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Autographa californica nuclear polyhedrosis virus (AcNPV) encodes a 168-amino-acid polypeptide that con-
tains the signature motif of the superfamily of protein phosphatases that act via a covalent cysteinyl phosphate
intermediate. The sequence of the AcNPV phosphatase is similar to that of the RNA triphosphatase domain of
the metazoan cellular mRNA capping enzyme. Here, we show that the purified recombinant AcNPV protein is
an RNA 5*-triphosphatase that hydrolyzes the g-phosphate of triphosphate-terminated poly(A); it also hydro-
lyzes ATP to ADP and GTP to GDP. The phosphatase sediments as two discrete components in a glycerol gra-
dient: a 9.5S oligomer and 2.5S putative monomer. The 2.5S form of the enzyme releases 32Pi from 1 mM g-32P-
labeled triphosphate-terminated poly(A) with a turnover number of 52 min21 and converts ATP to ADP with
Vmax of 8 min21 and Km of 25 mM ATP. The 9.5S oligomeric form of the enzyme displays an initial pre-steady-
state burst of ADP and Pi formation, which is proportional to and stoichiometric with the enzyme, followed by
a slower steady-state rate of product formation (approximately 1/10 of the steady-state rate of the 2.5S enzyme).
We surmise that the oligomeric enzyme is subject to a rate-limiting step other than reaction chemistry and that
this step is either distinct from or slower than the rate-limiting step for the 2.5S enzyme. Replacing the pre-
sumptive active site nucleophile Cys-119 by alanine abrogates RNA triphosphatase and ATPase activity. Our
findings raise the possibility that baculoviruses encode enzymes that cap the 5* ends of viral transcripts syn-
thesized at late times postinfection by a virus-encoded RNA polymerase.

The m7GpppN cap structure is required for efficient trans-
lation of eukaryotic mRNAs. Eukaryotic viruses have evolved
diverse, often exotic strategies to contend with the capping
problem (1, 3, 21, 23, 24). RNA viruses that utilize virus-en-
coded RNA-dependent RNA polymerases to synthesize their
mRNAs either steal the caps from cellular transcripts (e.g.,
influenza virus), encode their own enzymes that specifically cap
and methylate the plus-strand transcripts (e.g., vesicular sto-
matitis virus, reovirus, and Sindbis virus), or else circumvent
the need for a cap by including cis-acting RNA elements in the
plus-strand transcript that promote cap-independent transla-
tion (e.g., poliovirus and other picornaviruses). DNA viruses
employ somewhat less adventurous strategies. The mRNAs of
retroviruses and most nuclear DNA viruses (e.g., papovavi-
ruses, adenoviruses, and herpesviruses) are transcribed by cel-
lular RNA polymerase II and are capped by the cellular cap-
ping and methylating enzymes. However, vaccinia virus and
other poxviruses, which replicate entirely in the cytoplasm, en-
code and encapsidate their own DNA-dependent RNA poly-
merase and mRNA capping apparatus (16). African swine fe-
ver virus, which has a cytoplasmic replication phase, also encodes
and encapsidates its own RNA polymerase and capping en-
zyme (19). Chlorella virus PBCV-1 encodes a capping enzyme
(11) but appears not to encode its own RNA polymerase.

The biochemistry of cap synthesis was initially delineated for
vaccinia virus and reovirus mRNAs and subsequently shown to
apply to all eukaryotic cells (23). Capping entails three enzy-
matic reactions: (i) the triphosphate end of the primary tran-
script is hydrolyzed to a diphosphate by RNA triphosphatase,
(ii) the diphosphate end is capped with GMP by GTP:RNA

guanylyltransferase, and (iii) the GpppN structure is methylat-
ed by S-adenosylmethionine:RNA-(guanine N7)-methyltrans-
ferase. Vaccinia virus mRNA capping enzyme is a multi-
functional protein that catalyzes all three reactions (29). The
triphosphatase, guanylyltransferase, and methyltransferase ac-
tive sites are arranged in a modular fashion within a single
95-kDa polypeptide (23). Metazoan species encode a two-com-
ponent capping system consisting of a bifunctional triphos-
phatase-guanylyltransferase polypeptide and a monofunctional
methyltransferase polypeptide (10, 15, 27, 30–32). Yeasts en-
code a three-component system in which the triphosphatase,
guanylyltransferase, and methyltransferase reactions are cata-
lyzed by separate gene products (14, 22, 28). The guanylyl-
transferase and methyltransferase domains are conserved be-
tween DNA viruses, fungi, and metazoans (14, 25, 30–32). In
contrast, the triphosphatase components are structurally and
mechanistically divergent.

