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Adenosine (/3,-y-imido)triphosphate (AMP-PNP) and guanosine (f,,y-imido)-
triphosphate (GMP-PNP) are analogs of ATP and GTP with non-hydrolyzable
y-phosphates. Although both AMP-PNP and GMP-PNP were used in place of
ATP and GTP by Escherichia coli RNA polymerase to transcribe vaccinia virus
DNA, only GMP-PNP was used by the transcriptase present within vaccinia
virus cores. AMP-PNP specifically prevented initiation of transcription, since
RNA initiated in the presence ofATP, GTP, and CTP was subsequently elongated
by incubating the washed cores in the presence of AMP-PNP, GTP, CTP, and
UTP. The RNA formed in this manner, however, was (i) several times longer
than normal transcripts, indicating a defect in chain termination and/or cleavage
of nascent RNA, (ii) was not polyadenylylated (although free polyadenylic acid
formed), and (iii) was not extruded from the virus cores. Nearest neighbor analysis
demonstrated that AMP-PNP was incorporated adjacent to all four nucleotides,
and hybridization to restriction endonuclease fragments of vaccinia virus DNA
indicated that the high-molecular-weight RNA was transcribed from representa-
tive fractions of the entire genome. The possibility of a block in processing rather
than or in addition to a block in chain termination was suggested by the cleavage
of the high-molecular-weight RNA within the core after replacement of AMP-
PNP with ATP. Cleavage of purified high-molecular-weight RNA by a soluble
endoribonuclease extracted from vaccinia virus cores, however, was not dependent
upon ATP, nor was it inhibited by AMP-PNP. The latter results suggest that
AMP-PNP blocks a step preceding cleavage.

In vitro synthesis of RNA by vaccinia virus
cores depends on relatively high ATP concen-
trations (8, 16). That this requirement might not
simply reflect a high Km of the DNA-dependent
RNA polymerase was suggested by the detection
of core-associated adenosine triphosphatase ac-
tivities (3, 17). Further studies led to the char-
acterization of several enzymes that use ATP,
including two immunologically distinct nucleic
acid-dependent ribonucleoside triphosphatases
(21, 23, 24), a protein kinase (9), and a polyade-
nylic acid [poly(A)] polymerase (15). The find-
ings that RNA synthesis did not occur when
adenosine (,8,y-methylene)triphosphate was
substituted for ATP (29) and that the same
analog prevented extrusion of RNA from vacci-
nia virus cores (28) pointed to the importance of
a hydrolyzable 8,y-phosphodiester linkage. Us-
ing another ATP derivative, adenosine (f,By-im-
ido)triphosphate (AMP-PNP), we now report
that a hydrolyzable y-phosphate is required for
initiation of RNA synthesis by vaccinia virus

cores but not for chain elongation. However, the
RNA elongated in the presence of AMP-PNP
remains core associated, is not polyadenylylated,
and is several times longer than vaccinia virus
mRNA, indicating interference with chain ter-
mination and/or processing. Although the latter
possibility is suggested by subsequent cleavage
ofthe high-molecular-weight RNA after replace-
ment of the analog with ATP, AMP-PNP does
not inhibit the activity of a soluble endoribonu-
clease extracted from vaccinia virus cores.

MATERLALS AND METHODS
Virus. Vaccinia virus (strain WR) was purified

from the cytoplasm of infected HeLa cells by sedimen-
tation through a cushion of sucrose followed by two
cycles of sucrose gradient centrifugation essentially as
described by Joklik (6).
RNA synthesis. Under standard conditions for

RNA synthesis, purified virus (1.3 to 2 units of absorb-
ance [at 260 nm] per ml) was incubated in 50 mM
Tris-hydrochloride (pH 8.5)-10 mM dithiothreitol-
0.05% Nonidet P-40 detergent-10 mM MgC92-2 to 5
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mM ATP-0.2 to 2 mM GTP-0.2 mM CTP-0.05 mM
[3H]UTP (0.8 ,iCi/mmol)-10 1iM S-adenosylmethio-
nine at 37°C.
To activate virus particles and initiate RNA chains,

purified virus (4 units of absorbance [at 260 nm] per
ml) was incubated in 50 mM Tris-hydrochloride (pH
8.5)-10 mM dithiothreitol-0.5% Nonidet P-40 deter-
gent for 10 min at 37°C. After this, ATP (2 to 5 mM),
GTP (1 mM), and CTP (0.2 mM) were added, and the
incubation was continued for 5 min at 37°C. In later
experiments, the activation step was simplified by
adding the three ribonucleoside triphosphates at the
same time as the detergent and dithiothreitol and
incubating the mixture for 15 min. The activated cores
were then diluted with cold buffer A (50 mM Tris-
hydrochloride [pH 8.5], 10 mM dithiothreitol, and
0.05% Nonidet P-40 detergent) and sedimented at
8,000 or 12,000 x g for 1 min in an Eppendorf micro-
centrifuge. This is a critical step; if centrifugation is
prolonged, the particles are difficult to disperse and
have low transcriptase activity. The virus cores were
gently resuspended in buffer A and washed once again
by centrifugation to remove remaining ATP. In a
control experiment with [:3H]ATP, we determined that
99.96% of the ATP was removed by the second wash.
Chain elongation was then measured in reaction mix-
tures similar to the standard one used for RNA syn-
thesis except that ATP was replaced by AMP-PNP.
No contaminating ATP was detected in the AMP-
PNP by polyethyleneimine-cellulose thin-layer chro-
matography.

