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A nucleotide phosphohydrolase is firmly associated with a purified polyhedral
cytoplasmic deoxyvirus, frog virus 3. This adenosine triphosphatase is distinguishable
from known mammalian cell adenosine triphosphatases and from adenosine tri-
phosphatase of an unrelated cytoplasmic replicating virus grown in the same host
cell. The enzyme activity has a high specificity for adenosine triphosphate; the prod-
uct of the reaction is adenosine diphosphate. The presence of similar activities in
reovirus and poxvirus indicates that adenosine triphosphatase might have a func-
tion in the replication of these viruses.

The discovery that some viruses carry poly-
merase activities capable of transcribing the viral
genome in vivo and in vitro has led to a resur-
gence of interest in enzymes associated with
viruses. The polymerases so far described include
a deoxyribonucleic acid (DNA)-dependent ribo-
nucleic acid (RNA) polymerase (poxvirus;
references 7, 10), RNA-dependent RNA-poly-
merase (reovirus and vesicular stomatitis virus;
references 1, 3, 14), and an RNA-dependent
DNA polymerase (Rous sarcoma virus; reference
16). These polymerases are probably essential for
initiation of the viral replication cycle. However,
there are a number of other virus-associated
enzymes to which, as yet, one can ascribe no
obvious function. For example, there are two
deoxyribonucleases induced by and located within
poxvirus (8, 13) and adenosine triphosphatase
associated with poxvirus and reovirus (4-6, 11).
After a survey of enzyme activities that are
integrated within deoxyviruses and therefore
likely to participate in viral replication, we found
a nucleotide phosphohydrolase activity firmly
associated with the polyhedral cytoplasmic
deoxyvirus frog virus 3 (FV3). To provide some
basis for speculation on the role of viral adenosine
triphosphatases in general and the FV3 adenosine
triphosphatase in particular, we have determined
some properties ofits activity for comparison with
those of reovirus and poxvirus. The association of
adenosine triphosphatase activity with these
distinctly different viruses suggests that it might
have some general function in the initiation of
viral replication.

1 Roche Institute postdoctoral fellow, on leave from the Pasteur
Institute.

MATERIALS AND METHODS
Cells and virus. Monolayers of BHK-S cells per-

missive for FVa replication (18) were grown at 37 C
in Hanks minimal essential medium (MEM; Gibco,
Grand Island, N.Y.) supplemented with 10% fetal
calf serum. When confluent, the cells were infected
with FVs, 5 plaque-forming units (PFU) per cell.
Adsorption was allowed to proceed for 1 hr at room
temperature. Culture medium was added and, after
36 hr at 28 C, the infected cells were harvested and
washed once with 0.1 M tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride, pH 7.8. Cells were
then resuspended and disrupted in reticulocyte swell-
ing buffer (RSB, 0.01 M Tris-hydrochloride, pH 7.4,
0.01 M KCI, 0.0015 M MgC92) with a Dounce ho-
mogenizer. Nuclei were removed by centrifugation
(500 X g for 5 min), and the cytoplasmic fractions
(crude virus: 108 PFU/ml; 3.7 mg of protein/ml)
were layered onto 30-ml sucrose velocity gradients
(20 to 65%, w/v, in RSB). The gradients were centri-
fuged (30,000 X g for 20 min at 10 C). Visible viral
bands (108 PFU/ml; 1 mg of protein/ml) were col-
lected and relayered onto sucrose density gradients
(40 to 80%, w/v, in RSB). The gradients were centri-
fuged (90,000 X g for 4 hr at 10 C). The viral bands
(107 PFU/ml; 500 ,ug of protein/ml) were collected
and pooled. After dilution in Tris-hydrochloride (0.1
M, pH 7.8), the virus was pelleted (200,000 X g for
30 min at 5 C). The pellet of purified virus (density
1.27 g/cm3 in CsCl) was resuspended in Tris-hydro-
chloride (0.1 M, pH 8) and stored at -20 C. The one
lot of purified virus [107 PFU/ml; 1.4 optical density
at 260 nm (OD260) units/ml, 500 ,ug of protein/ml]
was used for all experiments described.

