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of the residues implicated in the crystallographic study. It is 
therefore possible that the assignments of the ATP site and 
the AMP site have been reversed in the crystallographic study 
illustrated in Figure 5A. While reversing the ATP and AMP 
sites in Figure 5A would satisfy the NMR data, it would not 
satisfy the observation (Hamada et al., 1979) that a peptide 
of residues 171-193 binds AMP. An alternative placement 
of ATP and AMP which would provide a better fit to the 
existing data is suggested in Figure 5B. The binding site for 
ATP partially overlaps with that proposed in the crystallo- 
graphic study and is therefore consistent with the action of 
salicylate as a competitive inhibitor. 
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Isolation and Characterization of Diadenosine 5’,5”’-P1,p-Tetraphosphate 
Pyrophosphohydrolase from Physarum poZycephaZumt 
Larry D. Barnes* and Catherine A. Culver 

ABSTRACT: A new enzyme that hydrolyzes diadenosine 
5’,5”’-P’,P‘‘-tetrapho~phate has been purified by a factor of 
250 from the acellular slime mold Physarum polycephalum. 
Activity was assayed radioisotopically with [3H]Ap4A. Iso- 
lation of the enzyme was facilitated by dye-ligand chroma- 
tography. The enzyme symmetrically hydrolyzes Ap4A to 
ADP and exhibits biphasic kinetics for the substrate with 
values for the apparent K, of 2.6 pM and 37 pM. The two 
values of V,, differ by a factor of 10. MgZ+, CaZ+, and other 
divalent cations inhibit the activity with 40-80% inhibition 

Diadenos ine  5’,5’”-P1,P“-tetraphosphate (AP,A)’ is syn- 
thesized from ATP and bound aminoacyl-AMP by some 
tRNA synthetases from Escherichia coli, yeast, and Physarum 
polycephalum (Zamecnik et al., 1966; Randerath et al., 1966; 
Plateau et al., 1981; Goerlich et al., 1982). Broad species 
distribution of this reaction and its occurrence in vivo have 
not been demonstrated, but Ap4A has been detected in both 
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occurring at 0.5 mM. MgZ+, at 0.5 mM, decreases both values 
of V ,  by 50%, decreases the low K, value by about 30%, and 
increases the high K, value by about 100%. (Ethylenedi- 
nitri1o)tetraacetic acid (EDTA) and [ethylenebis(oxy- 
ethylenenitri1o)ltetraacetic acid (EGTA), at 10 mM, inhibit 
the activity by 50%. ADP, ATP, Ap4, and Gp, are equipotent 
inhibitors with 50% inhibition occurring at 30 pM. AMP is 
a relatively weak inhibitor. The molecular weight of the en- 
zyme is 26000 on the basis of elution of activity from a 
calibrated Sephadex G-75 column. 

procaryotic and eucaryotic species at concentrations of 
10-8-10-7 M (Zamecnik, 1969; Rapaport & Zamecnik, 1976). 
Zamecnik and co-workers proposed that Ap4A may be a 
regulator by which the status of protein synthesis influences 