Sucrose gradient sedimentation. RNA synthe-
sis was terminated by additions of sodium dodecyl
sulfate and EDTA to final concentrations of 0.5 to 1%
and 20 mM, respectively. In some experiments, core-
associated RNA was separated from released RNA by
centrifugation at 8,000 or 12,000 x g for 2 min before
sodium dodecyl sulfate-EDTA treatment. RNA was
analyzed directly by sucrose gradient sedimentation
or after phenol-chloroform extraction and ethanol pre-
cipitation. In either case, before sedimentation, RNA
was always heated at 100°C for 2 min to dissociate any
aggregates. Sucrose gradients, 5 to 20% in 10 mM
sodium acetate (pH 6.0)-0.1 M NaCl-0.1% sodium
dodecyl sulfate, were centrifuged at 18°C in an SW41
rotor at 40,000 rpm for 270 min or in an SW60 rotor at
50,000 rpm for 110 min. Fractions were collected from
the bottom of the tube, and portions were precipitated
with trichloroacetic acid and collected on Whatman
GF/C glass fiber filters for scintillation counting.
RNA sedimenting between 18 and 28S was precip-

itated with ethanol and dissolved in water, and the
solution was adjusted to final concentrations of 90%
dimethyl sulfoxide, 10 mM LiCl, and 0.5 mM EDTA
(pH 7.5). After heating at 60°C for 10 min, the RNA
was loaded onto a 5 to 20% sucrose gradient in 99%
dimethyl sulfoxide-0.5 mM EDTA (pH 7.5)-10 mM
LiCl and centrifuged in an SW50.1 rotor at 189,000 x
g for 20 h at 23°C.

Nearest neighbor analysis. RNA labeled with
[a-32P]AMP-PNP was phenol-chloroform extracted,
ethanol precipitated, fractionated by sucrose gradient
centrifugation, ethanol precipitated, and passed
through a Sephadex G-50 column equilibrated with
0.05 M ammonium acetate. The RNA was lyophilized
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and then digested with 2.5 U of RNase T2 in 50 1l of
50 mM ammonium acetate (pH 4.5) for 16 h at 370C.
After addition of carrier mononucleotides, the prod-
ucts were separated by high-voltage paper electropho-
resis at pH 3.5. Labeled mononucleotides were located
by UV absorption of internal markers ahd by fluorog-
raphy with DuPont Cronex intensifier screens. The
spots were cut out, and the amounts of radioactivity
were determined by scintillation counting.

Preparation of soluble core extracts. Purified
vaccinia virus particles were treated with Nonidet P-
40 detergent and dithiothreitol, and the resulting cores
were sedimented through a cushion of sucrose. The
cores were disrupted by deoxycholate treatment, after
which the insoluble structural proteins were removed
by centrifugation and the DNA was removed by pas-
sage through a DEAE-cellulose column (24). Endori-
bonuclease activity was measured in a 0.1-ml reaction
containing 50 mM Tris-hydrochloride (pH 8.5) and 1
mM dithiothreitol.

Sources of materials. Ribonucleoside triphos-
phates were from P-L Biochemicals except for AMP-
PNP and GMP-PNP, which were obtained from Boeh-
ringer Mannheim Biochemicals. [:3H]UTP (55 Ci/
mmol), [a-32P]UTP (341 Ci/mmol), and [aa-32P]AMP-
PNP were from Amersham/Searle, New England Nu-
clear, and ICN Pharmaceuticals, respectively.

RESULTS
Inhibition of RNA synthesis by AMP-

PNP. The analogs AMP-PNP and GMP-PNP
differ from ATP and GTP in the substitution of
an NH group for the terminal bridge oxygen.
Since the a-/-phosphodiester linkage is unal-
tered, such analogs are generally suitable for
RNA synthesis (4). Indeed, when vaccinia virus
was incubated in a standard reaction mixture
containing GMP-PNP in place of GTP, tran-
scription occurred at only a modestly reduced
rate (Fig. IA). In contrast, substitution of AMP-
PNP for ATP prevented any detectable RNA
synthesis by vaccinia virus cores (Fig. 1A).
Nevertheless, both AMP-PNP and GMP-PNP
were utilized by Escherichia coli RNA polym-
erase for transcription of vaccinia virus DNA,
although at reduced rates compared with the
natural ribonucleoside triphosphates (Fig. 1B).
Thus, the inability of AMP-PNP to substitute
for ATP appears to be specific for the vaccinia
virus transcriptional system.
Elongation of RNA chains with AMP-

PNP. We considered that ATP with a hydro-
lyzable y-phosphate might be required for initi-
ation of RNA synthesis but not for chain elon-
gation. Accordingly, virus particles were prein-
cubated for varying times with all four ribonu-
cleoside triphosphates, washed by repeated sed-
imentation, which removed 99.96% of the ATP,
and suspended in a reaction mixture containing
AMP-PNP in place of ATP. Such experiments
indicated that chain elongation occurred after a
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FIG. 1. Effects of AMP-PNP and GMP-PNP on transcription. (A) Vaccinia virus transcription was
measured in a standard reaction mixture, substituting 2 mMAMP-PNP for 2 mMATP or 2 mM GMP-PNP
for 2 mM GTP where indicated. (B) Transcription of vaccinia virus DNA by E. coli RNA polymerase was in
a 0.25-ml reaction mixture containing 20mM Tris-hydrochloride (pH 7.5), 0.15 M NaCI, 1 mM dithiothreitol,
10 mM MgCI2, 2 mM ATP or AMP-PNP, 2 mM GTP or GMP-PNP, 0.2 mM CTP, 0.05 mM [3HIUTP (0.4
,uCi/mmol), 10pM S-adenosylmethionine, 5 pg of vaccinia virus DNA, 14 pg of E. coli RNA polymerase, and
10 pg of bovine serum albumin.

