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The genomes of bacteriophage �6 and its relatives are packaged through a mechanism that involves the
recognition and translocation of the three different plus-strand transcripts of the segmented double-stranded-
RNA genomes into preformed polyhedral structures called procapsids or inner cores. The packaging requires
the hydrolysis of nucleoside triphosphates and takes place in the order segment S-segment M, segment L. Pack-
aging is dependent upon unique sequences of about 200 nucleotides near the 5� ends of plus-strand transcripts
of the three genomic segments. It appears that P1 is the determinant of the RNA binding sites. Directed mu-
tation of P1 was used to locate regions that are important for genomic packaging. Specific binding of RNA to
the exterior of the procapsid was dependent upon ATP, and a region that showed a high level of cross-linking
to phage-specific RNA was located. Antibodies to peptide sequences were prepared, and their abilities to bind
to the exterior of procapsids were determined. Sites sensitive to trypsin and to factor Xa were determined as
well.

The genomes of bacteriophage �6 and its relatives are pack-
aged through a mechanism that involves the recognition and
translocation of the three different plus-strand transcripts of
the segmented double-stranded-RNA (dsRNA) genomes into
preformed polyhedral structures called procapsids or inner cores.
The packaging requires the hydrolysis of nucleoside triphos-
phates and takes place in the order segment S-segment M-seg-
ment L (10) (Fig. 1). Minus-strand synthesis begins after the
completion of plus-strand packaging (3). The packaging and
replication reactions can be studied in vitro with purified com-
ponents. The packaging of plus strands is dependent upon a
region called the pac sequence and located near the 5� ends of
the molecules. This region contains approximately 200 nucleo-
tides and has an extensive secondary structure (4). There is
little or no similarity among the pac sequences of the three ge-
nomic segments. There is an 18-base consensus sequence at the
very 5� end of the plus strands, but part of this is expendable, with-
out prejudice for packaging, and the consensus sequence is in-
volved primarily in the determination of plus-strand transcription.

In this study, we prepared mutations in the 769-amino-acid-
containing major structural protein of procapsid P1. Procap-
sids formed by the mutant proteins were tested for competence
in genomic packaging. Plasmids containing cDNA copies of
the entire genomic segment L were used to prepare live phage
so as to test the ability of the mutated proteins to function in
the viral infection pathway and to isolate suppressor mutants,
if possible. The results of this study were compared with those
of previous studies in which the pac regions of genomic seg-
ments S and M were mutated and suppressor mutations were
found in protein P1.

In order to determine the parts of P1 that are accessible to
the exterior, we treated procapsids with trypsin and factor Xa
and located sites in intact particles that were particularly sen-

sitive. Antibodies prepared against peptides of P1 were tested
for their abilities to bind to procapsids.

RNA binding to the exterior of procapsids had been dem-
onstrated earlier (8). We found that the binding had the same
specificity as the packaging reactions (19). In the present study,
we reexamined direct binding to procapsids and found that
ATP is necessary for specific binding and that cross-linking of
bound RNA is localized to a small region of P1.

MATERIALS AND METHODS

Bacterial strains and plasmids. Pseudomonas syringae strain HB10Y was the
host for �6 (23). Escherichia coli strain JM109 [recA1 endA1 gyrA96 thi hsdR17
supE44 relA1 �� �(lac-proAB)] (F� traD36 proAB lacIq�M15) (25) was used for
the propagation of all plasmids and for the production of procapsids. Epicurian
Super Competent cells of E. coli were used for transformation after directed
mutagenesis. Plasmids pLM659, pLM656, and pLM687 contain cDNA copies of
genomic segments S, M, and L, respectively, in vector pT7T319U (14). Plasmid
pLM1157 contains a cDNA copy of segment L with a deletion of the XhoI
fragment from positions 545 to 5366. Its transcript is about 1.5 kb and is pack-
aged more efficiently than the normal L segment in vitro. Other plasmids used
are listed in Table 1.

Directed mutagenesis. Oligonucleotides of about 30 bases (see Table 6) were
prepared by MWG Biotech and used in the Quick Change procedure (Strat-
agene, La Jolla, Calif.), which involves PCR on a plasmid template and subse-
quent treatment with DpnI to eliminate the template DNA. The template was
usually plasmid pLM1009, which is vector pT7T319U carrying a cDNA copy of
�6 gene 1. Mutated gene 1 was then inserted into pLM1403, a plasmid contain-
ing a cDNA copy of the entire genomic segment L. The resulting plasmid could
then be used for the production of procapsids or for the preparation of live phage
containing mutated gene 1. The latter was accomplished by electroporating the
plasmid into cells of HB10Y and then infecting them with �1980, a derivative of
�6 that is missing genes 7, 2, and 4 (16). The virus is able to acquire the plasmid
transcript as a replacement for deleted segment L.