I Abbreviations: Ap,,A, diadenosine 5’,5”’-P’,P“-polyphosphate, n = 
2-6; Ap,, adenosine tetraphosphate; Gp,, guanosine tetraphosphate; 
EDTA, (ethylenedinitri1o)tetraacetic acid; EGTA, [ethylenebis(oxy- 
ethylenenitrilo)]tetraacetic acid; TLC, thin-layer chromatography; 
HPLC, high-performance liquid chromatography; DEAE, diethyl- 
aminoethyl; PEI, poly(ethy1enimine); NADH, reduced nicotinamide 
adenine dinucleotide; Hepes, N-(2-hydroxyethyl)piperazine-N”thane- 
sulfonic acid. 
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replication or transcription (Zamecnik & Stephenson, 1969; 
Rapaport & Zamecnik, 1976). This proposal was based on 
the correlation of increases in cellular levels of Ap4A with short 
doubling times of cells, viral transformation, and tumorigen- 
icity as well as the metabolic lability of AplA (Rapaport & 
Zamecnik, 1976). This proposal was strengthened by 
Grummt's demonstration that Ap4A induced DNA replication 
in permeabilized baby hamster kidney cells arrested in the G I  
phase of the cell cycle (Grummt, 1978). Ap4A also may be 
involved in initiation of in vitro replication of adenovirus DNA 
(Reiter et al., 1980). Ap4A binds to one of the subunits of 
calf thymus DNA polymerase CY without a detectable effect 
on the activity of the enzyme (Grummt et al., 1979). Rapaport 
et al. (I98 la )  recently reported that tryptophanyl-tRNA 
synthetase and Ap4A binding activities are tightly associated 
with DNA polymerase CY from HeLa cells. The Ap4A binding 
protein has been resolved from the high molecular weight form 
of DNA polymerase a (Rapaport et al., 1981b). Ap4A can 
be used as a primer with poly(dT) as a template for DNA 
synthesis catalyzed by DNA polymerase CY from HeLa cells 
(Rapaport et al., 1981b). Ap4A also serves as a primer with 
a double-stranded, synthetic octadecamer template that rep- 
resents a segment of the replication origin of the simian virus 
40 genome (Zamecnik et al., 1982). Ap4A neither activates 
nor inhibits DNA polymerase a, 0, or y from mouse myeloma, 
but it does inhibit terminal deoxynucleotidyltransferase activity 
(Ono et al., 1980). Ap4A functions as an acceptor for ADP- 
ribose in a reaction catalyzed by poly(ADP-ribose) polymerase 
in vitro (Yoshihara & Tanaka, 1981). 

Ap4A phosphohydrolases have been previously isolated from 
rat liver (Vallejo et al., 1973; Lobaton et al., 1975), rat in- 
testinal mucosa (Cameselle et al., 1982), brine shrimp (Vallejo 
et al., 1976), mouse ascites tumor cells (Ogilvie, 1981), and 
mouse liver (Hohn et al., 1982). These enzymes asymmet- 
rically hydrolyze AplA to AMP and ATP and require the 
presence of Mg2+. 

We have detected the presence of Ap4A in the slime mold 
P. polycephalum by growing microplasmodial shake cultures 
in the presence of [3H]adenosine (Garrison et al., 1981). We 
also have detected an enzyme in P.  polycephalum that hy- 
drolyzes Ap4A as well as other dinucleoside polyphosphates. 
In this report we describe the isolation and some properties 
of this enzyme assayed radioisotopically with [3H]Ap4A as a 
substrate. The symmetrical hydrolysis of Ap4A by the Phy- 
sarum enzyme distinguishes it from previously reported en- 
zymes that hydrolyze Ap4A. Preliminary accounts of part of 
this work have been reported (Garrison et al., 1981; Barnes 
et al., 1982). In the following paper we describe the substrate 
specificity and identify the reaction products for this enzyme 
using HPLC (Garrison et al., 1982). 

Experimental Procedures 
Materials. Ap4A and other nucleotides were purchased 

from Sigma Chemical Co. Ap4A was custom labeled by 
Amersham by catalytic exchange in solution with tritium gas. 
[3H]84p4A was purified every 3-4 months by chromatography 
on an 8 mm X 20 mm column of DEAE-cellulose eluted with 
350 mM NH4HC03, pH 8.2. The column eluate was lyo- 
philized, dissolved in water, and relyophilized prior to storage 
in 50% (v/v) ethanol at -20 OC. [3H]Ap4A was 98-99% pure 
as analyzed by TLC and HPLC. [3H]Ap4A was subjected 
to chromatography on PEI-cellulose sheets developed in 1 M 
LiCl in the first dimension and 2.5 M CH3COONH4-4% 
(w/v) Na2B4O7-10H20, pH 9, in the second dimension. 
[3H]Ap4A also was analyzed on an HPLC anion-exchange 
resin isocratically eluted with 0.4 M ammonium phosphate, 