Mammalian and nematode capping enzymes consist of an
N-terminal RNA triphosphatase domain and a C-terminal gua-
nylyltransferase domain (10, 15, 27, 31, 32). In the mouse
enzyme, the two catalytic domains are autonomous and non-
overlapping (10, 32). The metazoan RNA triphosphatase
domains contain an (I/V)HCxAGxGR(S/T)G signature motif
initially described for the protein tyrosine phosphatase/dual-
specificity protein phosphatase enzyme family (Fig. 1). These
proteins catalyze phosphoryl transfer from a protein phospho-
monoester substrate to the thiolate of a cysteine on the enzyme
to form a covalent phosphocysteine intermediate (5). The in-
termediate is then attacked by water to liberate phosphate.
The cysteine within the signature motif is the active site of
phosphoryl transfer. The phosphatase signature motif has been
encountered in scores of polypeptides that have been identi-
fied during genomic sequencing efforts, and such gene prod-
ucts are routinely designated as protein phosphatases. The
discovery that Caenorhabditis elegans and mammalian RNA-
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specific triphosphatases contain the same phosphatase active
site throws to the wind any presumptions regarding the sub-
strate specificity of these putative protein phosphatases. In-
deed, Takagi et al. (27) found that the C. elegans RNA triphos-
phatase domain was unable to hydrolyze phosphotyrosine- or
phosphoserine-containing peptide substrates.

Takagi et al. (27) and Wang et al. (31) noted sequence sim-
ilarity between the triphosphatase domain of metazoan cap-
ping enzyme and a “protein phosphatase” encoded by Autog-
rapha californica nuclear polyhedrosis virus (AcNPV) (9, 12,
20). The similarity extends well beyond the signature motif
(Fig. 1). This extent of conservation raised the possibility that
the baculovirus gene product is an RNA triphosphatase. We
addressed this issue by expressing the AcNPV protein in bac-
teria, purifying the enzyme, and characterizing it biochemi-
cally. We show that the baculovirus protein is indeed an RNA
triphosphatase (and a nucleoside triphosphatase [NTPase])
and that its activity requires Cys-119, the conserved active site
nucleophile. The observed rates of Pi release from triphos-
phate-terminated RNA and ATP by the baculovirus phospha-
tase are much greater than the previously reported rates of
hydrolysis of phosphoserine- and phosphotyrosine-containing
phosphopeptides.

MATERIALS AND METHODS

T7-based vector for expression of AcNPV RNA triphosphatase in bacteria.
The AcNPV phosphatase open reading frame was amplified by PCR from a
plasmid template containing a viral genomic DNA fragment (a gift of Linda
Guarino). Oligonucleotide primers complementary to 59 and 39 ends of the gene
were designed to introduce NdeI and BamHI restriction sites, respectively. The
sequence of the 59 flanking primer was 59-GAAAGCACGTGTCATATGTTTC
CCGCGCG, and that of the 39 flanking primer was 59-TGAAAATAGGATCC
AGTATTTGTTAAAGAATGC. PCR was carried out with Taq polymerase
(Boehringer). The PCR product was digested with NdeI and BamHI and then
inserted between the NdeI and BamHI sites of the T7-based expression plasmid
pET16b (Novagen). The resulting plasmid, pET-RTP, was transformed into
Escherichia coli BL21(DE3).

Mutation of Cys-119 to alanine. The codon for the conserved phosphatase
active-site cysteine (Cys-119) was changed to an alanine codon by two-stage PCR
overlap extension using mutagenic primers in the first-stage amplification. The
second-stage PCR product was digested with NdeI and BamHI and then inserted
into pET16b to yield plasmid pET-RTP-C119A. The insert was sequenced to
confirm the presence of the C119A mutation.

