown anaerobically at 37 C in a me-
dium containing 0.5% glycine, 0.5% yeast extract,
0.1% K2HPO4, 0.05% MgSO4-7H20, 0.001% FeSO4,
and 0.01% Na2S204 as a reducing agent. Following
centrifugation, the harvested cells were subjected to
the same treatment listed below (through ammo-
nium sulfate precipitation) for the preparation of
cell-free extracts of C. acidiurici. The P. glycino-
philus fraction precipitating between 60 and 70%
saturation with ammonium sulfate was used in these
studies without further purification. The protein
content of the extract was 30 mg per ml.

Preparation of cell-free extracts. Wet-packed
cells (50 g) of C. acidiurici were suspended in 100 ml
of 50 mm tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride, pH 7.0 (henceforth referred to as Tris
buffer), containing 1 mm ethylenediaminetetra-
acetate (EDTA). The cells were ruptured by shak-
ing the suspension for 6 min at 4 C with 150 g of
0.1-mm glass beads in the large cup of a Biihler cell
homogenizer (RHO Scientific, Inc., Commack, N.Y.).
The homogenate was centrifuged for 20 min at
16,000 x g to remove the glass beads and cell debris.
The supernatant fluid and a Tris buffer wash of the
pellet were subjected to a second centrifugation at
16,000 x g for 40 min. The supernatant fluid from
the second centrifugation typically exhibited a
280/260 nm ratio of 0.62 to 0.65. The cell-free extract
was diluted with Tris buffer to contain approxi-
mately 10 mg of protein per ml.
Protamine sulfate treatment. Tris buffer con-

taining 1% protamine sulfate (Sigma Chemical Co.,
St. Louis, Mo.) was added dropwise with continuous
stirring to the cell-free extract to achieve a final
ratio of 10 ml of protamine sulfate solution per 100
ml of extract. After stirring for 20 min, the precipi-
tated nucleic acids were collected by centrifugation
for 20 min at 16,000 x g and discarded. The 280/260
nm ratio of the protamine-treated extract was typi-
cally 0.9 to 1.0.
Ammonium sulfate precipitation. Solid ammo-

nium sulfate (special enzyme grade, Schwarz-Mann,
Orangeburg, N.Y.) was added with continuous stir-
ring to the protamine-treated extract to obtain frac-
tions precipitating between 0 and 60, 60 and 80, and
80 and 100% of saturation. All fractions, except the
one precipitating between 80 and 100%, were stirred
for 20 min before collecting the precipitates by cen-
trifugation for 20 min at 16,000 x g. The 80 to 100%
fraction was allowed to stand undisturbed for 7 to 10
days at 0 C before collecting the precipitate by cen-
trifugation. All fractions were redissolved in a min-
imal volume of Tris buffer.
Sephadex gel filtration. Sephadex G-100 col-

umns were used for gel filtration. Dry Sephadex G-
100 (10 to 40 nm bead size) was suspended in double-
distilled water in a 2-liter vacuum flask and placed in
a boiling water bath for 3 hr to completely rehydrate
the gel. Fine particles were removed from the
swollen gel by repeating a process of suspension in
double-distilled water, allowing the gel to settle for

45 min, and then decanting the supernatant fluid
containing the slow-sedimenting particles. The uni-
formly sedimenting gel was then suspended in
enough Tris buffer containing 5 mm EDTA to give a
gel (settle volume)-to-buffer ratio of 1.0. This sus-
pension was brought to approximately 50 C and de-
gassed under negative pressure. The suspension was
then cooled to approximately 5 C before pouring into
a glass column (either 4.5 by 90 cm or 2.5 by 60
cm). A conical funnel was fitted to the top of the
column as a reservoir to allow the dilute gel suspen-
Lsion to be poured in one step. The gel was allowed to
settle overnight under a head pressure of 10 cm of
water to a final height of 50 cm of gel. The column
was then equilibrated for 5 days with Tris buffer
containing 1 mM EDTA. A Mariotte flask was used
to maintain a constant head pressure such that the
flow rate was 30 ml per hr. A gel column (2.5 by 50
cm) was equilibrated for 7 to 10 days with Tris
buffer containing 0.1 mm EDTA and 0.2 M ammo-
nium sulfate. This prolonged equilibration procedure
was necessary to achieve a completely stabilized
column capable of producing the repeatable sample
elution patterns required in molecular weight anal-
ysis.

