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Bacteriophage &6 has a segmented double-stranded RNA genome. The genomic single-stranded RNA (ssRNA)
precursors are packaged into a preformed protein capsid, the polymerase complex, composed of viral proteins
P1, P2, P4, and P7. Packaging of the genomic precursors is an energy-dependent process requiring nucleoside
triphosphates. Protein P4, a nonspecific nucleoside triphosphatase, has previously been suggested to be the prime
candidate for the viral packaging engine, based on its location at the vertices of the viral capsid and its bio-
chemical characteristics. In this study we were able to obtain stable polymerase complex particles that are com-
pletely devoid of P4. Such particles were not able to package ssSRNA segments and did not display RNA polymerase
(either minus- or plus-strand synthesis) activity. Surprisingly, a mutation in P4, S250Q, which reduced the
level of P4 in the particles to about 10% of the wild-type level, did not affect RNA packaging activity or change
the kinetics of packaging. Moreover, such particles displayed minus-strand synthesis activity. However, no
plus-strand synthesis was observed, suggesting that P4 has a role in the plus-strand synthesis reaction also.

The assembly of functional virus particles requires specific
recognition of the viral genome and its subsequent packaging
into the capsid. Two different packaging principles have been
described. The viral genome can be encapsidated by concom-
itant assembly of the capsid and condensation of the genome.
A classic example of this mechanism is the packaging of the
single-stranded RNA (ssRNA) genome of tobacco mosaic vi-
rus into a helical capsid (2). The other alternative is packaging
of the viral genome into a preformed capsid. Double-stranded
DNA (dsDNA) bacteriophages provide the best-studied exam-
ples of this packaging mechanism. In this system the dsDNA
genome is translocated into the capsid through a special portal
vertex (for a review, see reference 34). Since the packaging of
the dsDNA genome into a capsid is energetically unfavorable,
this process is driven by a virus-specific ATPase (reviewed in
reference 1).

Packaging of the three genomic segments of the dsRNA
bacteriophage ¢6 follows the mechanism of the dsDNA bac-
teriophages: the viral genome is packaged into a preformed
capsid in an energy-dependent manner. The plus-sense ssSRNA
genomic precursors corresponding to the three genomic
dsRNA segments are encapsidated in a reaction requiring any
of the ribo-, deoxyribo-, or dideoxyribonucleoside triphos-
phates (rNTPs, dNTPs, or ddNTPs, respectively) (6). The ge-
nome of ¢6 is enclosed in an icosahedral particle composed of
four protein species, P1, P2, P4, and P7, which constitute the
inner viral particle (core) but also provide all the enzymatic
activities required for the viral RNA metabolism. Protein P1
forms the structural framework (17, 23), P2 is the RNA-de-
pendent RNA polymerase subunit (19), P4 is a nonspecific
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NTPase (11, 27), and P7 is a packaging factor (14, 15). In
mature virus particles two additional layers surround the poly-
merase complex particles: a shell composed of protein P8 sur-
rounds the core, and a lipid-protein envelope forms the out-
ermost layer of the virion.

The genomic RNA segments of ¢6 are designated S, M, and
L according to their sizes (2,948, 4,063, and 6,374 bp, respec-
tively) (9, 20, 21). The proteins of the polymerase complex are
encoded by the 1 segment (21). Expression of these proteins
from a cDNA copy of the | segment in Escherichia coli leads to
assembly of empty polymerase complex particles, designated
procapsids (10). Such particles are capable of packaging the
plus strands, synthesizing the minus strands inside the particle,
and actively producing plus strands under in vitro conditions
(12).

Protein P4 is a nonspecific NTPase hydrolyzing rNTPs,
dNTPs, and ddNTPs. Thus, the substrate specificity of P4 re-
sembles the NTP requirements of the RNA packaging reaction
(27). Purified protein P4 forms homohexamers in the presence
of divalent cations and ATP or ADP (16). The enzymatic
activity is associated only with the multimeric form of the
protein. It is enhanced by calcium and zinc ions as well as
ssRNA but is down-regulated by magnesium ions (16, 27).
Protein P4 can be assembled onto preformed incomplete poly-
merase complex particles, which lack this protein. The assem-
bly is dependent on the 13 C-terminal amino acids of P4.
However, these amino acids are not involved in formation of
the multimers and are not required for the enzymatic activity
of the protein (26). P4 hexamers are located at the fivefold
symmetry positions on the polymerase complex. There is a
symmetry mismatch between the location (fivefold) and the
multimericity (hexamer) of protein P4 (3). Besides the poly-
merase, the P4 NTPase is the only NTPase activity detected in
the polymerase particle. In this study we used P4 null mutant