Expression and purification of recombinant proteins. One-liter cultures of
E. coli BL21(DE3)/pET-RTP or BL21(DE3)/pET-RTP-C119A were grown at
37°C in Luria-Bertani medium containing 0.1 mg of ampicillin per ml until the
A600 reached 0.7. The cultures were chilled for 30 min on ice, then adjusted to
2% ethanol, and incubated at 17°C for 15 h with continuous shaking. Cells were
harvested by centrifugation, and the pellets were stored at 280°C. All subsequent
procedures were performed at 4°C. Thawed bacteria were resuspended in 30 ml
of buffer B (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 10% sucrose) and then
mixed with 10 ml of buffer B containing 8 mg of lysozyme. The samples were
incubated on ice for 30 min, then adjusted to 0.1% Triton X-100, and incubated
for an additional 30 min. The lysates were sonicated to reduce viscosity and then
separated into soluble and insoluble fractions by centrifugation for 20 min at
18,000 rpm in a Sorvall SS34 rotor. The soluble fractions were mixed with 1.5 ml
of Ni-nitrilotriacetic acid-agarose resin (Qiagen) that had been equilibrated with
buffer C (20 mM Tris [pH 8.0], 300 mM NaCl, 10% glycerol, 0.1% Triton X-100),
and the suspension was mixed by continuous rotation for 1 h. The Ni-agarose
resin was recovered by centrifugation, and the supernatant was removed. The
resin was resuspended in 20 ml of buffer C, and the slurry was poured into a
column. The packed column was washed with 40 ml of buffer C and then eluted
stepwise with 6-ml aliquots of buffer C containing 5, 10, 25, 50, 250, and 500 mM
imidazole. The 23-kDa baculovirus polypeptide eluted at 250 mM imidazole, as
judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie blue staining. The 250 mM imidazole fraction was di-
luted 20-fold in buffer A (50 mM Tris HCl [pH 8.0], 2 mM dithiothreitol, 1 mM
EDTA, 10% glycerol, 0.1% Triton X-100) and then applied to a 2-ml phospho-
cellulose column that had been equilibrated in buffer A. The column was eluted
stepwise with buffer A containing 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 1.0 M NaCl.
The baculovirus protein was recovered in the 0.2 to 0.5 M NaCl steps.

Sedimentation analysis. An aliquot (0.2 ml; 50 mg of protein) of the 0.3 M
NaCl phosphocellulose eluate fraction was applied to a 4.8-ml 15 to 30% glycerol
gradient containing either 0.3 or 1.0 M NaCl in buffer A. The gradients were
centrifuged for 18 h at 50,000 rpm in a Beckman SW50 rotor at 4°C. Fractions
(0.15 ml) were collected from the bottom of the tube. Protein standards—bovine
catalase, bovine serum albumin (BSA), and bovine cytochrome c—were sedi-
mented in a parallel gradient. Protein concentrations were determined by the
Bio-Rad dye-binding assay with BSA as the standard.

RNA triphosphatase assay. g-32P-labeled triphosphate-terminated poly(A)
was synthesized as described previously (26). RNA triphosphatase reaction mix-

FIG. 1. AcNPV phosphatase resembles the RNA triphosphatase domains of metazoan capping enzymes. The amino acid sequence of the 168-amino-acid
AcNPV-encoded phosphatase (Baculo) is aligned with the N-terminal RNA triphosphatase domains of mouse capping enzyme (Mus CE) and C. elegans capping
enzyme (Cel CE). Gaps in the sequences are indicated by dashes; amino acids conserved in all three proteins are denoted by asterisks. The protein phosphatase
signature motif is highlighted in the shaded box. The active-site cysteine is in boldface. The presumptive reaction pathway involving formation of a cysteinyl phosphate
intermediate is shown.
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tures (10 ml) containing 50 mM Tris HCl (pH 7.5), 5 mM dithiothreitol, 10 pmol
of [g-32P]poly(A), and enzyme as specified were incubated for 15 min at 30°C.
The reactions were halted by adding 1 ml of 1 M formic acid. Aliquots (5 ml) were
spotted onto a polyethyleneimine (PEI)-cellulose thin-layer chromatography
(TLC) plate. The TLC plate was developed with 0.75 M potassium phosphate
(pH 4.3). 32Pi and [g-32P]poly(A) were visualized by autoradiographic exposure
of the plate. The extent of release of 32Pi from [g-32P]poly(A) was quantitated by
scanning the plate with a Fuji BAS1000 phosphorimager.

ATPase assay. ATPase activity was assayed as the release of 32Pi from
[g-32P]ATP or the conversion of [a-32P]ATP to [a-32P]ADP. Reaction mixtures
(10 ml) containing 50 mM Tris HCl (pH 7.5), 5 mM dithiothreitol, and nucleo-
tides and enzyme as specified were incubated at 30°C. The reaction was termi-
nated by adding 1 ml of 1 M formic acid. Aliquots (5 ml) were spotted onto
PEI-cellulose TLC plates, which were developed with 0.5 M LiCl–1 M formic
acid. The reaction products were visualized by autoradiographic exposure, and
activity was quantitated by scanning the TLC plates with a phosphorimager.