Nucleotide phosphohydrolase assay. The reaction
mixture, unless otherwise stated, consisted of 0.03
OD260 units of FV3, 5 to 100 nmoles of 3H-adenosine
triphosphate (ATP) (specific activity, 450 aCi/
,Amole), 1.5 ,umoles of MgCl2, and 20 jAmoles of Tris-
hydrochloride (pH 8.0) in a total volume of 250 ,uliters.
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Incubation time was for 30 min at 37 C. Separation
of nucleoside mono-, di-, and triphosphates was

effected by the method of J. F. Morrison (9). Samples
(20 1liters) were removed at specified times and ap-
plied with marker unlabeled nucleotides to diethyl-
aminoethyl (DEAE) cellulose paper (Whatman
paper, DE 81). The chromatograms were developed
with 0.6 M ammonium formate, pH 3.1 (5 hr descend-
ing). After the spots had been located by ultraviolet
(UV) light, the chromatogram was cut into 1.25-cm
wide strips and the radioactivity of each strip de-
termined by scintillation spectrometry in a liquid
scintillation system by using toluene and Liquifluor
(New England Nuclear Corp., Des Plaines, Ill.).
Studies on the specificity of enzyme action and the
response to inhibitors of activities were conducted at
substrate concentrations (0.5 mM) that were satu-
rating for the enzyme.

In particular cases requiring no separation of the
mono- and dinucleotides formed, a method involving
the specific adsorption of nucleosides and nucleotides
onto charcoal (acid-washed Norit) was employed.
In such cases, reaction mixtures contained 0.03 OD260
units of FV3, 0.34 ,uCi of ATP--y-32P (specific ac-

tivity, 3.88 mCi/,umoles), 10 to 100 mmoles of ATP,
18 /Amoles of Tris-hydrochloride, pH 8.0, 1.5 ,umole
of MgCl2 in a total volume of 250 /uliter. After 30-
min incubation at 37 C, the reaction was terminated
by chilling and addition of 1 ml of 1 N HCl-0.1 M

sodium pyrophosphate. A 0.1-ml amount of 25%
acid-washed Norit was then added. Reaction mixtures
were centrifuged (26,000 X g for 15 min at 5 C)
and radioactivity in the supernatant was determined
by liquid scintillation spectrometry with Brays solu-
tion.

Nucleoside mono-, di-, and triphosphates (NMP,
NDP, NTP) and deoxynucleotides (dNMP, dNDP,
dNTP) were purchased from Sigma Chemical Co.,
St. Louis, Mo. Labeled NTP and dNTP were pur-
chased either from New England Nuclear Corp.
(Boston, Mass.), Schwarz BioResearch Inc. (Orange-
burg, N.Y.), or Amersham/Searle. They included
adenosine 5'-triphosphate (3H-ATP; 0.45), adenosine
5'-triphosphate-gamma-32P (ATP--y-32P; 3.88), de-
oxyadenosine triphosphate (3H-dATP; 18.5), guano-
sine triphosphate (3H-GTP; 11.8), cytidine triphos-
phate (3H-CTP; 0.5), deoxycytidine triphosphate
(3H-dCTP; 26.4), uridine triphosphate (3H-UTP;
2.02), and thymidine triphosphate (3H-TTP; 17.4)
where numbers after semicolon indicate the specific
activity of each compound in Ci/mmole. Nonidet
P40 (NP40) was obtained from the Shell Oil Co.,
England. Ouabain (Strophantin-G) was purchased
from Mann Fine Chemicals, Inc., New York, N.Y.
The antibiotic rutamycin was obtained from the Eli
Lilly & Co., Indianapolis, Ind.

RESULTS

FV3 was purified from cytoplasmic extracts of
infected BHK cells by a combination of velocity
sedimentation and density gradient centrifugation
as described above. At stages during purification,
virus was incubated with 3H-ATP and the prod-

ucts of the reaction were analyzed by paper

chromatography. It is clear from the results (Fig.
1) that an adenosine triphosphatase activity
remains associated with the virus. This activity
like pox-virus and reovirus adenosine triphos-
phatase (4-6, 11) converts ATP to adenosine
diphosphate (ADP) but not to adenosine mono-

phosphate (AMP) or adenosine. Failure to react

with ADP shows that there is no phosphatase
activity in the purified virus.