10122



VoL. 76, 2002 PACKAGING NTPase OF BACTERIOPHAGE ¢6 10123
TABLE 1. Plasmids used in this study
Plasmid Host Particle produced Relevant properties” Reference

pLMo656 IM109 Contains an exact copy of the m segment; plus-strand production with T7 25
RNA polymerase

pLM659 IM109 Contains an exact copy of the s segment; plus-strand production with T7 7
RNA polymerase

pLM682 IM109 Contains a copy of the | segment, whose second nucleotide has been 7
changed from U to G; plus-strand production with T7 RNA polymerase

pLM687 IM109 Procapsid Contains an exact copy of the | segment; plus-strand production with T7 22
RNA polymerase; produces complete polymerase complex particles (pro-
teins 1, 2, 4, and 7)

pLM1224 JM109 S250Q Produces P1, P2, P4, and P7 particles with reduced P4 amounts 26
(proteins 1, 2, 4%, and 7)

pLM1773 JM109 Contains a copy of the s segment with a deletion in the packaging signal; 32
plus-strand production with T7 RNA polymerase

pAP6 HMS174(DE3) P4 null Produces P1, P2, and P7 particles (proteins 1, 2, and 7) 26

@, §250Q mutation in P4.

particles to show that RNA packaging is dependent on the
presence of P4 on the procapsid. We also analyzed particles
that contain significantly reduced amounts of P4. These anal-
yses indicate that P4 also has a role in plus-strand synthesis and
affects the packaging order of the genomic segments.

MATERIALS AND METHODS

Plasmids and bacterial strains. The plasmids and host strains used in this
study are listed in Table 1. Plasmid pLM687 was used to produce complete
polymerase complex particles (procapsids). Particles lacking the P4 NTPase were
produced by using plasmid pAP6, which encodes proteins P1, P2, and P7 (26).
The mutant particles (S250Q particles) produced by using plasmid pLM1224
contain about 10% of the normal amount of P4 (see Fig. 1). The P4 in these
particles has serine 250 changed to glutamine (26).

Preparation of particles. Complete and incomplete procapsid particles were
produced and purified basically as previously described (6, 14). E. coli IM109 or
HMS174 cells containing the appropriate expression plasmid(s) were grown
overnight in Luria-Bertani medium at 28 or 37°C, diluted in 200 to 300 ml of the
same medium to obtain a cell density of 1 X 10%/ml, and further incubated under
aeration until the cell density reached 4 X 10%/ml. Subsequently, isopropyl-B-p-
thiogalactopyranoside (IPTG) was added to a final concentration of 1 or 2 mM,
and incubation was continued overnight at 18°C. Cells were collected by centrif-
ugation, washed once with 20 mM Tris (pH 8.0)-150 mM NaCl, resuspended in
approximately 2 to 3 ml of the same buffer, and either stored at —80°C or used
immediately for particle purification. For particle purification, cells were lysed by
being passed twice through a cold (4°C) French pressure cell at 20,000 Ib/in?. The
lysate was extracted with 5% Triton X-114 (6), and the particles in the resulting
aqueous phase were sedimented through a sucrose gradient (Sorvall TH641
rotor) (1 h, 50 min, at 10°C and 27,000 rpm or 1 h at 15°C and 35,000 rpm; 5 to
20% sucrose, 20 mM Tris [pH 8.0], 150 mM NaCl). The light-scattering particle
zone was collected. The protein composition of the particle preparation was
analyzed by sodium dodecyl sulfate-16% polyacrylamide gel electrophoresis
(SDS-16% PAGE) (24). Detergent-treated particles were obtained by adding
n-octyl-B-p-glucopyranoside (OG) (Sigma) to a final concentration of 1.5% to a
fresh procapsid preparation, followed by sedimentation through a sucrose gra-
dient (Sorvall TH641 rotor) (1 h at 15°C and 35,000 rpm; 10 to 25% sucrose, 20
mM Tris [pH 8.0], 150 mM NaCl). The light-scattering particle zone was col-
lected.