RESULTS

Purification of AcNPV RNA triphosphatase. The AcNPV
open reading frame encoding the phosphatase-like protein was
PCR amplified from a subgenomic plasmid and cloned into a
T7 RNA polymerase-based vector pET16b so as to place the
gene in frame with an N-terminal leader encoding a 21-amino-
acid peptide with 10 tandem histidines. The expression plasmid
was introduced into E. coli BL21(DE3), a strain that contains
the T7 RNA polymerase gene. A prominent 23-kDa polypep-
tide was detectable by SDS-PAGE in soluble bacterial extracts
(not shown). Initial purification of the His-tagged fusion pro-
tein was achieved by adsorption to Ni-agarose and elution with
250 mM imidazole; the eluate was highly enriched with respect
to the 23-kDa polypeptide (Fig. 2, lane Ni). The 23-kDa pro-
tein was retained on a column of phosphocellulose and eluted
with 200 to 400 mM NaCl (Fig. 2, lanes 4 to 6).

RNA triphosphatase activity was assayed by the liberation of
32Pi from g-32P-labeled triphosphate-terminated poly(A). The
phosphocellulose preparation was active as an RNA triphos-
phatase. The extent of g-phosphate hydrolysis during a 15-min
incubation at 30°C was proportional to input protein (Fig. 3B).
In the linear range of enzyme dependence, 350 fmol of 32Pi was
released per fmol of 23-kDa protein.

To confirm that the observed RNA triphosphatase activity
was indeed catalyzed by the baculovirus polypeptide, we ex-
pressed in bacteria a mutated version in which the presumptive
active-site cysteine moiety (Cys-119) was replaced by alanine.
The C119A protein was isolated by Ni-agarose and phospho-
cellulose column chromatography. The purity of the C119A
preparation was identical to that of the wild-type protein, as
judged by SDS-PAGE (Fig. 3A). The C119A protein was un-
able to hydrolyze the g-phosphate of [g-32P]poly(A) (Fig. 3B).
No activity was detectable with addition of up to 1,000 fmol of

C119A protein (not shown). We calculate that the C119A
mutation elicited at least a 1023 decrement in specific activity.
The inference from these observations is that the recombinant
wild-type protein has intrinsic RNA triphosphatase activity and
that it acts according to the predicted mechanism whereby the
conserved cysteine serves as the active site nucleophile in phos-
phoryl transfer.

Characterization of AcNPV RNA triphosphatase. The native
structure of AcNPV RNA triphosphatase was analyzed by sed-
imentation through a 15 to 30% glycerol gradient containing
0.3 M NaCl. The 23-kDa AcNPV polypeptide sedimented as
two discrete peaks: a heavy component peaking in fraction 6
and a light component peaking in fraction 16 (Fig. 4A). There
were also two discrete peaks of RNA triphosphatase activity
that corresponded to the two peaks of the 23-kDa polypeptide
(Fig. 4B). We calculated sedimentation coefficients of 9.5S and
2.5S for the heavy and light triphosphatase components, re-
spectively, by comparison to marker proteins (catalase, 11.2S,
248 kDa; BSA, 4.4S, 66 kDa; and cytochrome c, 1.9S, 13 kDa)
sedimented in a parallel gradient (Fig. 4B) and by cosedimen-
tation of the markers in the same gradient as the AcNPV
protein (not shown). We infer from comparison to the stan-
dards that the light component is a monomer of the 23-kDa
polypeptide and that the heavy component is a stable oligomer.
The sedimentation coefficient of 9.5S (;200 kDa) suggests an
octamer of the 23-kDa polypeptide, assuming that the oli-
gomer is globular in shape. The same bimodal sedimentation
behavior was also observed when the AcNPV RNA triphos-
phatase was centrifuged in a glycerol gradient containing 1 M
NaCl (not shown). We conclude that the oligomerization state
of the protein is not acutely dependent on ionic strength. The
catalytically inactive C119A protein also sedimented in a bi-
modal fashion (data not shown). We verified that the 23-kDa
polypeptides detected in fractions 6 and 16 were indeed the
His-tagged AcNPV protein by subjecting both species to au-
tomated Edman sequencing after transferring the proteins
from an SDS-gel to a polyvinylidene difluoride membrane. The
experimentally determined sequence, GHHHHH, correspond-
ed exactly to residues 2 to 7 of the N-terminal leader peptide;

FIG. 2. Phosphocellulose chromatography. Aliquots of the Ni-agarose 250
mM imidazole eluate fraction (lane Ni), the phosphocellulose flowthrough frac-
tion (lane F), and the phosphocellulose NaCl eluate fractions (lanes 1 and 2, 50
mM; lane 3, 100 mM; lane 4, 200 mM; lane 5, 300 mM, lane 6, 400 mM; lane 7,
500 mM; lane 8, 600 mM; lane 9, 700 mM; lane 10, 1.0 M NaCl) were analyzed
by SDS-PAGE. The Coomassie blue-stained gel is shown. The positions and sizes
(in kilodaltons) of marker proteins (lane M) are indicated at the left. The asterisk
indicates the position of the baculovirus polypeptide.