pH 5.2, as modified from the procedure of Garrison et al. 
(1982). The specific activity of [3H]Ap4A was 2.5-2.6 Ci/ 
mmol. DEAE-cellulose (microgranular DE-52) was purchased 
from Whatman, Sephacryl S-200 superfine from Pharmacia, 
and Matrex Gel Green A dye-ligand resin from Amicon Corp. 
Proteins used as molecular weight standards, pyruvate kinase, 
and protamine sulfate were purchased from Sigma Chemical 
Co. NADH and lactate dehydrogenase were purchased from 
Boehringer/Mannheim. 

Culture of Physarum. P .  polycephalum strain M3C VI1 
was maintained in shake culture as previously described 
(Garrison & Barnes, 1980) except that the cultures were 
started with 0.5 mL of plasmodial sediment in 100 mL of 
media in 500-mL flasks every 2 days. Microplasmodia were 
harvested in log-phase growth when the cell density was 20-30 
g wet wt/L of medium. 

Enzyme Assay. Diadenosine tetraphosphate pyro- 
phosphchydrolase activity was assayed radioisotopically with 
[3H]Ap4A as the substrate. The enzyme (0.02-10 pg of 
protein) was incubated in 50 mM Hepes-NaOH, pH 7.5, with 
[3H]Ap4A for 10 min at 30 OC in a final volume of 200 pL. 
The reaction was initiated by the addition of [3H]Ap4A 
(0.5-100 pM). The reaction was stopped by adding 10 pL 
of 2 N HCl and incubating for 5 min at 25 OC. Thret mil- 
liliters of 20 mM NH4HC03, pH 8.2, was added, and the 
entire assay solution was added to an 8 mm X 20 mm column 
of DEAE-cellulose equilibrated with 20 mM NH4HC03, pH 
8.2. The assay tube was rinsed with 4 mL of 20 mM NH4- 
HC03, pH 8.2, and the solution added to the column. The 
column was rinsed with an additional 4 mL of 20 mM 
NH4HC03, pH 8.2. Sample and wash effluents were dis- 
carded. The [3H]ADP formed in the reaction was eluted with 
successive washes of 4, 4, and 2 mL of 120 mM NH4HC03, 
pH 8.2. The effluents were collected in scintillation vials 
containing 14 mL of cocktail. Unreacted [3H]Ap4A was re- 
tained on the DEAE-cellulose under these conditions. It could 
be eluted with 350 mM NH4HC03, pH 8.2. The eluted 
[3H]ADP was counted at 4 "C in a gel phase of the cocktail 
with 30-35% efficiency in a Beckman LS-230 or 7000 counter. 
Enzymic activity was assayed in duplicate, and each experi- 
ment on kinetic properties was performed at least twice on 
enzyme purified through the Green A resin or Sephadex G-75 
steps. There were no observed differences in the properties 
of the enzyme from these columns except preparations purified 
through the Sephadex G-75 column had larger V,,, values. 

Enzymic activity also was measured spectrophotometrically 
at 340 nm by a coupled-enzyme assay. Partially purified 
enzyme was assayed at 30 OC in 50 mM Hepes-NaOH, pH 
7.5, 0.1 mM MgC12, 0.5 mM phosphoenolpyruvate, 100 pM 
Ap4A, and 0.25 mM NADH with 10 units of pyruvate kinase 
and 11  units of lactate dehydrogenase. Purification of the 
enzyme through Sephacryl S-200 gel filtration chromatogra- 
phy was necessary before the spectrophotometric assay could 
be used because of Ap4A-independent oxidation of NADH in 
cruder preparations. 