Ultrafiltration. Amicon model 12 and 202 ultra-
filtration cells (Amicon Corp., Lexington, Mass.)
were used with either PM-30 or PM-10 membranes
to concentrate fractions containing phosphotrans-
acetylase from both a Sephadex G-100 column (4.5
by 50 cm) and a subsequent diethylaminoethyl
(DEAE)-cellulose column. A nitrogen pressure of 55
psi was used during ultrafiltration.
DEAE-cellulose chromatography. Thin-layer

chromatography grade DEAE-cellulose (obtained
from Sigma Chemical Co., St. Louis, Mo.) was used
in these studies and was washed consecutively for 30
min with 0.2 N HCl, 0.2 N NaOH, and finally 1 M
Tris buffer containing 10 mM EDTA. The slurry of
exchanger was poured into a glass column (1.1 by 15
cm) and packed under 10 pounds of nitrogen pres-
sure until a column bed (1.1 by 12 cm) was attained.
The column was then placed at 5 C and equilibrated
with 100 void volumes of the above buffer. Elution of
proteins applied to the column was carried out step-
wise with equilibration buffer containing increasing
concentrations of KCl (0.0 to 0.6 M). Fractions of 2
ml each were collected at a constant flow rate of 10
ml per hr.
Preparation of acetyl-PO4. The lithium salt of

acetyl-PO4 was prepared from isopropenyl acetate
and phosphoric acid by the method of Stadtman and
Lipmann (19), or purchased from Sigma Chemical
Co., St. Louis, Mo.

Preparation and assay of pantetheine. Pante-
theine was prepared from pantethine (Sigma) by a
modification of the borohydride reduction procedure
of Sagers, Benziman, and Klein (12). Sodium boro-
hydride (400 mg) was added to 10 ml of absolute
ethanol in which 2 g of pantethine had been dis-
solved. This reaction mixture was incubated at 2 to 3
C for 60 min. The ethanol was removed by vacuum
distillation at 30 C and the residue was dissolved in
10 ml of double-distilled water. This aqueous solu-
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tion was then saturated with ammonium sulfate
(room temperature) and extracted three successive
times with 10 ml of n-butanol. The butanol extracts
were combined, and the butanol was removed by
vacuum distillation at 40 C. The residue was redis-
solved in 10 ml of double-distilled water, and the
pantetheine concentration in this preparation was
determined by the 5, 5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) sulfhydryl assay method.of Ellman (6).
The pantetheine solution was then diluted to 0.2 M
with water, distributed into tubes (2 ml each), and
stored in the frozen state until needed.

Preparation of CoA solutions. One hundred mil-
ligrams of CoA (P.L. Biochemicals, Inc., Milwaukee,
Wis.) was dissolved in 1 ml of double-distilled water
and assayed for free -SH groups by the DTNB
method of Ellman (6). The CoA preparation was
then diluted with water to 0.2 M reduced CoA and
stored in the frozen state until needed.

Protein determinations. Protein concentrations
were determined by the method of Warburg and
Christian (24) by using the ratio of the ultraviolet ab-
sorbancies at 280 and 260 nm.

Spectrophotometry. Spectrophotometric meas-
urements were made by using either a Beckman DU
or a Cary model 15 spectrophotometer.
Standard phosphotransacetylase assay proce-

dure. The phosphotransacetylase from C. acidiurici
was measured by detecting the generation of acetyl-
S-pantetheine or acetyl-S-CoA from acetyl-PO4 with
substrate amounts of pantetheine or CoA (12). The
concentrations of acetyl-PO4, acetyl-S-pantetheine,
and acetyl-S-CoA were determined by reacting them
with hydroxylamine to form a stable acetyl-hydrox-
amic acid. Acetyl-hydroxamic acid was detected by
the absorbance at 540 nm in an acidic FeCl2 solution
(10). Prior to incubation with substrate (acetyl-P04),
the enzyme was activated for 5 min in 0.9 ml of solu-
tion containing (micromoles): Tris-hydrochloride,
pH 8.0, 300; FeSO4 - 7H2O, 2.0; and pantetheine or
CoASH, 20.0. The enzyme activation and reaction
with substrate were carried out at 37 C. The reaction
was initiated by the addition of 20 Amoles of acetyl-
PO4 (0.1 ml) to the activation mixture. The reaction
was allowed to proceed for 10 min before termina-
tion. For measurement of acetyl-S-CoA and acetyl-
S-pantetheine, 1 ml of 0.2 N HCl was added, and
this mixture was heated to boiling for 6 min and
then rapidly cooled to room temperature. Neutral-
ized 2 N NH2OH (1 ml) was mixed with the boiled
mixture and allowed to react for 10 min. Finally, 2
ml of 2% FeCl, in 1.3 N HCl was added to this solu-
tion. The contents of these tubes were then mixed
thoroughly and centrifuged at 500 x g for 5 min to
remove any protein precipitate. The absorbance was
read at 540 nm against a nonenzyme blank.
When total acetyl groups (acetyl-PO4 plus acetyl-