2- to 10-min preincubation at 370C (Fig. 2). L 1

Additional studies (not shown) indicated that _
preincubation of vaccinia virus with ATP, GTP, /
and either CTP or UTP was as good as or better -
than preincubation with all four ribonucleoside

x
20 10 Min.

triphosphates. An ATP concentration of 5 mM0/
provided the maximal effect. Neither dATP nor a 5 Min.
adenosine (a,,B-imido)triphosphate at 5 mM F 15 -
could substitute effectively for ATP in the prein- <
cubation step. That AMP-PNP was required for
chain elongation and that RNA synthesis did co 10not result simply from trace amounts of ATP o
trapped in the virus core is shown in Fig. 3. Z2Mi
There was no significant incorporation when 2

AMP-PNP was omitted, and the rate of RNA D 5
synthesis was proportional to AMP-PNP con-X
centration. Incorporation of AMP-PNP into 0 Min.
RNA will be shown below. 0 6''
When the ATP concentration during prein- 0 5 10 20 30 40

cubation and the AMP-PNP concentration dur- MINUTES
ing chain elongation were both 5 mM, the total MinutES
amount of RNA synthesized by 30 min was FIG. 2. Effect of preincubation with all four ribo-
about 34% of that made in the presence of the nucleoside triphosphates on subsequent RNA synthe-
same concentration of ATP (Fig. 4). Most of the sis with AMP-PNP. Virus particles were preincu-
RNam adeioncn thetlo prsec ofAMP1PNP,rwSJbated in a mixture containing ATP, GTP, CTP, andRNA made in the presence of AMP-PNP, how- UTP as described in the text. After the indicated
ever, was retained by the virus core (Fig. 4), intervals, cores were sedimented and washed, and
whereas 68% of the RNA made in the presence [3H]UTP incorporation was measured in a standard
of ATP was released. We concluded from these transcription mixture containing AMP-PNP in place
experiments that AMP-PNP could support of ATP.
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FIG. 3. Effect of AMP-PNP concentration on the
rate of RNA synthesis. After a preincubation step
with ATP, GTP, and CTP, cores were washed and
incorporation of[3H]UTP was measured in standard
transcription mixtures containing no ATP and 0 to
10mM AMP-PNP.
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FIG. 4. Comparison of rates of RNA synthesis in

presence ofATP or AMP-PNP. Vaccinia virus cores
were preincubated in the presence of 5 mM ATP, 1
mM GTP, and 0.2 mM CTP for 5 min, sedimented,
washed, resuspended, and divided into two portions.
One portion received 5 mM ATP and the other re-
ceived 5 mM AMP-PNP in addition to the other
components required for transcription. At intervals,
portions were sedimented, and the amounts of core-
associated and released RNA were determined by
trichloroacetic acid precipitation.

RNA chain elongation but that ATP was re-
quired for initiation of RNA synthesis and for
extrusion of RNA.
RNA sedimentation properties. After a

preincubation period to initiate RNA synthesis,
the total RNA made during 30 min in the pres-
ence ofAMP-PNP was analyzed by sucrose gra-
dient sedimentation. In contrast to the RNA
made in the presence ofATP, which sedimented
at 8 to 12S, the RNA made in the presence of
the analog sedimented mainly between 18 and

28S (Fig. 5). RNA labeled from 20 to 30 min (not
shown) was similar in size to that labeled from
0 to 30 min, suggesting that new chains were not
being initiated at the later times.
To confm that the rapid sedimentation of

RNA in sucrose gradients was a consequence of
size, RNA in fractions between 18 and 28S was
heated at 60°C in 90% dimethyl sulfoxide and
then sedimented in a 99% dimethyl sulfoxide-
sucrose gradient. Under denaturing conditions,
the RNA still sedimented between 18 and 28S
rRNA markers (Fig. 6).
The high-molecular-weight RNA could also

be labeled with S-adenosyl[methyl-3H]methio-
nine. Analysis of the RNA after enzyme diges-
tion and paper chromatography of the prod-
ucts as previously described (14) indicated the
presence of the 5' ends m7G(5')pppAm and
m7G(5')pppGm in a ratio of 0.9. Corresponding
ratios for core-associated and released RNA
made under the same conditions, except for the
use of ATP instead of AMP-PNP, were 1.0 and
0.9, respectively.
Incorporation of [a-32PJAMP-PNP and