FIG. 3. RNA triphosphatase activity. (A) Aliquots (3 mg of protein) of the
300 mM NaCl phosphocellulose eluate fraction of wild-type (WT) AcNPV phos-
phatase and the C119A mutant were electrophoresed through a 10% polyacryl-
amide gel containing 0.1% SDS. Polypeptides were visualized by staining with
Coomassie blue dye. The positions and sizes (in kilodaltons) of marker proteins
are indicated at the left. (B) RNA triphosphatase reaction mixtures containing 10
pmol of [g-32P]poly(A) and either wild-type (WT) or C119A protein as specified
were incubated for 15 min at 30°C. The extent of 32Pi release from poly(A) is
plotted as function of input enzyme.
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apparently, the recombinant protein suffered removal of the
initiating methionine.

The activities of the heavy and light glycerol gradient frac-
tions were characterized in parallel. The extent of g-phosphate
hydrolysis by the heavy component during a 15-min incubation
at 30°C varied with input protein (Fig. 5). In the linear range of
enzyme dependence, glycerol gradient fraction 6 released 280
fmol of 32Pi per fmol of 23-kDa polypeptide (;0.3 s21). The
activity of the light component was also linear with respect to
input protein; 780 fmol of 32Pi was released per fmol of the
23-kDa polypeptide (;0.9 s21). The specific activity of the
light component was ;3-fold higher than that of the heavy
component. The activity of both the heavy and light fractions
was optimal in the absence of a divalent cation and was unaf-
fected by EDTA. Inclusion of magnesium elicited a concen-
tration-dependent inhibition of the RNA triphosphatase activ-
ity of both enzyme fractions. 32Pi release was inhibited by 50 to
60% at 1 mM MgCl2 and by 90% at 5 mM MgCl2.

Hydrolysis of ATP. The heavy and light forms of the AcNPV
phosphatase also utilized ATP as a substrate. ATPase activity
was detected either by the release of 32Pi from [g-32P]ATP or
the conversion of [a-32P]ATP to [a-32P]ADP. 32Pi release from
100 mM [g-32P]ATP during a 15-min reaction at 30°C was
proportional to input enzyme; the specific ATPase activity of
the 2.5S fraction was fivefold higher than that of the 9.5S
fraction (not shown).

A kinetic analysis of the hydrolysis of 10 mM [g-32P]ATP by
2 and 4 pmol of the 9.5S enzyme (glycerol gradient fraction 6)
revealed an initial burst of 32Pi formation after 1 min of reac-
tion; the amplitudes of the burst were proportional to input
enzyme and nearly stoichiometric to the molar amount of
23-kDa protein included in the reaction. A slower linear phase
of Pi formation followed the burst (Fig. 6A). The observed rate
of Pi release during the slow phase was proportional to input
enzyme. The steady-state rate of Pi formation from 10 mM
[g-32P]ATP was 0.2 per min per 23-kDa protomer. Analysis of
the hydrolysis of 10 mM [a-32P]ATP by 2 and 4 pmol of frac-
tion 6 revealed an initial burst of [a-32P]ADP formation after
1 min; the amplitudes of the burst were nearly stoichiometric
with the molar amount of input 23-kDa protein. A slower
linear phase of ADP formation was seen after the burst (Fig.
6B). The steady-state rate of ADP formation was ;0.17 mol-
ecule/min/23-kDa protomer. These results suggest that the ini-
tial chemical step of ATP hydrolysis to ADP and Pi by the 9.5S
oligomeric enzyme is fast compared to a subsequent step that
is limiting in the steady state. We noted that low levels of
[a-32P]AMP were formed at late times during the reaction; we
surmise that the AcNPV phosphatase catalyzes the hydrolysis
of the b-phosphate of the [a-32P]ADP product formed during
the reaction.

The kinetics of hydrolysis of 10 mM [a-32P]ATP and 10 mM
[a-32P]GTP by 1 pmol of glycerol gradient fraction 16 are
shown in Fig. 7A. The 2.5S form of the enzyme did not display
the slow secondary phase of product formation seen with the
9.5S enzyme; rather, ADP and GDP accumulated smoothly at
rates of 2 and 3 pmol/min/23-kDa protomer, respectively. Low
levels of [a-32P]AMP and [a-32P]GMP were detected at late
times during the reaction, after substantial conversion to ADP
had already occurred. We did not detect any release of 32Pi
from [a-32P]ATP or [a-32P]GTP. Kinetic parameters were de-
termined for the 2.5S enzyme by measuring the extent of
[a-32P]ADP formation from [a-32P]ATP during a 15-min re-
action as a function of input [a-32P]ATP concentration in the
range of 1 to 200 mM. From a double-reciprocal plot of the
data (Fig. 7B), we calculated a Km of 25 mM ATP and a Vmax
of 8.2 min21.