Gel Electrophoresis. Dissociated protein samples were 
analyzed by electrophoresis on 15% polyacrylamide gels con- 
taining 0.1% sodium dodecyl sulfate. Samples were subjected 
to electrophoresis with the discontinuous buffer system for slab 
gels as described by Laemmli (1970) and modified by Studier 
(1973). Protein samples were dialyzed against 10 mM sodium 
phosphate, pH 7.2, prior to dissociation in 1% sodium dodecyl 
sulfate and 1% 2-mercaptoethanol at 80-90 "C for 15 min. 
Gels were stained and destained with Coomassie blue R-250 
(Fairbanks et al., 1971). 
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Nondissociated protein samples were analyzed by electro- 
phoresis at 4 OC on slab gels composed of a 4.6-10% linear 
gradient of acrylamide. An alkaline pH discontinuous buffer 
system (Maizel, 1971) was used. After electrophoresis, the 
gels were stained with Coomassie blue R-250 or sliced and 
assayed for diadenosine tetraphosphate pyrophosphohydrolase 
activity. For the latter procedure, the gels were semifrozen 
by placing them on a glass plate over solid C 0 2  and sliced into 
2-mm segments with a razor blade. The segments were in- 
cubated at 4 OC for 16 h and at 30 OC for 10 rnin in 200 pL 
of 50 mM Hepes-NaOH, pH 7.5, containing 100 pM [3H]- 
Ap4A. The formation of [3H]ADP was assayed as described 
previously. The relative intensities of protein bands stained 
with Coomassie blue were measured on a Helena Laboratories 
R & D densitometer fitted with an orange filter. 

Determination of Molecular Weight and Stokes Radius. 
The molecular weight of diadenosine tetraphosphate pyro- 
phosphohydrolase was determined by gel filtration chroma- 
tography on Sephadex G-75 (1.5 cm X 70 cm) equilibrated 
in 50 mM Hepes-NaOH, pH 7.5. One milligram of the 
following proteins was subjected to chromatography: hemo- 
globin (64000), ovalbumin (43 000), @-lactoglobulin (36 800), 
and myoglobin (17 200). Blue dextran (1 mL of 0.2% solution) 
and 2-mercaptoethanol (1 mL of 5% solution) were markers 
for determination of the void volume and included volume, 
respectively, of the column. Absorbance of column eluates 
of standard proteins and markers was measured at 280 nm, 
and eluates of diadenosine tetraphosphate pyrophospho- 
hydrolase were assayed radioisotopically. Column fractions 
of 0.67 mL were collected at a flow rate of 6 mL/h. The 
molecular weight and Stokes radius of the enzyme were 
calculated from standard curves of log molecular weight vs. 
Kay and Rs vs. Kay1f3, respectively. 

Miscellaneous. Phenylmethanesulfonyl fluoride was pre- 
pared as a 100 mM stock solution in 100% 2-propanol (James, 
1978). It was diluted into buffers at 4 OC about 30-60 min 
before using. Conductivity of column eluates was measured 
at 4 OC with a Radiometer CDM2 conductivity meter and 
CDC 114 conductivity cell. Protein samples were diluted into 
1 % sodium dodecyl sulfate prior to analysis according to Lowry 
et al. (1951), and the absorbance values of samples were 
corrected for the absorbance of Hepes buffer. Bovine serum 
albumin was used as the standard protein. 

Results 
Purification of Diadenosine Tetraphosphate Pyro- 

phosphohydrolase. All procedures were performed at 4 OC 
unless noted otherwise. NaCl concentrations in eluates from 
the DEAE-cellulose and Green A resin columns were deter- 
mined by measurement of conductivity. Pooled fractions 
containing enzymic activity were concentrated under N2  
pressure in Amicon diaflo units containing a PM-10 mem- 
brane. 

P .  polycephalum microplasmodia, 250-300 g wet wt, were 
homogenized in 50 mM Hepes-NaOH, pH 7.5, 0.1 mM 
phenylmethanesulfonyl fluoride (2 mL of buffer/g wet wt) in 
a Waring blender at 17 000 rpm for 30 s. The homogenate 
was allowed to settle for 2 min; then it was rehomogenized. 
The homogenate was centrifuged at 43000g for 30 min to yield 
a clear, bright yellow crude supernatant. 