nearest neighbor analysis. The incorpora-
tion of AMP-PNP into RNA was demonstrated
by using the a-32P-labeled compound. Virus par-
ticles were preincubated with ATP, GTP, and
CTP to initiate RNA chains and then washed
and suspended in a reaction mixture containing
[a-32P]AMP-PNP, [3H]UTP, and unlabeled
GTP and CTP. The core-associated RNA was
then purified, denatured, and analyzed by su-
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FIG. 5. Sucrose gradient sedimentation of RNA
made in the presence of ATP or AMP-PNP. After
preincubation with all four ribonucleoside triphos-
phates, virus cores were incubated in reaction mix-
tures containing ATP (0) or AMP-PNP (-). Incor-
poration of[3H]UTP was measured for 30 min, and
the total RNA was analyzed by sucrose gradient
sedimentation after extraction with sodium dodecyl
sulfate and heating at 100°C for 2 min. ['4C]rRNA
and ['4C]tRNA markers --- -) were included in each
gradient.
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FIG. 6. Sedimentation of high-molecular-weight
RNA in dimethyl sulfoxide-sucrose gradients. RNA
elongated in a transcription mixture containing
AMP-PNP and [3H]UTP was isolated from vaccinia
virus cores by sodium dodecyl sulfate-phenol-chloro-
form extraction and ethanolprecipitation. After heat-
ing at 100°C for 2 min, the RNA was sedimented as
in Fig. 5. RNA sedimenting between 18 and28SrRNA
markers was ethanolprecipitated, dissolved in water,
heated at 60°C in 90% dimethyl sulfoxide, and then
analyzed on a 99% dimethyl sulfoxide-sucrose gra-
dient. ["4C]rRNA and ['4C]tRNA markers were in-
cluded.

crose gradient sedimentation (Fig. 7A). As ex-
pected, the [3H]RNA sedimented as a broad
peak primarily between 18 and 28S. In contrast,
part of the 32P-labeled material sedimented
slightly faster than 4S, and the remainder sedi-
mented as a broad peak from 18 to 28S. We
suspected that the 32P-labeled material sedi-
menting at 4S was poly(A), since [3H]uridine
was not incorporated. In agreement with this,
85% of the 4S 32P-labeled material bound to a
polyuridylic acid-Sepharose column, whereas
less than 15% of the 18 to 28S RNA bound.
When the virus cores were incubated directly in
a mixture containing [3H]UTP, [a-32P]AMP-
PNP, and unlabeled GTP and CTP without a
prior incubation with ATP, there was no incor-
poration of 3H, and 32p was incorporated exclu-
sively into 4S material (Fig. 7B).
The products isolated by sucrose gradient sed-

imentation in Fig. 7 were further characterized
by nearest neighbor analysis. Upon RNase T2
digestion of RNA, 3'-mononucleotides were re-
leased. Since the RNA was synthesized with
[a-32P]AMP-PNP, only those 3'-mononucleo-
tides adjacent to incorporated AMP were la-
beled. In the case of the 4S material, significant
amounts of radioactivity were associated only
with AMP, providing proof that this was indeed

poly(A) (Table 1). In contrast, all four mono-
nucleotides were labeled upon digestion of the
18 to 28S RNA (Table 1). From these experi-
ments we concluded that AMP derived from
AMP-PNP is incorporated next to each of the
four mononucleotides in high-molecular-weight
RNA and that the majority of the high-molec-
ular-weight RNA is not polyadenylated, even
though AMP-PNP does not prevent initiation of
free poly(A) synthesis.

Hybridization of core-associated RNA
with DNA restriction endonuclease frag-
ments. To rule out the possibility that only a
very limited segment of the vaccinia genome is
transcribed in the presence of AMP-PNP, hy-
bridization to restriction endonuclease frag-
ments was performed. After a standard prein-
cubation to initiate RNA chains, RNA labeled
with [a-32P]UTP was synthesized in the pres-
ence of AMP-PNP or ATP. The core-associated
RNA was isolated, denatured, and sedimented
on sucrose gradients, where the difference in size
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FIG. 7. Sucrose gradient sedimentation of RNA
labeled with [a-32P]AMP-PNP. (A) After a standard
preincubation, RNA was formed in the presence of
[a-32P]AMP-PNP and [3H]UTP. After sodium do-
decyl sulfate-phenol-chloroform extraction and
ethanol precipitation, the RNA was heated at 100°C
for 2 min and sedimented on a sucrose gradient.
Portions of each fraction were precipitated with tri-
chloroacetic acid and counted in a scintillation spec-
trophotometer. (B) Incorporation of [a-32PJAMP-
PNP and [3H]UTP was performed as above except
that thepreincubation step with ATP, GTP, and CTP
was omitted.
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TABLE 1. Nearest neighbor analysisa
"P activity associated with:

Expt RNA fraction CMP AMP GMP UMP

cpm % cpm % cpm % cpm %

1 >18S 121.9 15.4 282.6 35.6 143.9 18.1 245.6 30.9
4S 4.3 3.4 109.6 86.9 6.9 5.5 5.3 4.2

2 4S 18.1 0.3 6,280 99.6 1.8 0.0 5.4 0.1
a RNA contained in pooled fractions 4 to 13 (4S) and 20 to 24 (>18S) from Fig. 7A were used in experiment

1; RNA in fractions 22 to 26 from Fig. 7B were used in experiment 2. After digestion with RNase T2,
mononucleotides were separated by paper electrophoresis at pH 3.5.