S-pantetheine or acetyl-S-CoA) were to be meas-
ured, the reaction was terminated with 1 ml of 1 mM
p-hydroxymercuribenzoate (PHMB), pH 9.0, since
0.2 N HCl plus boiling for 6 min destroys the acetyl-
PO4 present (18).

Definition of units and specific activity. One
unit of activity is defined as that amount of enzyme

required to catalyze the formation of 1 Mmole of
acetyl-S-pantetheine in 10 min using acetyl-PO4 as
the acetyl donor. Specific activity is defined as mi-
cromoles of acetyl-S-pantetheine formed per 10 min
per milligram of protein.

Arsenolysis conditions. Phosphotransacetylases,
in the presence of arsenate and catalytic levels of
CoASH, have been shown to transfer acetyl groups
from acetyl-PO4, through an acetyl-S-CoA interme-
diate, to HAsO42- to form the unstable acetyl-AsO4.
The spontaneous hydrolysis of acetyl-AsO4 is de-
tected by the decrease in total high-energy acetyl
groups measured as acetylhydroxamic acid (18). The
conditions for enzyme activation and reaction with
substrate are essentially the same as those in the
standard phosphotransacetylase assay above except
that 10 to 40 Mmoles of potassium arsenate was
added to the reaction mixture and the pantetheine
or CoASH concentrations were reduced from 20 mM
to 0.2 mM.

H32P042- exchange reaction. The exchange reac-
tion catalyzed by phosphotransacetylase:

Acetyl-PO4 plus H32P042
acetyl-32PO4 plus HPO42-

was measured by separating acetyl-PO4 from HPO42-
by using the selective CaCl2 precipitation method
of Lipmann and Tuttle (9).

Radioactivity of samples was measured in a
Packard Tri-Carb liquid scintillation spectrometer.
The scintillation fluid consisted of 0.7% 2,5-diphen-
yloxazole, 0.3% dimethyl-1, 4-bis-2-(4-methyl-5-
phenyloxazolylbenzene, and 10% naphthalene in
freshly distilled reagent grade dioxane. The scintilla-
tion reagents were purchased from Packard Instru-
ment Co., Downers Grove, Ill., and the H832PO4 was
purchased from New England Nuclear Corp., Bos-
ton, Mass.
Marker proteins. Marker proteins for molecular-

weight determinations were purchased from the fol-
lowing sources: cytochrome c (type Ill from horse
heart), a-chymotrypsinogen (6 times crystallized,
type II from bovine pancreas), deoxyribonuclease I (1
time crystallized and lyophilized), and bovine
serum albumin (crystallized and lyophilized) from
Sigma Chemical Co., St. Louis, Mo.; myoglobin
(crystalline, lyophilized from sperm whale) from
Schwarz-Mann, Orangeburg, N.Y.; ovalbumin (2
times crystallized) from Worthington Biochemical
Corp., Freehold, N.J.; and hexokinase (lyophilized
from yeast) from Nutritional Biochemical Co.,
Cleveland, Ohio.
Phosphotransacetylase preparation used in

experiments. Except for the preparations shown in
Tables 3 and 4, the enzyme from C. acidiurici used
for experiments described in all other tables and fig-
ures was the purified (500-fold) protein from the
DEAE-cellulose column described earlier. Larger
quantities of enzyme were used when pantetheine
was the acetyl group acceptor than when CoA was
the acceptor.
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RESULTS AND DISCUSSION
Purification summary. A summary of the

purification procedures resulting in an increase
in specific activity of the phosphotrans-
acetylase activity of over 500-fold is shown in
Table 1.