Protamine sulfate (30 mg/mL) at pH 7.0 and at about 24 
OC was added slowly to the crude supernatant fraction at 4 
OC. About 0.15 mg of protamine sulfate was added per 
milligram of protein. After a 15-min stirring at 4 OC, the 
solution was centrifuged at 43000g for 20 min to yield a clear, 
yellow protamine sulfate supernatant. 

Elution Volume (mi) 

FIGURE 1 : Purification of diadenosine tetraphosphate pyrophospho- 
hydrolase on Sephacryl S-200. The concentrated DEAE-cellulose 
fraction was subjected to gel filtration chromatography on a column 
(2.5 cm X 101 cm) of Sephacryl S-200. The flow rate was 28 mL/h, 
and 2-mL fractions were collected. Activity was assayed with 20 pL 
of the fractions and 10 pM ['H]Ap4A as the substrate. 

The protamine sulfate supernatant was applied to a 5.0 cm 
X 52 cm column of DEAE-cellulose (DE-52) equilibrated with 
50 mM Hepes-NaOH, pH 7.5. The column was washed with 
this buffer at 100 mL/h and subsequently was eluted with a 
linear gradient (1800 mL) of 0-0.5 M NaCl in buffer. Di- 
adenosine tetraphosphate pyrophosphohydrolase was eluted 
with 0.04-0.06 M NaCl in buffer. The pooled and concen- 
trated DEAE-cellulose fraction was clear, pale yellow. 

The concentrated DEAE-cellulose fraction was applied to 
a 2.5 cm X 101 cm column of Sephacryl S-200 equilibrated 
with 50 mM Hepes-NaOH, pH 7.5. The column was eluted 
with the same buffer at 28 mL/h, and 2-mL fractions were 
collected. The elution profile of the Sephacryl S-200 column 
is shown in Figure 1. Fractions between 260 and 330 mL 
containing about 94% of the eluted enzymic activity were 
pooled. The pooled fractions contained a small amount of 
yellow pigments while the majority of the pigments eluted 
between 180 and 230 mL, which contained about 6% of the 
enzymic activity. 

The pooled Sephacryl S-200 fractions were applied to a 2.5 
cm X 16 cm column of Matrex Gel Green A resin equilibrated 
with 50 mM Hepes-NaOH, pH 7.5. The column was washed 
with the same buffer at 27 mL/h and subsequently was eluted 
with linear gradient (300 mL) of 0-0 .5  M NaCl in the initial 
buffer. Enzymic activity eluted as a single peak with buffer 
containing 0.15-0.28 M NaCl (Figure 2). Fractions con- 
taining enzyme were pooled and concentrated. The concen- 
trated Green A fraction was clear and colorless. 

The concentrated Green A fraction was applied to a 1.5 cm 
X 72 cm column of Sephadex G-75 equilibrated with 50 mM 
Hepes-NaOH, pH 7.5. The column was eluted with the same 
buffer at 3.5 mL/h, and 0.67-mL fractions were collected. 
Enzymic activity eluted as a single peak (Figure 3). Fractions 
containing enzymic activity were pooled and concentrated. 

A summary of a typical purification is presented in Table 
I. A purification of diadenosine tetraphosphate pyro- 
phosphohydrolase of about 250 times with a recovery of 1% 
of total activity was obtained on the basis of an assay of the 
fractions with 100 pM [3H]Ap4A. The mass of the enzyme 
is maximally about 0.4% of the total soluble protein mass. 
During the isolation, column eluates were assayed with 10 pM 
[3H]Ap4A to decrease the probability of isolating a low-af- 
finity, nonspecific pyrophosphohydrolase. The degree of pu- 
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Table I: Purification of Diadenosine Tetraohosohate PvranhosDhohvdrolase from P. mlvcenhnlum* 
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E 
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0 
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E 

fraction 

total act.* sp a c t  (nmol 
bmol  of of ADP 

vol (mL) motein ( m d  ADP min-') miK' me-') vield (%I 

crude supernatant 650 4914 
protamine supernatant 645 3225 
DEAEcellulose (con&) 11.6 5 24 