between core-associated RNAs made in the
presence and absence ofAMP-PNP was evident
(Fig. 8). The RNA made in the presence of
AMP-PNP that sedimented at greater than 18S
and the RNA made in the presence ofATP that
sedianented at less than 18S were pooled sepa-
rately. A complete HindIII restriction endonu-
clease digest of vaccinia virus DNA was pre-
pared, and the fragments were separated by
electrophoresis on a composite 0.6%-1.5% aga-
rose slab gel. The pattern obtained was similar
to that previously described for rabbitpox (31).
The DNA fragments were then transferred to a
nitrocellulose sheet by the procedure of South-
ern (27). Although all fragments were trans-
ferred, the procedure was not quantitative for
the three largest segments of DNA. Signifi-
cantly, the high-molecular-weight RNA formed
in the presence of AMP-PNP hybridized to all
of the DNA fragments (Fig. 9). Although there
appear to be some differences in the relative
amounts of high- and low-molecular-weight
RNA hybridizing to individual restriction frag-
ments, a more detailed analysis would be re-
quired to substantiate this.
Cleavage of high-molecular-weight

RNA. The large size of the RNA made in the
presence of AMP-PNP suggested that the ATP
analog interfered with either chain termination
or processing. To determine whether the high-
molecular-weight [3H]RNA formed during a 45-
min period in the presence of AMP-PNP could
be cleaved, the virus cores were sedimented and
then incubated for 30 min in a standard reaction
mixture containing ATP, GTP, CTP, and UTP.
At the end of this time, both core-associated and
released RNAs were analyzed by sucrose gra-
dient sedimentation, which indicated that most
of the RNA was reduced in size (Fig. 10). The
major peak of core-associated RNA sedimented
at about 12S with a smaller peak at about 18S,
whereas the released RNA was mostly smaller
than 12S. The finding that a major reduction in
size occurred while the RNA was still core as-

-
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FIG. 8. Sucrose gradient sedimentation of [a-

32P]UTP-labeled core-associated RNA. After a stan-
dard preincubation with ATP, GTP, and CTP, virus
cores were washed and suspended in transcription
mixtures containing [a-32P]UTP (0.4 !Ci/mmol) and
either AMP-PNP (0) or ATP (0) for 45 min at 37°C.
RNA was extracted from the virus cores with sodium
dodecyl sulfate-phenol-chloroform and then ethanol
precipitated, heat denatured, and sedimented on a 5
to 20% sucrose gradient. RNA was detected by Cer-
enkov radiation.

sociated suggests that the endonuclease is within
the core. Previously, Paoletti detected high-mo-
lecular-weight RNA synthesized in vitro under
suboptimal conditions and reported that this
RNA was reduced in size after a chase (19, 20)
or after incubation with soluble core extracts
(21a).
Cleavage of high-molecular-weight RNA

by a soluble endoribonuclease. Core-associ-
ated RNA synthesized in the presence of AMP-
PNP and labeled with [a-32P]UTP was isolated
by sucrose gradient sedimentation and then in-
cubated with soluble core extract for 30 min at
37°C. Cleavage of RNA, apparently to a limit
size with increasing extract, occurred (Fig. 11).
However, ATP was not required, and AMP-

J. VIROL.
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FIG. 9. Hybridization of core-associated RNA

with restriction endonuclease fragments of vaccinia
virus DNA. The RNA made in the presence ofAMP-
PNP and sedimenting faster than 18S (lane 1) and
RNA made in the presence ofATP and sedimenting
slower than 18S (lane 2), as indicated in Fig. 8, were
hybridized to HindIII restriction fragments of vacci-
nia virus DNA that were separated by agarose gel
electrophoresis and transferred to a nitrocellulose
sheet. The hybridization conditions were 0.9 M
NaCI-0.09 M sodium citrate-0.1% sodium dodecyl
sulfate-0.3 mg of salmon sperm DNA in a volume of

PNP at 5 mM (plus 5 mM MgCl2) did not
prevent cleavage.

DISCUSSION
Although considerable information is availa-

ble regarding the steps involved in mRNA bio-
synthesis in bacteria (1), relatively little is known
for eucaryotic systems. Indeed, no in vitro sys-
tem that can accurately initiate and synthesize
defined eucaryotic mRNA from a DNA template
is currently available. For this reason, vaccinia
virus provides a unique model system. The pur-
ified DNA virus particle contains all of the en-
zyme and factors needed to synthesize capped,
methylated, and polyadenylylated mRNA in vi-
tro. Furthermore, the mRNA can be translated
into authentic early proteins (2, 5, 18, 26; J. A.
Cooper and B. Moss, Virology, in press).
As one approach to defining some of the steps

involved in the biosynthesis of vaccinia virus
mRNA, we have used AMP-PNP, a compound
that closely resembles ATP stereochemically
(32) but which has a non-hydrolyzable y-phos-
phate. These studies indicate that AMP-PNP
can be used for RNA chain elongation but that
it blocks normal vaccinia virus transcription at
four points: (i) initiation of RNA synthesis by
virus cores, (ii) chain termination and/or cleav-
age of nascent RNA, (iii) polyadenylylation of
the 3' end of RNA [but not the synthesis of free
poly(A)], and (iv) extrusion of RNA from the
core. Significantly, transcription is not arrested
at any of these steps when GMP-PNP is substi-
tuted for GTP.
The inability of the vaccinia virus DNA-de-

pendent RNA polymerase to use AMP-PNP to
form the first phosphodiester bond could readily
explain the block in initiation of RNA chains
beginning with adenosine. However, vaccinia vi-
rus RNA begins with m7G(5')pppGm as well as
m7G(5')pppAm (30). If, as seems likely, RNA
chains are initiated with GTP as well as ATP, it
is difficult to understand why AMP-PNP pre-
vents initiation of both types ofRNA chains and
why GMP-PNP has a rather small effect on
transcription. A more attractive hypothesis is
that ATP is required for some activation step
that precedes initiation of all RNA chains. The
protein kinase (9) and DNA-dependent adeno-
sine triphosphatase (22) are examples of en-
zymes isolated from vaccinia virus cores that use