Hydrolysis of ATP by the 9.5S and 2.5S enzymes was optimal

FIG. 4. Sedimentation analysis. A sample of the phosphocellulose prepara-
tion of wild-type AcNPV phosphatase was sedimented in a 15 to 30% glycerol
gradient containing 0.3 M NaCl as described in Materials and Methods. Frac-
tions were collected from the bottoms of the tubes. (A) Aliquots (20 ml) of the
indicated glycerol gradient fractions were analyzed by SDS-PAGE. A Coomassie
blue-stained gel is shown. The positions and sizes (in kilodaltons) of coelectro-
phoresed marker polypeptides are indicated at the left. (B) RNA triphosphatase
reaction mixtures containing 10 pmol of [g-32P]poly(A) and 1 ml of the indicated
glycerol gradient fractions were incubated for 15 min at 30°C. The peaks of
marker proteins catalase, BSA, and cytochrome c (Cyt C), which were centri-
fuged in a parallel gradient, are indicated by arrows.

FIG. 5. Specific activity of the 9.5S and 2.5S forms of AcNPV RNA triphos-
phatase. Reaction mixtures containing 10 pmol of [g-32P]poly(A) and glycerol
gradient fraction 6 or 16 as specified were incubated for 15 min at 30°C. The
extent of 32Pi release from poly(A) is plotted as function of input enzyme
(expressed as femtomoles of the 23-kDa protomer).
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in the absence of a divalent cation; addition of 1 mM MgCl2
inhibited the ATPase activities by $95% (data not shown).
The C119A mutant protein displayed no detectable ATPase
activity (data not shown). We conclude that the RNA triphos-
phatase and ATPase functions are mediated by the same active
site on the AcNPV enzyme.

DISCUSSION

Is triphosphate-terminated RNA a true substrate for bacu-
lovirus phosphatase? The presumptive role of the baculovirus
RNA triphosphatase activity would be to hydrolyze the phos-
phoanhydride bond between the b and g phosphates of bacu-
lovirus late and very late mRNAs, thus preparing them for
capping by an RNA guanylyltransferase. For this model to be
plausible, the catalytic activity of AcNPV protein must be ro-
bust enough to execute this function. Our data argue that this
is the case. The heavy and light forms of the AcNPV protein
release 0.3 and 0.9 molecules of Pi from 1 mM triphosphate-
terminated poly(A) per 23-kDa monomer per s, respectively.
This is comparable to the steady-state turnover number of 1 to
2 molecules of Pi released per s per enzyme determined for the
mouse RNA triphosphatase domain on the same poly(A) sub-
strate (10). The mouse and baculovirus phosphatases are both
members of the superfamily of phosphatases that act via a
cysteinyl phosphate intermediate. The turnover number of the

baculovirus RNA triphosphatase is also quite close to the value
of 0.5 to 0.8 s21 reported for the RNA triphosphatase compo-
nent of the vaccinia virus capping enzyme (17). The vaccinia
virus enzyme is structurally unrelated to the AcNPV and
mouse enzymes and acts via a different mechanism which re-
quires a divalent action and appears not to involve a covalent
phosphoenzyme intermediate. The baculovirus RNA triphos-
phatase activity, like that of the mouse and nematode RNA
triphosphatases (10, 27), is lower in the presence of magne-
sium, which is an essential cofactor for the guanylyltransferase
step of the cap synthetic pathway. However, because g-phos-
phate cleavage is generally much faster than RNA guanylyla-
tion, an order of magnitude rate decrement in the triphos-
phatase step in the presence of magnesium is unlikely to limit
the overall rate of cap formation (23). We surmise, based on
comparisons to other RNA triphosphatases for which the con-
nection to RNA capping is well established, that the baculovi-
rus enzyme is sufficiently active to engage in cap formation.