75 15.2 100 
24 1.4 32 
5.3 10.2 7.2 

Elvflon Volume (mil 

FIGURE 2 Purification of diadenosine tetraphosphate pyrophospho- 
hydrolase on Matrex Gel Green A resin. The Sephaayl S-200 fraction 
was subjected to dye-ligand chromatography on a column (2.5 cm 
X 16 cm) of Green A resin. The flow rate was 27 mL/h, and 2-mL 
fractions were collected. Activity was assayed with 20 rL of the 
fractions and 10 pM ['H]Ap,A as the substrate. The enzyme was 
eluted with a linear gradient (300 mL) of 0-0 .5  M NaCl in 50 mM 
Hew-NaOH, pH 7.5. The concentration of NaCl in the fractions 
was determined by measuring the conductivity. 

Gel Slice (2mm) 

P~GURE 4 Electrophoresis of diadenosine tetraphosphate pyro- 
phosphohydrolase on a nondissociating polyacrylamide gel. The 
Scphadcx 0-75 enzyme fraction was subjected to electrophoresis at 
4 'C on a slab gel composed of a 4.6-10% linear gradient of 
acrylamide. One track of the gel was stained for protein ( I 5  pg 
applied) with Coomassic blue R-250, and the relative intensities of 
the bands were measured with a densitometer. Another track of the 
gel with 2 fig of protein applied was sliced into 2-mm segments and 
assayed for enzymic activity with 100 pM IJM]Ap4A (20 mol)  as 
described under Experimental Roccdures. All gel slices were assayed, 
but only the data for every fgth slice are illustrated except in the region 
of activity. The slice with peak activity represents about 2 X IO' dpm 
of ['HIADP. 

Molecular Weight. The molecular weight of diadenosine 
tetraphosphate pyrophosphohydrolase was 26 200 * 1000 
(mean and SD for four different preparations) on the basis 
of elution of activity from a calibrated Sephadex G-75 column. 
The value of the Stokes radius was 23 * 1 A (mean and SD 
for four different preparations). 

Product of the Hydrolysis of Ap4A. The reaction product 
was identified as ADP by coelution with standard nucleotide 
from DEAE-cellulose and by a coupled-enzyme assay. The 
tritiated reaction product coeluted with ADP, which partially 
overlapped with AMP, upon washing the DEAE-cellulose 
assay columns with 120 mM NH4HCOJ, pH 8.2. Hydrolysis 
of Ap4A to ADP also was detected by an assay system of 
pyruvate kinase and lactate dehydrogenase in the presence of 
phosphoenolpyruvate, NADH, and diadenosine tetraphosphate 
pyrophosphohydrolase. With 0.3-1.3 pg of the latter enzyme 
and 100 pM A p b  (100 nmol), 4 nmol of NADH was oxidized 
per minute per milligram. Diadenosine tetraphosphate py- 
rophosphohydrolase preparations did not contain detectable 
adenylate kinase activity. When 1 mM ATP and 1 mM AMP 
or IO pM ATP and IO pM AMP instead of 100 pM Ap4A 
were incubated with diadenosine tetraphosphate pyro- 
phosphohydrolase in the coupled-enzyme assay system, no 
oxidation of NADH was observed. Conversion of 0.1% of ATP 
and AMP to ADP by contamination of diadenosine tetra- 
phosphate pyrophosphohydrolase with adenylate kinase would 
have been detected. The stoichiometry of the reaction and 
identification of ADP as the product as well as the absence 
of adenylate kinase activity also were determined by HPLC 
(Garrison et al., 1982). 
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FIGURE 5 :  Eadie-Scatchard plot of the hydrolysis of ApIA by di- 
adenosine tetraphosphate pyrophosphohydrolase. [3H]Ap&, 0.5-100 
pM, was incubated with 0.06 pg of protein in 50 mM Hepes-NaOH, 
pH 7.5, for 10 min at 30 OC. The mass of ADP formed was measured 
as described under Experimental Procedures. 