3 ml at 60°C for 48 h. The nitrocellulose sheets were
treated with RNase T, (2.5 pg/ml) and RNase A (50
.g/ml) in 0.3M NaCI-0.03 M sodium citrate for 1 h
at 37°C and washed. Fluorography was performed
with DuPont Cronex intensifier screens.
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ATP, specifically require a hydrolyzable y-phos-
phate, and have unknown biological functions.
We noted previously (22) that phosphorylation
of proteins in vaccinia virus cores precedes the
linear synthesis ofRNA and suggested a possible
causal relationship between the two events. Wa-
tanabi et al. (29) have also proposed that protein
phosphorylation might be linked to transcrip-
tion.

After the initiation of RNA synthesis with
ATP, GTP, and CTP, AMP-PNP can substitute
for ATP in chain elongation. However, the RNA
formed in the presence of this analog sediments
from 18 to 28S, as compared with 8 to 12S for
RNA made in the presence of ATP. That RNA
made in the presence of AMP-PNP is several
times longer than normal mRNA was confirined
by sedimentation in dimethyl sulfoxide-sucrose
gradients. Of the three possibilities that we con-

A20.Css 4S

ular-weigt RNA. Ate Ihintain iu oe

(AMP-PNP)
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FIG. 10. Cleavage of core-associated high-molec-
ular-weight RNA. After chain initiation, virus cores
were incubated in a complete transcription mixture
containing AMP-PNP and[tHa UTP for 45 min. At
the end of this time, the cores were sedimented and
washed, and half of them were incubated further at
37C for30hmi with unlabeled ATP, GTP, CTP, and
UTP under standard conditions. Core-associated
and released RNAs were extracted with sodium do-
decyl sulfate, heat denatured, and analyzed by su-
crose gradient centrifugation. (A) Pulse-labeled core-
associated RNA made in the presence ofAMP-PNP.
(B) Core-associated (0) and released (0) RNAs after
chase with ATP, GTP, CTP, and UTP.
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FIG. 11. Cleavage of high-molecular-weight RNA
by a soluble endoribonuclease. RNA was labeled with
[a-32P]UTP, purified by sucrose gradient sedimen-
tation as described in the legend to Fig. 8, and
incubated for 30 min at 370C with buffer (0) or with
5 (0), 10 (U), or 20 (A) ~Il of a soluble extract of
vaccinia virus cores. After addition ofsodium dodecyl
sulfate and [3H]-rRNA and ['H]tRNA markers, the
mixture was heated at 100'C for 2 min and centri-
fuged on a 5 to 20%' sucrose gradient. Each entire
fraction was counted in a Triton X-100 and toluene-
based scintillation fluid. Marker 28, 18, and 4S RNAs
are indicated by the solid line.

sidered to explain the large size of the RNA, (i)
failure of proper chain termination, (ii) inhibi-
tion of endonucleolytic cleavage, and (iii) addi-
tion of a very long poly(A) segment, only the
last could be ruled out. Less than 15% of
the high-molecular-weight RNA bound to poly-
uridylic acid-Sepharose, and nearest neighbor
analysis, after [a-feP]AMP-PNP labeling, did
not reveal an unusual proportion of adenylate
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residues. Failure of chain termination is an at-
tractive hypothesis, since E. coli p factor has an
associated RNA-dependent ATPase activity
(11) and transcription with E. coli RNA polym-
erase cannot be terminated by p factor in the
presence of the four ribonucleoside [f,y-
imido]triphosphates unless ATP is added (4).
Unlike the apparent situation with vaccinia vi-
rus, however, RNA is terminated by p factor
with high concentrations of GTP, CTP, and
UTP in the presence of AMP-PNP. Thus, we
would have to postulate that the putative vac-
cinia virus p factor has a stringent requirement
for ATP. Conceivably, the vaccinia virus core-
associated DNA-dependent ATPase activity
(23) could have such a role in RNA chain ter-
mination.
The reduction in size of the high-molecular-

weight RNA after the substitution of ATP for
AMP-PNP indicates the presence of a core-as-
sociated endoribonuclease and is consistent with
an inhibitory effect ofAMP-PNP on processing.
Paoletti previously described the labeling of 18
to 28S, core-associated, non-polyadenylylated
RNA at high virus concentration and subopti-
mal conditions of RNA synthesis and reported
that cleavage of this RNA occurred after addi-
tion of ribonucleoside triphosphates (19, 20).
More recent experiments (21a) indicate a rela-
tionship between decreased ATP concentration
and formation of high-molecular-weight RNA.
Thus, it seems likely that similar underlying
mechanisms are responsible for formation of the
high-molecular-weight RNA under the condi-
tions used by Paoletti (depleted ATP) and those
described here (substitution of AMP-PNP for
ATP). The formation of high-molecular-weight
RNA has also been detected after heat inacti-
vation of virus particles (G. Darby, personal
communication).
A soluble endoribonuclease activity extracted