In vitro synthesis of synthetic plus-sense ssRNAs. Unlabeled and 3?P-labeled
ssSRNA segments were produced in vitro with T7 RNA polymerase by using
plasmids pLM659, pLM656, pLM682, pLM687, and pLM1773 (see Table 1) as
templates and were purified as described previously (6).

RNA packaging reactions. Unless otherwise indicated, previously published
&6 RNA packaging reaction conditions were used in all packaging experiments,
namely, 50 mM Tris (pH 8.9), 80 mM ammonium acetate (NH,Ac), 5 mM
MgCl,, 2 mM dithiothreitol (DTT), 0.1 mM EDTA, 6% polyethylene glycol
4000, 1 mM ATP, 1 U of rRNasin (Promega)/p.l, 0.5 to 1.1 pg of each 3*P-labeled
ssRNA segment in equimolar amounts (6), and freshly prepared procapsid prep-
arations. Packaging reaction mixtures (25 wl) were incubated at 30°C for 30 to 90

min. Unpackaged RNA molecules were subsequently hydrolyzed by addition of
10 U of RNase ONE (Promega) (30 min at 30°C). RNase treatment was stopped
by addition of 3 volumes of stop buffer, giving final concentrations of 1% SDS,
10 mM EDTA, and 20 pg of yeast tRNA. Samples were extracted with phenol,
precipitated with ethanol, and analyzed in ethidium bromide (EtBr)-containing
1% agarose gels (28). The gels were dried, analyzed by autoradiography, and
quantitated with a phosphorimager (Fuji BAS1500).

Minus- and plus-strand synthesis. Minus-strand synthesis reaction conditions
were as previously described (35), namely, 50 mM Tris (pH 8.9), 3 mM MgCl,,
120 mM NH,Ac, 6% polyethylene glycol 4000, 2 mM DTT, 0.1 mM EDTA, 1 U
of rRNasin/ul, 0.2 mM (each) ATP, GTP, CTP, and UTP, and 5 pnCi of
[a-*?P]JUTP (Amersham catalog number PB10203). Similar conditions were used
for plus-strand synthesis reactions, except that the concentrations of MgCl, and
NH,Ac were 5 and 80 mM, respectively, and 1 mM (each) GTP and ATP were
used to activate transcription (35). All polymerase reaction mixtures contained
approximately 0.5 to 1 pg of complete or incomplete polymerase complex par-
ticles and 0.5 to 1.1 pg of each of the ssSRNA segments in equimolar amounts in
a 25-pl reaction volume. After 90 min of incubation at 30°C, RNA was extracted
from the reaction products as previously described (8) and analyzed as for
packaging reactions. Strand separation was achieved by electrophoresis as de-
scribed elsewhere (28).

Sedimentation assay. For the sedimentation assay, freshly prepared S250Q
particles were concentrated by a Beckman airfuge (A-95 rotor; 15 min at 178,000
X g) to 2 mg/ml. Two 500-pl reactions were set up under modified plus-strand
synthesis conditions: the NTP concentration was increased (280 wM [each] CTP
and UPT, 1.4 mM [each] ATP and GTP), no radioactive label was added, and the
particle concentration was increased to 3 pg per 25-ul reaction volume. For one
reaction 4.5 pg of ssSRNA segments per 25-pl reaction volume was added, and no
RNA was added to the control reaction mixture. After 90 min of incubation at
30°C, unpackaged and unprotected ss- and dsRNAs were hydrolyzed by addition
of 80 U of RNase ONE and 4 U of dsRNA-specific cobra venom nuclease V1
(Pharmacia), and incubation was continued for 30 min. Both samples were
sedimented through a sucrose gradient (Sorvall TH641 rotor; 45 min at 15°C and
35,000 rpm; 5 to 20% sucrose, 20 mM Tris [pH 8.0], 150 mM NaCl, 2 mM ADP,
1 mM DTT). Samples were fractionated by use of a BioComp Gradient frac-
tionator and were precipitated with acetone. The RNA content of each fraction
was analyzed on a 1% agarose gel, and protein composition was analyzed by
SDS-16% PAGE.