Unlike the C. elegans RNA triphosphatase, which was re-
ported not to hydrolyze ATP or GTP at low micromolar sub-
strate concentrations (27), the baculovirus phosphatase did
hydrolyze ATP to ADP and GTP to GDP. The maximal rate of
ATP hydrolysis at saturating ATP concentration ($100 mM)
by the more active 2.5S component was 8.2 min21. This value
is substantially less than the turnover number of 52 min21

FIG. 6. Kinetics of ATP hydrolysis by the 9.5S phosphatase. (A) Reaction
mixtures containing (per 10 ml) 10 mM [g-32P]ATP and either 2 or 4 pmol of
23-kDa protein from glycerol gradient fraction 6 were incubated at 30°C. Ali-
quots (10 ml) were withdrawn at 1, 2, 5, 10, 15, and 30 min and quenched
immediately by mixing with 1 ml of 1 M formic acid. The reaction products were
analyzed by PEI-cellulose TLC. The extent of 32Pi formation is plotted as func-
tion of reaction time. (B) Reaction mixtures containing (per 10 ml) 10 mM
[a-32P]ATP and either 2 or 4 pmol of 23-kDa protein from fraction 6 were
incubated at 30°C. The extents of ADP and AMP formation are plotted as
function of reaction time.

FIG. 7. Characterization of the NTPase activity of the 2.5S phosphatase. (A)
ATP and GTP hydrolysis. Reaction mixtures containing (per 10 ml) 10 mM
[a-32P]ATP or [a-32P]GTP and 1 pmol of 23-kDa protein from glycerol gradient
fraction 16 were incubated at 30°C. Aliquots (10 ml) were withdrawn at the times
specified and quenched immediately by mixing with 1 ml of 1 M formic acid. The
reaction products were analyzed by PEI-cellulose TLC. The extents of ADP or
GDP formation and AMP or GMP formation are plotted as function of reaction
time. (B) Steady-state kinetic parameters of ATP hydrolysis. Reaction mixtures
(10 ml) containing 1 pmol of 23-kDa protein from glycerol gradient fraction 16
and either 1, 2, 4, 6, 10, 20, 50, 100, or 200 mM [a32P]ATP were incubated at 30°C
for 15 min. The extent of ADP formation (in picomoles) was determined by TLC
analysis of the reaction products. A double-reciprocal plot of the rate of ADP
formation (min21 5 pmol of ADP formed/15) versus [ATP] is shown.
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observed for the hydrolysis of 1 mM triphosphate-terminated
poly(A). Note that the rate of hydrolysis of 1 mM ATP was
;0.3 min21. These data argue that the AcNPV enzyme prefers
RNA 59 triphosphates as a substrate over free NTPs. The
phosphohydrolase activity is apparently not restricted to NTPs,
insofar as we could detect low levels of conversion of GDP to
GMP and ADP to AMP during the course of reactions in
which a substantial percent of the input NTP had been con-
verted to NDP. We did not attempt to directly assay the kinetic
parameters for NMP formation in reactions containing exclu-
sively 32P-NDP substrates.

Three groups of investigators had previously documented
that the AcNPV protein possesses phosphomonoesterase ac-
tivity with para-nitrophenyl phosphate (PNPP) as a substrate
(9, 12, 20). Hakes et al. (9) noted that the specific activity of the
AcNPV enzyme on PNPP was 2.5% of that of the vaccinia
virus H1 phosphatase; the vaccinia virus enzyme is the proto-
type of the dual-specificity protein phosphatase subfamily. We
estimate from kinetic data presented by Sheng and Charbon-
neau (20), who measured phosphatase activity in the presence
of 50 mM PNPP, that AcNPV protein released ;0.6 molecule
of phosphate per enzyme per s. The turnover number for a
nonspecific substrate is similar to what we find for Pi release
from a triphosphate-terminated poly(A) substrate included at
a concentration of 1 mM. Although previous investigators were
able to detect release of phosphate from peptide substrates
containing either phosphoserine or phosphotyrosine, the pro-
tein phosphatase activity was extremely feeble. Hakes et al. (9)
found that the specific activities of the AcNPV enzyme against
phosphotyrosine- and phosphoserine-containing protein sub-
strates were 1.8 and 0.04% of the specific activities of the vac-
cinia virus H1 protein. Sheng and Charbonneau (20) measured
the hydrolysis of defined phosphotyrosine-containing peptides
at substrate concentrations of 2 to 10 mM. From their data, we
calculate catalytic rates of 0.006 to 0.6 molecule of phosphate
release per enzyme per h. Their data regarding dephosphory-
lation of a serine/threonine-containing substrate translates into
a rate of 0.003 phosphates released per enzyme per h. These
catalytic rates in hydrolysis of phosphopeptides are 3 to 5
orders of magnitude slower than what we observed for cleav-
age of triphosphate-terminated poly(A). Previously, Sheng and
Charbonneau (20) suggested that the baculovirus phosphatase
may have a unique substrate specificity. Our findings, together
with the earlier data, imply that the baculovirus enzyme is an
RNA triphosphatase rather than a protein phosphatase.