Electrophoresis. The enzyme purification
procedures used were evaluated by polyacryl-
amide disc-gel electrophoresis (5). As shown in
Fig. 1, the PM-10 concentrate from the DEAE-
cellulose column contained a relatively homo-
geneous protein preparation with only minor
contaminant components. The major protein
component in this preparation was the only
one associated with detectable phosphotrans-
acetylase activity.
Heat stability of the enzyme. Samples of

the purified enzyme in Tris buffer containing 1
mm EDTA and 0.2 M ammonium sulfate were

heated at 88 C for periods of time up to 60
min. Compared with the activity of unheated
samples, 56% of the activity remained in the
sample heated for 60 min. This fact, coupled
with the observation that negligible activity is
lost after incubation for 60 min at tempera-
tures lower than 80 C, indicates that the en-

zyme is relatively resistant to irreversible heat
denaturation.
Absorption spectrum. The ultraviolet-vis-

ible absorption spectrum of the purified en-
zyme displayed a single peak at 280 nm, with
no other detectable shoulders or peaks at other
wavelengths which might indicate specific
tightly bound prosthetic groups. This spectrum
is similar to that observed for the phospho-
transacetylase from C. kluyveri (2).
Molecular-weight determination. The

molecular weight of the enzyme was estimated
by gel filtration, as described by Andrews (1),
using a column (2.5 by 50 cm) of Sephadex G-
100, equilibrated and eluted with Tris buffer
containing 0.2 M ammonium sulfate. Signifi-
cant improvement in peak resolution was

made possible by the presence of the ammo-

nium sulfate. The elution volumes for phos-
photransacetylase and the proteins used as

standards, shown in Fig. 2, represent the av-
erage from three determinations.
The phosphotransacetylase activity was re-

solved into two peaks with estimated mo-
lecular weights of 75,000 and 63,000, respec-
tively. No further attempts have been made to
characterize the properties of the two peaks
separated by this procedure, however.
The molecular weights determined for the C.

acidiurici phosphotransacetylase (63,000 and
75,000) are intermediate between the only
other reported values for this enzyme, which
are those from C. kluyveri (38,000 to 41,000)
and Escherichia coli B (160,000 to 450,000),

-yefront

Gel
0 2 3 4 5

PTA, act. (VMotes/lOmin)

FIG. 1. Recovery of the enzyme from disc electro-
phoresis gels. The purified protein (300 Mg) was lay-
ered in 10%o sucrose onto duplicate acrylamide gel
columns (0.9 by 7.5 cm), consisting of a 3.5%
stacking gel and a 7.5% running gel. Current was

applied at 5 ma per gel for 1.5 hr while the gel tubes
were kept at 5 C. The electrophoretic run was termi-
nated after tracking dye (bromophenol blue) had
traveled 5 cm into the running gel. The gels were
removed from the tubes, and one gel was stained in
1% amido black to detect protein and then destained
in 5% acetic acid at 100 ma per gel, whereas the
other gel was cut into 3-mm sections which were

forced through a syringe into standard pantetheine
assay mixtures. PTA act. = phosphotransacetylase
activity.

TABLE 1. Purification of phosphotransacetylase

Vol Units Protein Specific Recovery FoldProcedures (ml) 10moles/ (mg) (units/mg) (%) purification

Cell-free extract 380 59,300 4,110.0 13.9 100.0
Protamine sulfate 415 42,700 3,240.0 13.2 72.0 0.9
80 to 100% (NH)J2S04 11 57,500 320.0 178.0 97.0 12.8
Sephadex G-100 10 35,100 85.0 413.0 59.2 29.7
DEAE-cellulose 2 17,600 2.5 7,100.0 29.6 511.0
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FIG. 2. Molecular-weight determinations. Marker
proteins and purified phosphotransacetylase were

placed separately onto a column (2.5 by 50 cm) of
Sephadex G-100. The column was equilibrated with
Tris buffer containing 0.2 M ammonium sulfate at 5
C. Elution was carried out using the equilibration
buffer at a flow rate of 10 ml per hr. Fractions of 40
drops each were collected and monitored at 280 nm
for protein content. Fractions were tested for phos-
photransacetylase activity when this enzyme was

applied to the column.

respectively (2, 14).
Effect of buffer systems and pH on en-

zyme activity. Substitution of barbital, bor-
ate, orthophosphate, or pyrophosphate for the
standard Tris buffer system resulted in inhibi-
tion of the enzyme activity by 53, 25, 52, and
100%, respectively, whereas tricine or bicine
gave 136 and 104% of the activity observed
with Tris. The inhibition by orthophosphate
will be considered in greater detail in a section
following.

