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Triphosphate-Binding Site with Associated Nucleoside
Triphosphate Phosphohydrolase Activity
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Bacteriophage ¢6 contains three segments of double-stranded RNA. The procapsid consists of proteins P1,
P2, P4, and P7, which are encoded by the viral L segment. cDNA copies of this segment have been cloned into
plasmids that direct the production of these proteins, which assemble into polyhedral procapsids. These
procapsids are capable of packaging plus-sense ¢6 RNA in the presence of nucleoside triphosphate and
synthesizing the complementary minus strand to form double-stranded RNA. In this article, we report the
presence of a nucleotide-binding site in protein P4. The viral procapsid and nucleocapsid exhibit a nucleoside
triphosphate phosphohydrolase activity that converts nucleoside triphosphates into nucleoside diphosphates.

Bacteriophage ¢6 infects the plant pathogen Pseudomo-
nas phaseolicola (Pseudomonas syringae pv. phaseolicola)
HBI10Y (24). The viral genome consists of three separate
pieces of double-stranded RNA encapsidated within a poly-
hedral nucleocapsid (19). Virus particles contain one copy of
each genome segment (5). The nucleocapsid has RNA poly-
merase activity and functions as both a replicase and a
transcriptase (11, 18). RNA polymerization proceeds via a
semiconservative mechanism with transcripts released by
strand displacement (6, 23).

The first intermediate detected in the $6 assembly path-
way is a polyhedral procapsid which becomes filled with one
copy each of the three pieces of double-stranded RNA (2, 5,
16, 17). The filled procapsids are then covered with a shell of
protein P8. The resulting nucleocapsid is subsequently en-
veloped within a lipid-protein membrane (14).

Cloned cDNA copies of the genomic L segment direct
the synthesis of proteins P1, P2, P4, and P7, which assemble
in both Escherichia coli and P. phaseolicola into struc-
tures resembling the $6 procapsid. These particles have
both replicase and transcriptase activities (9, 11) and can
package message-sense ¢6 RNA in the presence of ATP or
dATP. They subsequently synthesize the complementary
minus-sense strands if all four ribonucleoside triphosphates
(rNTPs) are present (10).

Analysis of the amino acid sequence of protein P4 reveals
a sequence characteristic of nucleotide-binding sites (25).
The amino acid sequence of P4 from amino acid 111 to 138 is
RWPSEGIYSGVTALMGATGSGKSITLNE; the boldface
residues are those of the nucleotide-binding motif. To con-
firm that this protein has a nucleoside triphosphate (NTP)-
binding capacity, we derivatized it with a radiolabeled
photoaffinity analog of ATP, 8-azido-[a->’P]ATP (8-N,;ATP)
(specific activity, 7.0 Ci/mmol; ICN Radiochemicals). UV
irradiation of this compound converts the azido group into a
reactive nitrene which forms a covalent bond with amino
acids (4). Ten micrograms of nucleocapsid was mixed with
about 150 pmol (6 pM) of 8-N;ATP. The reaction volume
was brought to 25 pl in buffer A (9), and irradiation took
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place in a droplet on Parafilm for 5 to 30 min at a distance of
8 cm from the UV source (model R51 mineral light; Ultra-
violet Products Inc.). After the irradiation was complete, the
reaction mix was diluted with concentrated electrophoresis
running buffer (15). Radiolabeled proteins were visualized by
autoradiography after denaturation and electrophoresis
through a 15.5% polyacrylamide-sodium dodecyl sulfate
(SDS) gel (21). Gels were soaked for 1 hour in 1 M sodium
salicylate before being dried. ¢6 proteins used for standard
molecular size markers were labeled with [*H]leucine (20).
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FIG. 1. The derivatization of ¢6 proteins with the photoaffinity
analog of ATP, 8-N,ATP (8Az ATP). Isolated nucleocapsids (NC)
were mixed with 8-N;ATP with or without unlabeled competitor
ATP. UV irradiation was for 5, 10, or 30 min. The derivatized
proteins were separated by electrophoresis through a 15.5% poly-
acrylamide-SDS gel after denaturation and were visualized by
autoradiography of the dried §el. The leftmost lane contains ¢6
protein standards labeled with *H-labeled leucine.
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FIG. 2. 8-N;ATP-binding competition with unlabeled nucleo-
tides. Isolated nucleocapsids were mixed with 8-N;ATP in the
presence of unlabeled competitor nucleotide. UV irradiation was for
10 min. The derivatized proteins were separated by electrophoresis
through a 15.5% polyacrylamide-SDS gel after denaturation and
were visualized by autoradiography of the dried gel. Reaction
mixtures: lane a, no competing nucleotide; lane b, unlabeled ATP
competitor; lane c, unlabeled CTP competitor; lane d, unlabeled
GTP competitor; lane e, unlabeled UTP competitor; lane f, unla-
beled ADP competitor; lane g, unlabeled AMP competitor. ¢6
protein standards labeled with [°H]leucine are displayed in lanes $6.

In the absence of competing nucleotide, all of the nucleo-
capsid proteins became labeled (Fig. 1). However when
unlabeled ATP was present at 1 mM, the reaction of the
photoaffinity analog with protein P4 was substantially re-
duced (Fig. 1).

This competition also occurred in the presence of 1 mM
concentrations of each of the three other NTPs or ADP.
However, AMP did not prevent the binding of the affinity
analog to P4 (Fig. 2). The inhibition of labeling by CTP
appears weaker than the inhibition by the other NTPs in Fig.
2, but in repeated experiments the difference was not appar-
ent. dATP was an effective competitor of 8-N;ATP binding
to P4 (data not shown). This inhibition of covalent binding of
the photoaffinity analog to protein P4 by all four NTPs and
dATP suggests that the NTPs all bind to the same site.