After repeated banding of purified virus in
density gradients, adenosine triphosphatase ac-

tivity of fractions from the gradients always co-

incided with OD260 and infectivity (Fig. 2).
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FIG. 1. Adenosine triphosphatase activity of FV3.
Cell extracts and crude virus were prepared as de-
scribed in Materials and Methods from uninfected
and infected BHK cells, respectively. FV3-associated
nucleotide phosphohydrolase activity (with 3H-ATP
as substrate) was determined after banding by velocity
sedimentation [80 to 20%, w/v, sucrose in K+ reticulo-
cyte swelling buffer (RSB), 30,000 X g for 20 min
at 10 C in a SW 27 rotor], sucrose density gradient
centrifugation (80 to 40%, w/v, sucrose in K+ RSB,
90,000 X g, for 240 min at 5 C), or rebanding by
sucrose density gradient. The control set indicated the
purity of the substrate. Reaction mixtures were identi-
cal except that the total protein used in reactions was

cell extract (200 ,g), crude virus (200 ,ug), velocity
gradient band (50 ,g), density gradient band (25 MAg),
and rebanded virus (20 MAg). Other conditions were as

described in Materials and Methods.
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FIG. 2. Coincidenzce of FV3 nucleotide phospho-
hydrolase activity (3H-ATP substrate) with optical
density and infectivity. Purified FV3 (0.4 ml, in 0.1 m
Tris-hydrochloride, pH 8.0, 500 ,ug of protein/ml)
was layered onto a K+ tartrate density gradient (25
to 40%O, w/w, K+ tartrate in 0.1 M Tris-hydrochloride,
pH 8.0). The gradient was centrifuged (200,000 X g
for 120 min at 5 C). Fractions (0.5 ml) were collected
from the bottom of the tube. Optical density (A)
antd infectivity (0) were determined on each fraction
and enzymatic activity (0) was assayed on 50-,uliter
samples. Reaction mixtutres were as described in Ma-
terials and Methods.

Moreover, virus grown in cells prelabeled with
isotopic amino acids and purified as described
was found to be essentially free from any host
polypeptides (McAuslan and Tan, in press). These
data we interpret as indicating that the nucleotide
phosphohydrolase activity is tightly associated
with the virion and is not an adventitious con-
taminant. The kinetics of FV3-associated adeno-
sine triphosphatase activity are shown in Fig. 3A;
the reaction is linear for the first 30 min. There is
a linear relationship between reaction and con-
centration of virions (Fig. 3B).

Effect of cations. FV3 adenosine triphosphatase
activity was not stimulated by Na+ or K+ ions
(Fig. 4A). This is in contrast to the response of
mammalian microsomal adenosine triphosphatase
(15). Unlike reovirus adenosine triphosphatase
(4), Li+ ions had no stimulating effect on the
enzyme. The FV3 nucleotide phosphohydrolase
activity is dependent upon Mg2+ or Mn2+ ions,
Mg2& being slightly preferred to Mn2+ (Fig. 4B).
Addition of ethylenediaminetetraacetic acid
(EDTA), 2 mm (+EDTA), inhibits the residual
activity observed in the absence of any added
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FIG. 3. Kinetics of hydrolysis of 3H-ATP by FV8.
(A) Rate of 3H-ADP formation with respect to time.
Only 25% of thle substrate was hydrolyzed after 120
min. (B) Rate of 3H-ADP formation with respect to
virus concentration. Reaction mixtures were prepared
as described in Materials and Methods.
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FIG. 4. Effect of cations on adenosine triphospha-
tase activity. (A) Effect of Na+ K+, and Li+ in the
presence of Mg'+. (B) Effect of Mg2+, Mn2+, and
Ca2+ individually. Reaction mixtures were prepared as
described in Materials and Methods, with 3H-ATP
as substrate. The molarity refers to the final concen-
tration of mono- or divalent metal chlorides in the
reaction mixture.

divalent cations (-EDTA). Under the con-
ditions used, the optimal MgCl2 concentration
was 6 mm. Unlike mammalian mitochondrial
adenosine triphosphatase (18), viral adenosine
triphosphatase was not stimulated by calcium
ions.
pH and temperature optima. The pH optimum

was approximately 8.0 in Tris-hydrochloride
buffer (Fig. 5A). No other buffers were tested. In
view of the fact that the temperature optimum
for FV3 replication is about 28 C, we studied the
effect of temperature on the enzyme (Fig. 5B).
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Maximal enzyme activity was obtained at about
the temperature optimum for virus replication.