In Tris buffer, maximum specific activity
was observed at pH 8.0 to 8.1 when the activa-
tion and reaction with substrate were per-
formed at the same pH. The specific activity
decreased rapidly as the pH was lowered, with
only 10% of the maximum activity at pH 7.0,
whereas the activity at pH 8.7 was only 20%
below that observed at the optimum pH of 8.0
to 8.1. By comparison with the above informa-
tion, the phosphotransacetylase from C. kluy-
veri was equally active in 0.1 M Tris-hydro-
chloride, glycyl-glycine, or histidine buffers at
pH 8.1, but was inhibited by diethyl-barbitu-
rate, Tris-citrate, and pyrophosphate (17).
Activation of the enzyme by cations. Phos-

photransacetylase activity in the C. acidiurici

preparations was not demonstrable unless fer-
rous or manganous ion was present in the acti-
vation and reaction mixture as shown in Table
2. Manganous ion could be substituted for fer-
rous ion but it was only 75% as effective. No
activity was observed in the presence of 2 mm
Fe3+, Zn2+, Mg2+, Co2+, Ni2+, Sn2+, Cu2+,
Mo6+, Na+, K+, or NH,+.
The enzymes from E. coli B, E. coli K-12,

and C. kluyveri are stabilized by the presence
of 0.2 M ammonium sulfate during dilution and
various purification procedures (2, 7, 14, 17).
The C. kluyveri enzyme also exhibits greater
heat stability in the presence of 0.2 M ammo-
nium sulfate, retaining 50% of its activity after
5 min at 50 C. To a lesser extent, Na+, K+, and
Mg2+ also increase the stability of this enzyme
at higher temperatures (2, 16, 17). In the pres-
ence of ammonium sulfate, the phosphotrans-
acetylase from C. acidiurici is extremely
stable to freezing and thawing, and dilution
and heat treatment, but remains highly un-
stable during gel filtration, dialysis, and
column chromatography.

Stabilization of the enzyme by Fe2+ and
dithiothreitol (DTT). Phosphotransacetylase
loses approximately 50 to 60% of its activity
when dialyzed for 8 hr against 0.05 M Tris
buffer. Table 3 depicts the relative activity
recovered after dialysis under various condi-
tions when compared with an undialyzed
sample of enzyme. When EDTA was incorpo-
rated into the dialysis buffer, either at 1 mm or
0.01 mm concentrations, there was no benefi-
cial effect on the enzyme activity recovered,

TABLE 2. Activation by cationsa

Acetyl-
S-pant-

Phosphotransacetylase Cation etheine Activ-
source Caingener- ity

ated (%)
(1umoles)

Clostridium acidiurici ...... Fe2+ 3.1 100
C. acidiurici .............. Mn2+ 2.3 74b
C. acidiurici .............. None 0.0 0
Peptococcus glycinophilus . . None 2.4 looc

a The activation and reaction mixtures contained
the standard pantetheine assay reagents, except 2
gmoles of the indicated cation was substituted for
Fe2+. The activation and reaction tubes contained
8.2 lAg of protein from C. acidiurici and 3.0 mg of
protein from P. glycinophilus, respectively.
"The activity obtained with Mn2+ was compared

to that observed with Fe2 .
c The 60 to 70% ammonium sulfate fraction from

P. glycinophilus contains a phosphotransacetylase
which lacks a cation requirement.

Hexokinase
(96,000)

PTA ,oct. X* Bovine Serum Albumin
(67,000)

* Ovolbumin
(45,000)

DeoxyribonucleassI.
(31,000)

oc-Chymotrypsinogen
(25,00)

Myoglobin
(I7F,7Oo)

Cytochrome c
(12,400)
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TABLE 3. Conditions necessary to stabilize
phosphotransacetylase during dialysisa

Additions to dialysis buffer Phosphotransacetylase
activity in dialysate

EDTA DDT" FeSO4 Micromoles/ Percentc
(mM) (mM) (mM) 10 min

1.00 3,350 46
0.01 3,270 45
0.01 2.0 385 5
0.01 2.0 2,400 33
0.01 2.0 2.0 7,150 94

a Dialysis of 5.0 ml of 80 to 100% ammonium sul-
fate fraction (30 mg of protein/ml) was carried out
using 2 liters of Tris buffer with additions as shown.
Dialysis was carried out at 4 C for 8 hr under a ni-
trogen atmosphere. Any precipitate after dialysis
was removed by centrifugation at 500 x g for 5 min
before assaying for phosphotransacetylase activity by
the standard pantetheine assay. All buffers were
boiled, quickly cooled, and flushed with nitrogen
before addition of dithiothreitol and FeSO4.