Kinetic Properties. The activity was linear with time to 10 
min and was linear with 0.01-3 pg of protein for partially 
purified enzyme. The reaction velocity was a biphasic function 
of the Ap,A concentration from 0.5-100 pM as illustrated by 
the Eadie-Scatchard plot (Figure 5). Calculation of kinetic 
parameters from this plot yielded apparent K, values of 2.6 
pM and 37 pM for the high substrate affinity and low sub- 
strate affinity activities, respectively. The corresponding values 
of V,, were 0.83 and 9.15 pmol of ADP formed per minute 
per milligram. Values of K, and V,, were determined after 
resolution of the curves by the graphical-mathematical method 
described by Feldman (1972). A one-ligand, two-binding site 
model was assumed for the calculations. (This is strictly a 
mathematical assumption without implying multisites on one 
protein or single sites on different proteins.) A Hill plot of 
these data with a V,, value of 9.98 pmol of ADP min-' mg-' 
had a slope of 0.89. 

The divalent cations Mg2+, Mn2+, CaZf, Coz+, Fez+, ZnZ+, 
and Cu2+ at 0.5 mM inhibited the activity by 40-80%. MgClZ, 
MgSO,, and CaC12 inhibited diadenosine tetraphosphate py- 
rophosphohydrolase in the same concentration-dependent 
manner. Mg2+, at 0.5 mM, decreased both values of V,, by 
50%, decreased the low K, value by 30%, and increased the 
high K ,  value by 100%. The chelator EDTA inhibited the 
activity in a concentration-dependent manner with inhibition 
of about 50% at 10 mM. Inhibition by EGTA paralleled the 
inhibition by EDTA. 

The product of the reaction, ADP, inhibited the enzyme by 
about 50% and 75% at 30 and 100 pM, respectively. ATP 
and Ap, inhibited the activity as strongly as ADP while 100 
pM AMP only inhibited the enzyme by 20%. Guanosine 
tetraphosphate inhibited the enzyme in the same concentra- 
tion-dependent manner as Ap,. 

None of the inhibitory compounds significantly decreased 
the activity if the maximal mass of inhibitor tested was added 
to the assay after the reaction was stopped. The sulfhydryl 
reducing agents dithiothreitol and 2-mercaptoethanol, at 
0.5-10 mM, did not significantly affect the activity. 

Discussion 
Diadenosine tetraphosphate pyrophosphohydrolase partially 

purified from P. polycephalum has catalytic properties that 
are previously unreported for the enzyme from any organism. 
This enzyme symmetrically hydrolyzes Ap4A to ADP, is in- 
hibited by Mg2+ and other divalent cations, and exhibits bi- 
phasic kinetics for Ap,A. These properties distinguish the 
Physarum enzyme from diadenosine tetraphosphate phos- 
phohydrolases of rat tissues (Lobaton et al., 1975; Vallejo et 
al., 1976; Cameselle et al., 1982), brine shrimp (Vallejo et al., 

1976), mouse ascites tumor cells (Ogilvie, 1981), and mouse 
liver (Hohn et al., 1982). Enzymes from these mammalian 
and crustacea1 organisms all asymmetrically hydrolyze Ap4A 
to AMP and ADP and require Mg2+ or Mn2+ for activity. Ap, 
and Gp, are potent inhibitors of the enzyme from rat liver 
(Lobaton et al., 1975) and mouse liver (Hohn et al., 1982) 
with values of Ki less than 0.5 pM. The rat liver enzyme does 
not hydrolyze Ap, and Gp, (Lobaton et al., 1975). Ap, and 
Gp, inhibit the enzyme from Physarum less strongly with 
about 30 pM each nucleoside tetraphosphate required for 50% 
inhibition of Ap,A. However, both Ap, and Gp, are hydro- 
lyzed by diadenosine tetraphosphate pyrophosphohydrolase 
from Physarum (Garrison et al., 1982). 