from vaccinia virus cores can cleave high-molec-
ular-weight RNA made at reduced ATP concen-
trations (21a), as well as high-molecular-weight
RNA made in the presence of AMP-PNP, to an
apparent limit product. However, this endori-
bonuclease, which has not yet been purified or
extensively characterized, is not dependent on
ATP, nor is it inhibited by AMP-PNP. Possibly,
AMP-PNP blocks a step preceding endonucle-
ase cleavage.
To what extent cleavage of RNA is involved

in processing under normal conditions, i.e., high
ATP and no AMP-PNP, is not known. If cleav-
age of RNA leads to the formation of new 5'
ends, then either additional phosphates must be
added or a second mechanism of formation of
the m7G(5')pppNm cap unlike that already de-
scribed for vaccinia virus (12-14) must exist.

Alternatively, if RNA processing involves exci-
sion of internal RNA segments followed by splic-
ing, the initial 5'-terminal sequence would be
preserved and there would be no need to propose
a new capping mechanism. Still another possi-
bility is that the endoribonuclease is normally
involved in excising a small segment near the 3'
end of vaccinia virus mRNA before polyadeny-
lation. According to this model, if chain termi-
nation is prevented, e.g., with AMP-PNP, sub-
sequent cleavage at the usual site would result
in a major size reduction. Although entirely
speculative, the latter mechanism fits in well
with established information regarding capping
as well as our inability to detect significant
amounts of high-molecular-weight RNA under
optimal conditions of transcription and with UV
data indicating that primary transcripts are
translated in a coupled cell-free system (25).
The lack of a poly(A) tail on the 3' end of

most of the high-molecular-weight RNA may be
secondary to the failure of proper termination or
cleavage. In fact, even after a 45-min incubation,
the RNA still appeared to be slowly increasing
in size (data not shown). AMP-PNP did not
prevent the synthesis by vaccinia virus cores of
4 to 5S poly(A) unattached to mRNA, and prior
initiation with ATP was not required.
The failure of the RNA formed in the presence

ofAMP-PNP to be extruded from the virus core
was consistent with earlier experiments of Kates
and co-workers (7, 28). They noted that extru-
sion of nascent RNA from virus cores is stimu-
lated by ATP but not by adenosine (,8,-y-meth-
ylene)triphosphate or certain other analogs of
ATP.
The present studies indicate that the tran-

scription of DNA by vaccinia virus cores is a
complex process that can be inhibited at specific
steps by AMP-PNP. Analogs of this type also
inhibit transcription by vesicular stomatitis vi-
rus (29) and by cytoplasmic polyhedrosis virus
(Y. Furuichi, personal communication). Further
work is needed to determine how the protein
kinase (9, 10), nucleic acid-dependent ribonu-
cleoside triphosphatases (22, 23), or still-un-
known factors that hydrolyze the y-phosphate
of ATP might be involved in transcription by
vaccinia virus particles.

ACKNOWLEDGMENT

We thank D. Ortt for assistance in the preparation of this
manuscript.

LITERATURE CITED
1. Chamberlin, M. J. 1976. RNA polymerase-an overview,

p. 17-68. In R. Losick and M. Chamberlin (ed.), RNA
polymerase. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

VOL. 27, 1978



408 GERSHOWITZ, BOONE, AND MOSS

2. Fournier, F., D. R. Tovell, M. Esteban, D. H. Metz, L.
A. Ball, and I. M. Kerr. 1973. The translation of
vaccinia virus messenger RNA in animal cell-free sys-
tems. FEBS Lett. 30:268-272.

3. Gold, P., and S. Dales. 1968. Localization of nucleotide
phosphohydrolase within vaccinia virus. Proc. Natl.
Acad. Sci. U.S.A. 60:845-852.

4. Howard, B. H., and B. de Crombrugghe. 1976. ATPase
activity required for termination of transcription by the
Escherichia coli protein factor p. J. Biol. Chem.
251:2520-2524.

5. Jaureguiberry, G., F. Ben-Hamida, F. Chapeville,
and G. Beaud. 1975. Messenger activity of RNA tran-
scribed in vitro by DNA-RNA polymerase associated to
vaccinia virus cores. J. Virol. 15:1467-1474.

6. Joklik, W. K. 1962. The preparation and characteristics
of highly purified radioactively labeled poxvirus.
Biochim. Biophys. Acta 61:290-301.

7. Kates, J., and J. Beeson. 1970. Ribonucleic acid synthe-
sis in vaccinia virus. I. The mechanism of synthesis and
release of RNA in vaccinia cores. J. Mol. Biol. 50:1-18.

8. Kates, J. R., and B. R. McAuslan. 1967. Poxvirus DNA-
dependent RNA -polymerase. Proc. Natl. Acad. Sci.
U.S.A. 58:134-141.

9. Kleiman, J. H., and B. Moss. 1975. Purification of a
protein kinase and two phosphate acceptor proteins
from vaccinia virions. J. Biol. Chem. 250:2420-2429.

10. Kleiman, J. H., and B. Moss. 1975. Characterization of
a protein kinase and two phosphate acceptor proteins
from vaccinia virions. J. Biol. Chem. 250:2430-2437.