b Dithiothreitol.
c Compared with undialyzed sample kept at 4 C

for 8 hr.

since in both cases approximately 55% of the
activity was lost. Addition of 2 mm FeSO4 re-
sulted in a 95% loss of activity, whereas addi-
tion of 2 mm DTT resulted in a 65% loss.
However, addition of 2 mm FeSO, plus 2 mM
DTT resulted in recovery of virtually 100% of
the activity.
The stabilization by Fe2+ and DTT is also

applicable to gel filtration and ion-exchange
chromatography of the enzyme since both can
be performed with negligible loss of enzyme
activity if the columns are equilibrated and
eluted with buffers containing 2 mm FeSO,
and DTT. The degree of purification of the
enzyme obtained under these conditions
cannot be accurately assessed, however, due to
the interference of DTT and Fe2+ with protein
determinations.
Inhibition by orthophosphate and ar-

senate. The inhibition of phosphotrans-
acetylase by orthophosphate and arsenate is
shown in Fig. 3. Orthophosphate decreased the
rate of acetyl-CoA generation 50% at 12 mm
and 65% at 20 mm. Arsenate gave comparable
results with 10 mm producing 50% and 20 mm
producing 80% inhibition. These data may in-
dicate that the enzyme possesses a site at
which both arsenate and orthophosphate can
interact in a similar fashion.
Arsenolysis studies. Because of the unusual

property previously reported (12) that the
phosphotransacetylase from C. acidiurici is not

subject to uncoupling by arsenate, and our
observation in the present studies of this same
phenomenon, we explored the possibility that
two forms of the enzyme may exist. It seemed
possible that one form which is subject to ar-
senolysis might be present in crude extracts,
but selectively eliminated in the purification
procedures designed to concentrate the nonar-
senolyzable form of the enzyme. As shown in
Table 4 (tubes 1, 2, 3, and 10), variable quanti-
ties of enzyme in the presence of arsenate and
catalytic quantities of either pantetheine or
CoA show no decrease in acetyl-PO resulting
from arsenolysis. Fe2+ was omitted from these
tubes (as well as from tube 6) to permit the
possible demonstration of some form of phos-
photransacetylase which reacted in the more
conventional arsenolysis reaction typified by
the C. kluyverix or E. coli enzymes (2, 7, 14,
17), but which might be inhibited by Fe2 . In
these tubes there was no decrease in acetyl-
P04. Tube 4 contained the standard phospho-
transacetylase system employed in these stud-
ies and showed that acetylthioester was gener-
ated from acetyl-PO 4. The addition of arsenate
to the standard phosphotransacetylase assay
mixture (tube 5), even with increased enzyme,
did not result in the loss of acetyl-PO4 beyond
the amount which could be accounted for as
acetylthioester (as in tube 4). Tube 6 confirms
that demonstrable enzyme activity requires
the presence of Fe2+ (compare with tube 4).
Any loss of acetyl-PO, when employing either

~8O
~60 P

w
640 Aso-

S20\

CONCENTRATION (mM)
FIG. 3. Inhibition of acetyl-S-CoA generation by

orthophosphate and arsenate. The activation and
reaction tubes contained the standard CoA assay
reagents plus potassium arsenate or orthophosphate,
pH 8.0, as indicated. The activation and reaction
mixtures contained 0.25 Ag of protein.
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pantetheine or CoA and excess enzyme, in the
presence of arsenate (tubes 7A and 9A) could
be accounted for as a comparable increase in
acetylpantetheine or acetyl-CoA (tubes 7B and
9B), therefore demonstrating the ability of the
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enzyme in the crude extract to generate ace-

tylthioester in the presence of arsenate.
The experiment shown in Table 5 was con-

ducted to confirm the nonarsenolyzable nature
of the purified enzyme from C. acidiurici and

TABLE 4. Nonarsenolyzable phosphotransacetylase activity in crude extract from Clostridium acidiurici

Addeda Recoveredb

Tube Acetyl acceptor Crude Acetyl-
no. Fe2+ As042- tS CAH extract Ac-P04 Ac-POc thioester

PamolS) CoAeSH) mg (,umoles) (Mumoles) umls(,umoles)
(g)umooees

1 10 0.2 0.1 15 14.2
2 10 0.2 0.5 15 16.0
3 10 0.2 1.0 15 14.4
4 2.0 10.0 0.1 15 1.8
5 2.0 10 10.0 0.5 15 14.4
6 10.0 0.1 15 0;0
7A 2.0 10 10.0 1.0 15 13.6
7B 2.0 10 10.0 1.0 15 1.2
8 2.0 10.0 0.1 15 0.6
9A 2.0 10 10.0 1.0 15 13.6
9B 2.0 10 10.0 1.0 15 0.5
10 10 0.2 0.5 15 14.9

a In addition to the indicated reagents added, the activation mixture contained Tris-hydrochloride, pH 8.0
(300 ,moles), in a total volume of 0.9 ml. After activation for 5 min at 37 C, the reaction was initiated by the
addition of the acetyl-PO4 (15 Amoles in 0.1 ml) , and incubated an additional 10 min at 37 C.