The procapsid structure produced in E. coli from the
cDNA copy of segment L is identical to that produced by ¢6
virus infection (9). This structure is simpler than the nucle-
ocapsid in that it lacks RNA and protein P8. We have found
that the packaging by the procapsid of plus-sense RNA
occurs in the presence of ATP or dATP (10). We therefore
examined the binding of 8-N;ATP to this structure. Plasmid
pLM378 carries large (L)-segment cDNA under control of
the tac promoter. It encodes the four proteins that constitute
the procapsid, P1, P2, P4, and P7 (9). Plasmid pL.M406
carries L-segment cDNA with a deletion so that it encodes
only proteins P1 and P4. It was constructed from pLM369 by
producing an Sphl deletion from within the L-segment
sequence to the EcoRI site of the vector pUC8 multiple-
cloning site sequence (9). E. coli IM109 [A(lac-proAB) thi
relAl N~ recA gyrA96 endA supE44 hsdR17 (F' traD36
proAB lacI"ZAM15)] carrying these plasmids was induced
with 1 mM IPTG (isopropyl-B-D-thiogalactopyranoside), and
cell lysates were centrifuged on sucrose gradients. The
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FIG. 3. E. coli JM109 cultures containing either plasmid pLM378
or pLM406 were induced with IPTG. Cell lysates were centrifuged
in sucrose gradients. Twenty-microliter aliquots of the gradient
fractions which contained the procapsid particle peaks were used in
the 8-N,ATP photoaffinity assay. Each fraction was assayed in the
presence or absence of unlabeled competing ATP. Derivatized
proteins from each fraction were separated by electrophoresis
through a 15.5% polyacrylamide-SDS gel after denaturation and
were visualized by autoradiography of the dried gel. (A) Sucrose
gradient fractions of lysates containing the complete particle pro-
duced by pLM378. Fraction numbers are shown below the gel. The
reaction mixture in lane nC + ATP contains $6 nucleocapsid with
unlabeled competing ATP. [*H]leucine-labeled ¢6 protein standards
are in lane ¢6. (B) Sucrose gradient fractions of lysates containing
particles composed of proteins P1 and P4, produced by pLM406.

gradient fractions which contained the structure were iden-
tified on SDS-polyacrylamide gels (9). Twenty-microliter
aliquots of the sucrose gradient fractions containing the
particle peaks were used in the photoaffinity labeling assay
(Fig. 3A). It can be seen in this figure (fractions 9 to 13) that
the presence of unlabeled competing ATP prevents 8-N;ATP
binding to protein P4 in the peak fractions. The P4 bands are
clearly derivatized when no unlabeled ATP is present in the
photoaffinity assay (Fig. 3A, fractions 9 to 13). The peak
fractions of the partial particle encoded by pL.M406 were
photoaffinity labeled also, showing that covalent binding to
P4 is specifically blocked in the presence of 1 mM ATP (Fig.
3B).
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The nucleocapsid structure was found to contain an NTP
phosphohydrolase activity that acts upon all four rNTPs.
Reaction mixes consisted of about 1 ug of isolated nucleo-
capsid, 4 mM unlabeled NTP, 55 mM Tris-HCl (pH 7.5), 0.25
mM MgCl,, and 1 mM sodium azide in a volume of 20 pl.
The mixes were incubated for 1 h at 25°C, and then 3-pl
samples of reaction mix was spotted onto precoated plates
(PEI-cellulose F; 20 by 20 cm; E.M. Science) for thin-layer
chromatography (TLC). Control reactions were run without
nucleocapsid. Nucleoside diphosphate (NDP) controls were
spotted onto the TLC plates at the time of development. The
TLC plates were developed in a mixture of N HCOOH and
0.25 M LiCl. Hydrolysis of all four nucleotides to their
corresponding diphosphates was measured by UV A4,5,. The
phosphohydrolase activity was found to be 4 umol of P;
released per min per mg of P4 in nucleocapsids. This rate is
about the same as that found for reovirus (3). The NTPase
activity is seen in empty procapsids and is not stimulated by
$6 RNA (data not shown).

NTPase activity has been found in other segmented RNA
viruses such as reovirus (3, 13). Vesicular stomatitis virus
(22) and viruslike particles of yeasts (8) possess a phospho-
transferase activity in addition to the NTPase activity.
Presumably, these systems allow utilization of available
NDPs (by NTP regeneration) for transcription and replica-
tion during the host cell stationary phase, when some NTP
levels might be low. The ¢6 RNA polymerase is not able to
use NDPs as precursors for RNA synthesis in the presence
of ATP.

The single-stranded RNA packaging mechanism of this
bacteriophage is dependent on NTP hydrolysis (10). Analogs
with nonhydrolyzable y phosphate do not support packaging
(10). It seems likely that the NTP-binding activity of P4 is
related to the phosphohydrolase activity and that these
activities are correlated with the requirement of NTP hydrol-
ysis for packaging. The terminase function of bacteriophage
lambda has an ATPase activity dependent on binding to
DNA which presumably functions during nucleic acid pack-
aging (7). Many double-stranded DNA bacteriophages use
ATP hydrolysis for the packaging of DNA (12). The com-
plexing of protein C in bacteriophage $X174 to the phage
DNA replication complex and procapsid structure is also
dependent on ATP or dATP binding (1).

In addition to its role in RNA packaging, the NTPase
activity could also be involved in the assembly of the
procapsid itself. Particles that are missing P4 are poorly
formed and are unstable (9). Preliminary experiments done
in our laboratory indicate that defective P4 results in defec-
tive procapsid assembly. It is not clear whether this is due to
defects in the NTPase activity, but mutations in the NTP-
binding motif lead to assembly defects.

This work was supported by Public Health Service grant GM-
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