11. Lowery-Goldhammer, C., and J. P. Richardson. 1974.
An RNA-dependent nucleoside triphosphate phospho-
hydrolase (ATPase) associated with rho termination
factor. Proc. Natl. Acad. Sci. U.S.A. 71:2003-2007.

12. Martin, S. A., and B. Moss. 1975. Modification of RNA
by mRNA guanylyltransferase and mRNA(guanine-
7-)-methyltransferase from vaccinia virions. J. Biol.
Chem. 250:9330-9335.

13. Martin, S. A., and B. Moss. 1976. mRNA guanylyltrans-
ferase and mRNA (guanine-7-)-methyltransferase from
vaccinia virions. Donor and acceptor substrate specific-
ities. J. Biol. Chem. 251:7313-7321.

14. Moss, B., A. Gershowitz, C.-M. Wei, and R. Boone.
1976. Formation of the guanylylated and methylated 5'-
terminus of vaccinia virus mRNA. Virology 72:341-351.

15. Moss, B., E. N. Rosenblum, and A. Gershowitz. 1975.
Characterization of a polyriboadenylate polymerase
from vaccinia virions. J. Biol. Chem. 250:4722-4729.

16. Munyon, W., E. Paoletti, and J. T. Grace, Jr. 1967.
RNA polymerase activity in purified infectious vaccinia
virus. Proc. Natl. Acad. Sci. U.S.A. 58:2280-2287.

17. Munyon, W., E. Paoletti, J. Ospina, and J. T. Grace,
Jr. 1968. Nucleotide phosphohydrolase in purified vac-
cinia virus. J. Virol. 2:167-172.

18. Nevins, J. R., and W. R. Joklik. 1975. Poly(A) se-
quences of vaccinia virus messenger RNA: nature, mode
of addition and function during translation in vitro and
in vivo. Virology 63:1-14.

19. Paoletti, E. 1977. In vitro synthesis of a high molecular
weight virion-associated RNA by vaccinia. J. Biol.
Chem. 252:866-871.

20. Paoletti, E. 1977. High molecular weight virion-associ-
ated RNA of vaccinia. A possible precursor to 8 to 12S
mRNA. J. Biol. Chem. 252:872-877.

21. Paoletti, E., N. Cooper, and B. Moss. 1974. Regulation
of synthesis of two immunologically distinct nucleic
acid-dependent nucleoside triphosphate phosphohydro-
lases in vaccinia virus-infected HeLa cells. J. Virol.
14:578-586.

21a.Paoletti, E., and B. R. Lipinskas. 1978. Soluble endo-
ribonuclease activity from vaccinia virus: specific
cleavage of virion-associated high-molecular-weight
RNA. J. Virol. 26:822-824.

22. Paoletti, E., and B. Moss. 1972. Protein kinase and
specific phosphate acceptor proteins associated with
vaccinia virus cores. J. Virol. 10:417-424.

23. Paoletti, E., and B. Moss. 1974. Two nucleic acid-de-
pendent nucleotide phosphohydrolases from vaccinia
virus: nucleotide substrate and polynucleotide cofactor
specificities. J. Biol. Chem. 249:3281-3286.

24. Paoletti, E., H. Rosemond-Hornbeak, and B. Moss.
1974. Two nucleic acid-dependent nucleoside triphos-
phate phosphohydrolases from vaccinia virus: purifica-
tion and characterization. J. Biol. Chem. 249:
3273-3280.

25. Pelham, H. R. B. 1977. Use of coupled transcription and
translation to study mRNA production by vaccinia
cores. Nature (London) 269:532-534.

26. Pelham, H. R. B., J. M. M. Sykes, and T. Hunt. 1978.
Characteristics of a coupled cell-free transcription and
translation system directed by vaccinia cores. Eur. J.
Biochem. 82:199-209.

27. Southern, E. M. 1975. Detection of specific sequences
among DNA fragments separated by gel electrophore-
sis. J. Mol. Biol. 98:503-518.

28. Veomett, G. E., and J. R. Kates. 1973. ATP requirement
for extrusion of RNA from vaccinia cores and release of
RNA from nuclei in vitro, p. 127-142. In C. F. Fox and
W. S. Robinson (ed.), ICN-UCLA Symposium on Mo-
lecular Biology. Academic Press Inc., New York.

29. Watanabi, Y., S. Sakuma, and S. Tanaka. 1974. A
possible biological function of the protein kinase asso-
ciated with vaccinia and vesicular stomatitis virions.
FEBS Lett. 41:331-334.

30. Wei, C.-M., and B. Moss. 1974. Methylated nucleotides
block 5'-terminus of vaccinia virus messenger RNA.
Proc. Natl. Acad. Sci. U.S.A. 72:318-322.

31. Wittek, R., A. Menna, D. Schumperli, S. Stoffel, H.
K. Muller, and R. Wyler. 1977. HindIII and Sst I
restriction sites mapped on rabbit poxvirus and vaccinia
virus DNA. J. Virol. 23:669-678.

32. Yount, R. G., D. Babcock, W. Ballantyne, and D.
Ojala. 1971. Adenylyl imidodiphosphate, an adenosine
triphosphate analog containing a P-N-P linkage. Bio-
chemistry 10:2484-2489.

J. VIROL.