RESULTS

In earlier studies the purification of stable viral polymerase
complex particles that either have a reduced amount of P4
NTPase or are completely devoid of this protein was described
(26). Such particles provide a way to investigate the role of P4
in the RNA packaging process. Figure 1 shows the protein
composition of the purified particles. P4-null particles contain
no P4 (Fig. 1, lane 3), and S250Q particles contain a reduced
amount of P4, about 10% of the wild-type (wt) level (compare
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FIG. 1. SDS-PAGE gel stained with Coomassie blue showing the
protein composition of purified procapsid, P4-null, S250Q, and OG-
treated procapsid particles. The $6 polymerase complex proteins are
indicated on the left. Rightmost lane shows 1:10-diluted ¢6 virus to
demonstrate the amount of P4 in the S250Q and detergent-treated
particle preparations.

lanes 4 and 6). Additionally, we observed that detergent treat-
ment of the wt procapsids (with OG) yields polymerase com-
plexes that resemble S250Q particles in that they also have
only ~10% of the P4 present (Fig. 1, lane 5).

Reduced levels of P4 NTPase support packaging. The pack-
aging activity of each freshly prepared polymerase complex
particle shown in Fig. 1 was determined by packaging each of
the three ssSRNA segments independently (Fig. 2). Addition-
ally, we investigated the packaging activity of S250Q particles
that had been frozen and thawed (S250Q%*) (Fig. 2). Normal
procapsids packaged efficiently, while the activity of P4-null
particles was at the background level. S250Q particles were
very efficient at packaging, displaying activity almost twice as
high as that of normal procapsids. The packaging efficiency of
OG-treated particles was about 50% of that of normal parti-
cles. Both procapsid and S250Q particles packaged the s seg-
ment most efficiently, followed by the m and | segments. Freez-
ing and thawing of the S250Q particles enhanced packaging of
the m segment, with a packaging efficiency order of m >s > 1,
as was also the case with OG-treated particles. The specificity
of the packaging reaction was determined by using an s seg-
ment (As) in which deletion of nucleotides 11 to 43 had de-
stroyed the packaging signal (32). Use of the As segment with
procapsid, OG-treated, and S250Q particles resulted in only
background levels of packaging activity, indicating an identical
packaging specificity among these particles.

The kinetics of the packaging reaction was determined by
following the time course of packaging of genomic sSRNA
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FIG. 2. Relative molar RNA packaging efficiencies of procapsid,
$250Q, OG-treated, and P4-null particles. Individual packaging of the
s, m, and | segments is analyzed as indicated in the figure. Packaging of
the 1 segment was enhanced by addition of a nonradioactive m segment
to the reaction mixtures (6). The negative control, As, is a derivative of
the s segment containing a deletion that destroys the packaging signal
and abolishes packaging activity. Results were normalized first to the
amount of protein P1 in each reaction and then against the level of
s-segment packaging with procapsids, which was set to 1. S250Q%,
frozen and thawed S250Q particles. For better comparison of the
packaging efficiencies of the OG-treated particles, a 5X multiplied
version is also included.

segments (Fig. 3). Again, P4-null particles showed no packag-
ing activity. Qualitatively, wt and S250Q particles behaved sim-
ilarly, showing a packaging order of m>s>1. However, the total
amounts of RNA packaged by S250Q particles were about
three times higher than those packaged by wt particles. Freez-
ing and thawing of the S250Q particles led to reduced pack-
aging of the s segment. This is not due to an inability of the
particles to package s, as seen in Fig. 2; rather, the m segment
competed with the s segment. If the reaction was started by
adding only the s segment, and the other segments were added
later, the s segment was packaged normally (data not shown).
Again, the behavior of the OG-treated particles resembled that
of frozen S250Q particles in that the m segment was favored.
These analyses show that while the presence of P4 is necessary
for packaging activity, its stoichiometric amount is not crucial
(see below).