Presently, we do not know the basis for the biphasic kinetics 
exhibited by diadenosine tetraphosphate pyrophospho- 
hydrolase. Such kinetics could be explained by the existence 
of two different states of the same enzyme or by two different 
enzymes. Although only one peak of activity was detected on 
native gels, the resolution of protein-staining bands and activity 
were inadequate to correlate the activity with one specific 
protein. Negative cooperativity, as analyzed by Hill plots, is 
not the basis for the biphasic kinetics. 

Plateau et al. (1981) demonstrated that homogeneous E .  
coli phenylalanyl-tRNA synthetase catalyzed the synthesis of 
A p d .  This enzyme also hydrolyzed 0.5-2 mM Ap4A to ADP 
provided Zn2+ and phenylalanine were present. Ap,A pyro- 
phosphohydrolase from Physarum may be related to or derived 
from a tRNA synthetase, but the inhibition by divalent cations 
and absence of an amino acid requirement make this possibility 
unlikely. 

The physiologic significance of this enzyme for Ap,A ca- 
tabolism in P.  polycephalurn is presently unknown. If the 
previous results and proposals that A p d  is a regulator of DNA 
replication (Rapaport & Zamecnik, 1976; Grummt, 1978; 
Rapaport et al., 1981b; Zamecnik et al., 1982) are applicable 
to Physarum, then diadenosine tetraphosphate pyrophospho- 
hydrolase could alter the cellular level of Ap4A and thereby 
affect DNA replication. From published data (Plateau et al., 
1981; Goerlich et al., 1982) rates of synthesis of Ap,A by 
phenylalanyl-tRNA synthetases can be estimated as 0.25, 2.5, 
and 1.5 s-' for the enzyme from E.  coli, yeast, and Physarum, 
respectively, in the presence of 2 mM ATP and 60-80 pM 
ZnZ+. Rates in the absence of Zn2+ are 20-50 times less. 
Estimation of the intracellular concentration of tRNA 
synthetases yields values from about 0.2 to 1.6 pM [calculated 
from the data of Schmidt et al. (1971), Fayat et al. (1974), 
and Kalousek & Konigsberg (1974)l. If a mean value of 1 
pM is assumed and only a few of the tRNA synthetases 
synthesize Ap,A at significant rates (Goerlich et al., 1982), 
the stimulated rate of Ap4A synthesis would be about 1-10 
pMIs. The activity of diadenosine tetraphosphate pyro- 
phosphohydrolase in the crude supernatant fraction from 
Physarum can be used to estimate a degradation rate of about 
2.5 pM/s at 100 pM Ap4A. Thus, stimulated rates of Ap,A 
synthesis may be sufficient to rapidly produce the large in- 
creases in Ap4A observed by Rapaport & Zamecnik (1976). 
Under these conditions, small changes in either the rate of 
synthesis or degradation could alter markedly the cellular level 
of Ap,A. For example, elevation of free Zn2+ intracellularly 
could increase the Ap4A concentration by stimulating phe- 
nylalanyl-tRNA synthetase and inhibiting diadenosine tetra- 
phosphate pyrophosphohydrolase. 

The total intracellular levels of Mg2+ and Ca2+ in P. po- 
lycephalum have been estimated as about 12 and 23 mM, 
respectively (Kuroda & Kuroda, 1980). If 1% of the total 
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Mg2+ and Ca2+ concentrations is free and accessible to the 
enzyme, the activity would be inhibited strongly. Similarly, 
the concentration of the monoadenine nucleotides in Physarum 
(Sachenmaier et al., 1969) is sufficient to almost completely 
inhibit diadenosine tetraphosphate pyrophosphohydrolase. 
However, the activity measured in the crude supernatant 
fraction indicates that additional regulatory factors may offset 
the effect of these inhibitors. Additional unique properties 
of diadenosine tetraphosphate pyrophosphohydrolase from 
Physarum concerning substrate specificity and product for- 
mation are reported in the following paper (Garrison et al., 
1982). 
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