Inhibitors and activators. In Table 1, we have
listed the effect of diverse agents on FV3-associ-
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pH TEMPERATURE (C)

FIG. 5. (A) pH depenidence of FV3 adenosine
triphosphatase activity wit/h ATP-y-32P as substrate.
(B) Effect of temperatur-e onz FV3 adenzosine triphos-
phatase activity with 3H-ATP as suibstrate. Reaction
mixtures were prepared as described in Materials and
Methods and incubated for 30 mini at 37 C.

TABLE 1. Effect of different agentts onz FV3
nzucleotide phosphohydrolase activitya

Treatment Relative activity

None 1.00

Ouabain
10-4 M 1.05
5 X 1W4 M 1.08
10-3 M 1.05

Rutamycin
5 ug/ml 1.02

20 ,ug/ml 1.02

Sodium azide
10-4 M 1.00
10 1 M 0.94

Mercaptoethanol
2 mM 1.04
4 mM 1.24
16 mM 1.36

Nonidet P40
0.10% 1.35
0.25%/o 1.37
0. 50% 1.41
1% 1.45

a Reaction mixtures with ATP-,y-32P as sub-
strate were as described in Materials and Methods.
Final concentration of inhibitors or activators
was as indicated.

ated nucleotide phosphohydrolase activity. The
microsomal adenosine triphosphatase inhibitor
Ouabain (15) was without effect as were sodium
azide (2) and rutamycin, an inhibitor of mam-

malian cell mitochondrial adenosine triphospha-
tase (13). Neither mercaptoethanol nor NP40 are

essential for the reaction, but their presence in-
creased the activity slightly.

Substrate specificity. The specificity of the
reaction was determined for comparison with
other viral adenosine triphosphatases. FV3
adenosine triphosphatase showed negligible ac-

tivity towards isotopic GTP, CTP, or UTP under
the conditions of the assay (Table 2). An alter-
native approach was to carry out the experiment
in which labeled 3H-ATP was incubated in a

standard reaction mixture with a tenfold excess of
either of the other unlabeled triphosphates. The
data clearly demonstrate that GTP, CTP, or

UTP do not interfere with the utilization of ATP
in the phosphohydrolase reaction. The specificity
of FV3 nucleotide phosphohydrolase is in contrast
to that exhibited by poxvirus or reovirus adeno-
sine triphosphatases (4-6, 11).

Effects of inorganic orthophosphate and pyro-

phosphate. Nucleotide phosphohydrolase ac-

tivity as a function of orthophosphate (Pi) and
pyrophosphate (PPi) concentration in the reac-

tion mixture is shown in Fig. 6. High concentra-
tions of either Pi or PPi are inhibitory as they are

for reovirus adenosine triphosphatase activity (4).
This is probably due to a stoichiometric interac-
tion of pyrophosphate (or phosphate) and mag-
nesium ions rather than a direct effect on the
enzyme.

Comparison of FV3 and rabbit pox adenosine

TABLE 2. Specificity of enzzyme actionia
Substrate Relative activity

3H-ATPb 1.00
3H-CTPb 0.04
3H-GTPb 0.00
3H-UTPb 0.00
3H-dATPb 0.59
3H-dCTPb 0.03
3H-TTPb 0.08
3H-ATP1 plus CTPC 0.98
3H-ATPb plus GTPc 0.92
3H-ATPb plus UTPc 0.91

a Reaction mixtures and incubation time were
as described in Materials and Methods except that
substrate concentrations were adjusted as indi-
cated. There was no significant change in the
relative activities listed when the concentration of
radioactive substrate was increased 20-fold.

b Where present, 5 nmoles.
c Where present, 50 nmoles.
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FIG. 6. Effects of iniorganic ortliophosphate (Pi) or
pyrophosphate on FV3 adenosine triphosphatase activ-
ity. Molarity refers to the final concentration of Pi
(Na2HPO4) or pyrophosphate (Na4P207) in the re-
action mixture.

triphosphatase activities. Rabbit pox (RP) was
purified from cytoplasmic extracts of infected
BHK cells (12). Nucleotide phosphohydrolase
activity of RP, like vaccinia (11), FV3, and reo-
virus (4) adenosine triphosphatases, converts
ATP to ADP but not to AMP or adenosine.
Comparison of RP adenosine triphosphatase
(Table 3) with FV3 adenosine triphosphatase
indicates one major difference. The RP adenosine
triphosphatase is nonspecific, the relative rates of
hydrolysis being ATP:CTP:GTP:UTP = 1:
0.64:0.56:0.53.