Particles with reduced amounts of P4 synthesize minus
strands but not plus strands. Minus- and plus-strand synthesis
activities of the particles were analyzed by incubating all three
segments simultaneously in a combined RNA packaging and
synthesis reaction (Fig. 4). In such reactions the polymerase
activity is dependent on a prior packaging of the 1 segment (8).
P4-null particles did not synthesize minus strands at all, al-
though they contained the RNA polymerase protein P2. Mi-
nus-strand synthesis by freshly prepared S250Q particles was
similar to that by the procapsid, since the three complementary
strands were synthesized effectively. Similar results were also
obtained with frozen and thawed procapsids (data not shown).
Frozen and thawed S250Q particles and OG-treated particles
showed reduced minus-strand synthesis of the s segment.
These results are in agreement with the packaging results (see
Fig. 3).
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FIG. 3. Time course of s, m, and | RNA packaging of procapsid
(A), P4-null (B), S250Q (C), frozen and thawed S250Q (S250Q*) (D),
and detergent-treated (E) particles. Insets in every panel show the
appearance of individual ssRNA segments during the course of pack-
aging. Plots show, at different time points, the total amounts of radio-
activity in the RNA bands, expressed in arbitrary units. Note the
different scaling in panels C, D, and E.
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FIG. 4. Qualitative RNA polymerase activities of procapsid, P4-
null, S250Q, and detergent-treated particles under minus-strand (A)
and plus-strand (B) synthesis conditions (particle amount is not ad-
justed). An asterisk indicates that frozen and thawed particles were
used. Positions of double-stranded (capital letters) and single-stranded
(lowercase letters) segments are indicated. The wild-type segment L is
not transcribed under the conditions used (see reference 8).

Under reaction conditions containing elevated levels of pu-
rine nucleotides, the particles switched to the plus-strand syn-
thesis mode after finishing minus-strand synthesis (35). La-
beled ssRNA segments, indicative of plus-strand synthesis,
were seen with the wt procapsid (Fig. 4, lane 6). Interestingly,
no labeled ssSRNA molecules were detected with particles con-
taining reduced amounts of P4 (Fig. 4, lanes 8 to 10), suggest-
ing a deficiency in the switch to the plus-strand synthesis mode.
However, because of the semiconservative nature of ¢6 repli-
cation, the first round of plus-strand synthesis (where tran-
scripts are not labeled) is not detected in conventional EtBr-
containing agarose gels, which only separate dsRNA and
ssSRNA segments from each other. The complete lack of tran-
scription was confirmed by using EtBr-free strand separation
gels and a modified I segment (8) with enhanced transcription
efficiency (data not shown).

Mutant P4 is distributed evenly among S250Q particles.
The data described above provided a surprising result, indicat-
ing that S250Q particles containing only ~10% of P4 are
virtually identical in packaging and minus-strand synthesis ac-
tivities to the wt procapsid. A possible explanation could be the
heterogeneity of the particle preparation, i.e., 10% of the par-
ticles contain a full complement of P4 while 90% of the par-
ticles totally lack this protein. To address this question, we
incubated S250Q particles under plus-strand synthesis reaction
conditions with and without RNA addition and analyzed the
reactions in sucrose gradients (Fig. 5). In the control reaction
without RNA addition, most of the S250Q particles were in
fractions 4 and 5. In the reaction containing RNA, S250Q
particles were shifted down in the gradient, to fractions that
also contained dsRNA (fractions 4 to 9), showing that the
majority of the particles in the reaction packaged RNA effi-
ciently and continued with minus-strand synthesis. Careful
analysis of the P4 content in the fractions revealed that there
was no enrichment in the amount of P4 in any of the fractions
regardless of whether dsSRNA was present or not.
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FIG. 5. Sedimentation assay of S250Q particles. A combined pack-
aging and minus-strand synthesis reaction with particles containing
reduced amounts of P4 (S250Q) was analyzed by sedimentation
through a linear 5-to-20% sucrose gradient. (A) One percent agarose
gel showing the RNase-protected dsRNA content in the fractions
(from top to bottom) and pellet. RNA segments are indicated at the
right. (B) SDS-16% PAGE gel showing protein distribution in the
same fractions. Procapsid proteins are indicated at the right. (C) SDS-
16% PAGE gel from a similarly treated reaction but without RNA
addition. Top fractions also contain RNase inhibitor and RNase added
to the reactions. Lanes PC (procapsid) and S250Q, particle markers.