° To measure acetyl-PO4 remaining plus acetylthioester generated (total high-energy acetyl groups), the
reaction was terminated by the addition of 1 ml of 1 mm p-hydroxymercuribenzoate, whereas reaction mix-
tures in which only acetylthioester was to be measured were terminated by the addition of 1 ml of 0.2 N HCl
followed by boiling in a water bath for 6 min. Both total high-energy acetyl groups and acetylthioester were
measured by the standard hydroxamate method.

c Acetyl-PO4 recovered was determined from the difference of the concentration of total high-energy acetyl
groups minus the acetylthioester recovered.

TABLE 5. Comparison of phosphotransacetylases in the presence of arsenatea

Added Recovered

Protein Acetyl-PO4 AsO42- Total acetyl Acetyl-S- Acetyl-Enzyme source (Mg) (Mmoles) (umoles) units pantetheine P04"
(Mmoles) (Amoles) (Mumoles)

Clostridium acidiurici 33.0 10 40 10.0 2.9 7.6
3.3 10 10.2 9.5 0.7

Peptococcus glycinophilus 3,000.0 10 40 0.0 0.0 0.0
3,000.0 10 10.3 2.1 8.2

None 0.0 10 40 10.0 0.0 10.0
0.0 10 10.0 0.0 10.0

aThe activation mixture contained (micromoles): Tris-hydrochloride, pH 8.0, 600; FeSO4, 4.0; panteth-
eine, 40.0; KH2A,O4, pH 8.0, 80.0 (where indicated); and protein (as shown) in a total volume of 1.8 ml. Initi-
ation of the reaction after activation for 5 min was carried out by the addition of 20 jmoles of acetyl-PO4 (0.2
ml). One milliliter of the reaction mixture was immediately distributed into each of two tubes labeled I and
II. The reaction in tube I was terminated after 10 min by the addition of 1 ml of 1 mm PHMB in 0.05 M phos-
phate, pH 5.5, for measurement of total acetyl units (I). The reaction in tube II was terminated after 10 min
by the addition of 1 ml of 0.2 N HCl, and then boiled in a water bath for 6 min to selectively destroy the
acetyl-PO4 while preserving the acetyl-S-panthetheine (II).

4Acetyl-PO4 (III) was calculated as the difference between (I) and (II).
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compare these results with an ammonium sul-
fate fraction from Peptococcus glycinophilus
which contains an arsenolyzable phosphotrans-
acetylase (8). It can be seen that, although the
generation of acetylthioester by the C. acidi-
urici enzyme is inhibited by arsenate, this ac-
tivity can be demonstrated if high levels of
enzyme are employed. The enzyme from P.
glycinophilus is able to generate acetyl-
thioester in the absence of arsenate, but differs
from the C. acidiurici enzyme in that acetyl-
thioester is not permitted to accumulate in the
presence of arsenate, although acetyl-PO4 is
rapidly decomposed. In the absence of enzyme
no acetylthioester was generated nor was ar-

senolysis observed.
Figure 4 demonstrates the ability of the C.

acidiurici phosphotransacetylase to generate
acetyl-CoA in the presence of arsenate without
loss of total high-energy acetyl units. As the
concentration of CoA increased, a decrease in
acetyl-PO4 was observed which was accompa-
nied by a proportionate increase in acetyl-
CoA. This phenomenon was observed both in
the presence and absence of arsenate, although
the reaction rate was decreased when arsenate
was present. As the CoA concentration in-
creased, the total acetyl units remained un-

changed, both in the presence and absence of
arsenate.
H32PO42- exchange reaction. The phospho-

transacetylase from C. acidiurici is capable of
exchanging H32PO42- with acetyl-PO4 both in
the presence and absence of arsenate (Table 6),
although 10 mm arsenate decreased the ex-
change rate approximately fourfold. It was