Two physical forms of the AcNPV phosphatase. Sedimenta-
tion analysis revealed the existence of two physical states of
the baculovirus phosphatase: a discrete 9.5S homo-oligomeric
form and a 2.5S form (a putative monomer). The sedimenta-
tion coefficients and distributions of the two components were
not affected by increasing the ionic strength of the protein
solution and the sedimentation buffer to 1 M NaCl. Thus, we
conclude that the 9.5S oligomer is fairly stable. The two phys-
ical forms of the phosphatase were functionally distinct. The
specific activities of the 2.5S form on RNA 59 triphosphate and
NTP substrates was severalfold higher than the specific activity
of the heavy form. The 2.5S enzyme displayed typical steady-
state kinetics in ATP hydrolysis, with a Km of 25 mM ATP. In
contrast, the 9.5S enzyme displayed a transient burst of prod-
uct formation roughly stoichiometric to input enzyme, fol-
lowed by a slow linear phase. We surmise that the oligomeric
enzyme is subject to a rate-limiting step in the steady state
(other than reaction chemistry) and that this step is either
distinct from or slower than the rate-limiting step for the mo-
nomeric enzyme. Conceivably, the oligomeric phosphatase is
subject to negative allosteric regulation by occupancy of some

of the substrate or product binding sites. For example, the
slower steady-state rate (normalized for concentration of the
23-kDa protomer) may arise if only a fraction of the phospha-
tase active sites within the oligomeric protein are functioning
at any given time. To analyze this interesting phenomenon
further, it will be helpful to define the structural moieties on
the enzyme responsible for subunit-subunit interaction and
then assess the functional consequences of mutations that pre-
vent oligomerization.

Biological implications. Baculovirus early genes are tran-
scribed by cellular RNA polymerase II (pol II). The 59 ends of
early mRNAs are presumably formed by the host cell capping
apparatus, which is targeted to the pol II elongation complex
by direct physical interaction with the phosphorylated carbox-
yl-terminal domain of the largest pol II subunit (10, 15, 32).
Baculovirus late and very late mRNAs are transcribed by a
novel amanitin-resistant RNA polymerase that is uniquely in-
duced in virus-infected cells (2). Thus, in order for late and
very late mRNAs to be capped, either the novel polymerase
must interact with the cellular capping enzymes or the virus
must encode its own capping machinery.

The notion that baculoviruses would encode an RNA tri-
phosphatase involved in mRNA cap formation gains currency
in light of the purification and characterization by Guarino et
al. (8) of the AcNPV RNA polymerase responsible for the
transcription of late and very late genes. The polymerase con-
sists of four equimolar subunits encoded by the virus: Lef-8,
Lef-4, Lef-9, and p47 (8). The 464-amino-acid Lef-4 polypep-
tide contains seven sequence motifs (referred to as motifs I,
III, IIIa, IV, V, Vc, and VI) that are conserved in the same
order and with similar spacing in the RNA guanylyltransfer-
ases of Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Candida albicans, Chlorella virus, C. elegans, and mouse (7, 25,
31). All of these proteins catalyze a two-step capping reaction
in which the enzyme reacts first with GTP to form a covalent
enzyme-GMP intermediate in which GMP is linked via a phos-
phoramidate (PON) bond to the invariant lysine of motif I
(KxDG). The GMP is then transferred to diphosphate-termi-
nated RNA to form the GpppN cap structure. Guarino et al.
(8) have shown that the AcNPV RNA polymerase reacts with
GTP to form a covalent protein-GMP adduct with GMP bound
to the Lef-4 subunit. We have found that recombinant Lef-4
purified from bacteria reacts with [a-32P]GTP to form a cova-
lent protein-guanylate complex (7).

Lef-4 is essential for baculovirus replication and for the ex-
pression of baculovirus late and very late genes in vivo (4, 18).
In contrast, the RNA triphosphatase is dispensable; i.e., virus
replication still occurs in cultured insect cells when the phos-
phatase gene is deleted (13). However, the deletion mutant
displays a cell line-dependent defect in the production of oc-
cluded virus, which may reflect reduced rates of protein syn-
thesis at very late times in the semipermissive cells (13). The
host cell variability of the phosphatase deletion phenotype may
arise if the host RNA triphosphatase substitutes to a greater or
lesser degree for the baculovirus-encoded enzyme or if there
are redundant virus-encoded enzymes capable of removing the
g phosphate of viral mRNAs. The last model may well apply,
insofar as Lef-4 itself appears to possess intrinsic RNA triphos-
phatase and ATPase activities (7, 8a).
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