DISCUSSION
An adenosine triphosphatase activity remains

firmly associated with infective FV3 during virus
purification. Since such virus is free from signifi-
cant contamination by host protein and since a
significant portion (40%,) of the outer viral
structural protein can be removed by detergent
treatment without loss of adenosine triphos-
phatase from the remaining substructure (Mc-
Auslan, Aubertin, and Palese, unpublished data),
we believe that the adenosine triphosphatase
activity is an integral part of the virion. When
prepared from the cytoplasmic fraction of in-
fected cells, FV3 does not possess an envelope
acquired from cell plasma membranes which

TABLE 3. Minimum conzditions for rabbit pox niucleo-
tide phosphohydrolase activity and the effect

of different agentts on this activitya

Condition Relative
activity

Complete (3H-ATP substrate) ......... 1 .00
Complete plus NaCl (1 mM) .......... 0.97
Complete plus KCl (1 mM).. 0.98
Complete minus mercaptoethanol. 0.55
Complete plus Ouabain (10-3M). 0.98
Complete plus sodium azide (10-1 M) .... 0.98
Complete plus rutamycin (20 ,g/ml). 0.86
Complete but 3H-CTPb instead of 3H-ATP 0.64
Complete but 3H-GTPb instead of 3H-ATP 0.56
Complete but 3H-UTPb instead of 3H-ATP 0.53

a The complete reaction mixture contained
3H-ATP (5 or 100 nmoles), MgCl2 (6 mM), mer-
captoethanol (16 mM), Tris-hydrochloride, pH
8.0 (20 MAmoles), rabbit pox (0.09 OD) in a final
volume of 250 ,lAiters; the mixture was incubated
for 1 hr at 37 C.

b Where present, 5 or 100 nmoles.

themselves might contribute adenosine triphos-
phatase activity. The enzyme activity is not latent
and the failure of NP4o and mercaptoethanol to
activate this enzyme as they do for poxvirus
polymerase (7, 10) probably reflects the ease
with which ATP can enter the particle. Because
an enzyme is not latent, it does not exclude the
possibility that it is within a virus particle; pox-
virus adenosine triphosphatase is not a latent
activity yet is located within virions (5).

Thus, there are now three examples of adeno-
sine triphosphatase activity in completely un-
related viruses that replicate in the cell cytoplasm:
reovirus, poxvirus, and FV3. Therefore, it is
likely that structural adenosine triphosphatases
provide some function essential for replication of
these viruses.
For each virus type the associated adenosine

triphosphatase activity cleaves ATP to ADP; no
adenosine diphosphatase activity or phosphatase
activity has been found. A striking difference
between FV3 adenosine triphosphatase activity
and the other two in question is the high specificity
of the former. FV3 acts only on ATP (or dATP),
whereas reovirus shows high activity with GTP,
CTP, and UTP as substrates (4, 6); RP shows
significant activity towards GTP, CTP, and UTP
(Table 3).

In view of the plethora of adenosine triphos-
phatases described for mammalian cells, it is
difficult to prove that FV3 does not acquire a host
adenosine triphosphatase during maturation.
However, it is unlikely that RP and FV3 each
acquire a different type of adenosine triphos-
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phatase when grown in the one cell type. We
therefore postulate tentatively that the structural
adenosine triphosphatases of FV3, poxvirus, and
reovirus are virus specified and offer the following
speculation regarding the role of adenosine tri-
phosphatase in each of the three viruses in ques-
tion: by analogy with the function of mammalian
adenosine triphosphatase, cleavage of ATP by
viral adenosine triphosphatase might be coupled
to the transport of ions into the virion. This
"vectorial" property of the enzyme would thus
change the state of the virus from a dormant to
an active intracellular form either by providing
the appropriate ionic environment for viral
polymerase to operate or by facilitating release of
the viral genome from its protective protein coat.
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