necessary to keep the combined arsenate and
orthophosphate concentrations below 20 mm,
since higher concentrations of either decreased
the exchange reaction below demonstrable
levels. The specific activity of the total phos-
phate (20 ,umoles of acetyl-PO4 plus 10 umoles
of 32P-orthophosphate) present could be only
one-third of that added as orthophosphate (1.9
X 105 dpm per 10 lsmoles). Because of this
fact, the maximum theoretical exchange be-
tween 3 2P-orthophosphate and acetyl-PO4
would yield acetyl-32P04 with a specific ac-

tivity of 6.3 x 104 dpm per Amole. The percent
exchange observed in the absence of arsenate
was 83% of this theoretical value, whereas in,
the presence of arsenate the level of exchange
was decreased to 43% of this value.
Although orthophosphate acyltransferases

with specificities for formyl-, acetyl-, propi-
onyl-, butyryl-, isobutyryl-, or valeryl-phos-
phates, or both, have been partially purified

C

E
0

N..

U)

C-)

:

CoASH (mM)
FIG. 4. Generation of thioester in the presence of

arsenate. The activation tubes contained (micro-
moles): Tris-hydrochloride (pH 8.0), 600; FeSO4, 4.0;
KH,AsO4, 20 (where indicated); CoASH, as indi-
cated; and protein, 0.62 lAg in 1.8 ml. The reaction
was initiated by addition of 20 Amoles acetyl-P04 in
0.2 ml to the activation tubes. The reaction was ter-
minated after 10 min of incubation by distributing 1

ml of the reaction mixture into 1 ml of 0.2 N HCI, to
measure acetyl-S-CoA; and the remaining 1 ml into
1 ml of 0.1 M phosphate buffer (pH 5.5) containing 1

mM PHMB, to measure total acetyl units. Acetyl-S-
CoA and total acetyl units were measured by the
hydroxamate method.

TABLE 6. 32P Exchange in the presence of arsenatea

Units of KHAsO,- KH32PO,- Acetyl_32PO,'
enzyme added added recovered

(Amoles) (dpm) (dpm)

750 10 190,000 27,000
375 190,000 52,000

0 10 190,000 0
0 190,000 0

a The activation tubes contained (in micromoles)
the following in a total of 0.9 ml: Tris-hydrochlo-
ride, pH 8.0, 300; FeSO4, 4.0; coenzyme A, 0.2;
KH32PO4-, pH 8.0 (specific activity 1.9 x 105 dpm
per 10 umoles), 10.0; 1 KHAsO4-, pH 8.0, 10.0 (where
indicated); and enzyme as shown. The reaction was
initiated by the addition of 20.0 ,moles acetyl-PO4 in
0.1 ml and allowed to proceed for 20 min before
being terminated by rapid cooling in an ice bath.

from microbial sources (14, 15, 16, 22, 23), all
appear closely related, since they undergo ar-
senolysis, possess similar pH optima, and re-

472 J. BACTERIOL.



PHOSPHOTRAb

quire ammonium sulfate for stability during
dialysis or dilution. The only representatives of
this group which are stable to dialysis in the
absence of ammonium sulfate are the phospho-
transacetylase and phosphotransbutyrylase
from C. butyricum (23).

Contrary to all other bacterial systems de-
scribed, the purified phosphotransacetylase
from C. acidiurici is nonarsenolyzable. The
observation that this enzyme is able to gen-

erate acetylthioester and exchange H32PO42-
with acetyl-PO, in the presence of arsenate
indicates that the catalytic site is capable of
discriminating between orthophosphate and
arsenate. Thus the ability of phosphate and
arsenate to inhibit the enzyme activity to an
approximately equal extent cannot be ex-
plained by interaction of these anions at the
catalytic site, since arsenate appears to be ex-
cluded from this site. However, the data cited
above suggest the possibility that there exists a
noncatalytic site on the enzyme which is in-
capable of discriminating between phosphate
and arsenate, and at which these ions could
interact as negative homotropic effectors with
an equal influence on the overall reaction ki-
netics (11).
The data presented here strengthen the orig-

inal proposal by Sagers, Benziman, and Klein
(12) that the ferrous ion requirement conveys

the nonarsenolyzable nature on the enzyme,
and point out many additional properties of
this enzyme which merit further investigation.
The enzyme can now be obtained in a highly
purified state, and conditions necessary for the
stabilization of the molecule are known. Sev-
eral additional properties such as the very high
catalytic constant and kinetic data will be
reported in a subsequent publication.
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