DISCUSSION

Protein P4 is the only NTPase detected in the ¢6 procapsid.
This observation and the similar requirements for packaging
and NTPase activities has led to the proposal that P4 is re-
sponsible for generating the energy for translocation of the
genomic ssRNA precursors into the procapsid. Success in pro-
duction of stable P4-deficient particles (26) provided an op-
portunity to directly examine the role of P4 in the ¢6 life cycle.
Here we demonstrate that P4 is essential for the packaging of
the genomic precursors of ¢6. Particles devoid of P4 showed
no detectable packaging activity. In contrast, particles contain-
ing reduced amounts (1/10) of P4 (either mutant or wt) pack-
aged the ssRNA segments and replicated them to a double-
stranded form but were not able to carry out the plus-strand
synthesis reaction.

Hexameric P4 has been observed at all or most of the 12
fivefold positions on the particle surface (3). Since the mutant
particle preparation seems to be homogeneous (Fig. 5), the
amount of P4 observed suggests that only about 1 fivefold
position per particle is occupied by a P4 hexamer (1/12 ~
8.3%). Quite surprisingly, such particles have a higher pack-
aging efficiency than the procapsids (Fig. 2 and 3). Further-
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more, they display normal minus-strand synthesis activity (Fig.
4). These observations have several consequences. Obviously, a
single vertex is capable of selecting all three segments and
translocating them in to the particle in an ordered fashion with
approximately the same kinetics as the normal procapsid (Fig.
3). Earlier studies, however, have suggested that more than
one vertex could function in packaging (31). Currently we do
not have a model explaining both of these results.

We also observe that P4 occupies two chemically distinct
positions. The majority of P4 is sensitive to removal with OG,
and a minority is resistant. S250Q particles seem to contain P4
in amounts equivalent to the amount of OG-resistant P4. Our
preliminary results suggest that these P4 hexamers are also
resistant to OG. Procapsid assembly initiation is dependent on
the presence of hexameric P4 (29). It is conceivable that the P4
hexamer in the initiation complex is associated with the capsid
differently from the other 11 hexamers, explaining the two
chemically different positions of P4.

The reduced amount of P4 had no influence on minus-strand
synthesis but completely abolished plus-strand synthesis activ-
ity. Based on its stoichiometry (~12 per particle) and data
from other, similar virus systems, it is thought that the RNA
polymerase subunit (P2) is also located at every fivefold posi-
tion (3). Therefore, it is conceivable that both P4 and P2 could
bind the entering ssRNA molecules, thus leading to efficient
minus-strand synthesis after packaging. The subsequent plus-
strand synthesis reaction requires the opening of the dsRNA
molecule and the exit of the newly synthesized ssRNA mole-
cule through an exit pore, which is most probably located at the
particle vertices. We envisage that the P4 hexamers are active
in both ssSRNA entry and exit and that the transcripts may exit
through the same portal where the synthesizing RNA polymer-
ase is located. S250Q mutant and detergent-treated particles
each have only a single P4-containing vertex, suggesting that
this single vertex is not active in plus-strand synthesis.

The amount of P4 in the particles also had an effect on the
packaging order of the segments. Frozen and thawed S250Q
particles, as well as fresh detergent-treated procapsids, favored
packaging of the m segment over that of the s segment. These
particles seem to be in the “m-segment packaging mode” pro-
posed by Qiao et al. (32). Loss of most of the P4 from the
particle, together with freezing or detergent treatment, could
change the conformation of the particle to favor m-segment or
even l-segment packaging, as seen with OG-treated particles
(see Fig. 2 to 4). It has been observed previously that treatment
of in vivo-derived procapsids with Sarkosyl removed about
90% of protein P4 (5), making the particles equivalent to
$250Q and OG-treated particles. P4 removal had no significant
effect on minus-strand synthesis, but it also completely abol-
ished plus-strand synthesis (5). These results are in agreement
with the in vitro results obtained here by using recombinant
particles.

The picture emerging from our present work and previous
studies describing symmetry mismatch between the hexameric
P4 and its fivefold location is reminiscent of the portal com-
plexes of dsDNA phages that assist both the packaging and the
exit of nucleic acid. The most distinct difference in the ¢6
system is the occupancy of this portal at every fivefold position.
However, it was shown here that only one vertex is sufficient
for packaging. In the cores of Reoviridae, the enzymatically
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active non-shell-forming proteins have been localized at the
fivefold position (13, 30, 33). The same fivefold position is also
used for exit of the ssSRNA transcripts (4, 13, 18). Therefore, in
all these complex dsRNA viruses, the molecular engines re-
sponsible for RNA synthesis and translocation seem to occupy
a similar position.
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