Preparation of procapsids. Procapsids were isolated from E. coli JM109. They
were purified by sucrose gradient centrifugation from French press lysates pro-
duced at 7,000 lb/in2 as described by Gottlieb et al. (5). Purified procapsids were
divided into aliquots and frozen at �70°C. Aliquots were thawed immediately
prior to use.

In vitro synthesis of radioactive plus-sense transcripts by T7 RNA polymerase.
Plasmids derived from cDNA copies of genomic segments in pT7T319U were cut
with restriction endonuclease XbaI. The resulting 5� overhang was removed with
mung bean nuclease before transcription with T7 RNA polymerase (14). This
procedure generated 3� ends of the transcripts identical to that of the �6 virus-
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produced mRNA. The polymerase reaction mixture contained 2 mM each of
UTP, ATP, GTP, and CTP and 400 �Ci of �-32P-labeled UTP per ml. The RNA
was purified by phenol extraction prior to filtration through G-50 Sephadex spin
columns (Boehringer Mannheim).

RNA polymerase reaction conditions. Conditions for minus-strand synthesis
were similar to those reported previously (6), except that the pH of the reaction
buffer was 8.9 (3). Equimolar amounts of each segment were used, and the total
RNA concentration in a 12.5-�l reaction volume was about 120 �g/ml. The
reaction was stopped by adding 3	 sample buffer (22) and EDTA to final
concentrations of 10 mM. The reaction products were analyzed with 1 �g of
carrier RNA on 1% agarose gels containing 0.1% sodium dodecyl sulfate in 0.5	
Tris-borate-EDTA buffer; the samples were subsequently dried, and the 32P-la-
beled RNA was visualized after autoradiography with a Cronex enhancing screen.

Packaging reaction conditions. Frozen purified procapsid preparations were
thawed and incubated for 60 min at 28°C in a 12.5-�l packaging reaction mixture
consisting of 50 mM Tris-Cl (pH 8.9), 3 or 4 mM MgCl2, 100 mM ammonium
acetate, 20 mM NaCl, 5 mM KCl, 5 mM dithiothreitol, 0.1 mM disodium EDTA,
1 mM ATP, 100 ng of Macaloid, 5% polyethylene glycol 4000, and about 150 ng
of 32P-UTP-labeled single-stranded �6 RNA for each segment. Approximately 1
�g of procapsid was used per reaction. The samples were then treated with 10 U
of RNase I (Promega) (9) and incubated for 30 min at 28°C. Ten microliters of
stop solution (3	 sample buffer [22] and 25 mM EDTA) was added, and the
samples were heated at 85°C for 5 min. The samples were then electrophoresed
in 1.5 or 2% agarose gels as described above.

Specific binding of RNA to procapsids. Procapsids were incubated in a mixture
similar to that used for genomic packaging. Approximately 1.5 �g of procapsid
and 0.2 �g of 32P-labeled RNA were incubated at 28°C for 60 min in a volume
of 12.5 �l. ATP was used at 5 mM, and magnesium was used at 3 mM. The
samples were then filtered through Millipore HAWP02500 paper and washed
with 50 mM Tris (pH 8.9)–100 mM ammonium acetate–3 mM magnesium
chloride. The filters were assayed by scintillation counting. Transcripts were
prepared from plasmids pLM1772, pLM1773, pLM1454, pLM786, and pLM794.
None of these transcripts are packaged because they have deletions in the region
5� to the pac sequences or, in the case of pLM1454, the pac sequence is absent.
However, the transcript of pLM1772 competes for the packaging of segment S,
and that of pLM794 competes for the packaging of segment M. The transcripts
of pLM1773 and pLM786 have larger deletions and do not compete for pack-
aging, although they have the pac sequences of segments S and M, respectively.

Cross-linking of RNA to procapsids. Procapsids were incubated with labeled
RNA as described for the binding assay, except that the RNA synthesis mixture
included �-32P-labeled CTP at 0.1 mM and the other nucleotides at 1 mM,
including 4-thio-UTP instead of UTP. The samples were incubated for 30 min at
28°C and then irradiated for 30 min with 360-nm-wavelength light. The samples
were then treated with RNase A, mixed with cracking buffer (22), boiled for 2
min, and applied to acrylamide gels. The location of cross-linked RNA on
protein P1 was determined by first locating the labeled fragment resulting from
factor Xa treatment and trypsin digestion. Final location was done by cleaving at
cysteine residues with 2-nitro-5-thiocyanobenzoic acid (TNCBA) (24). Cutting
was done with 200 mM Tris (pH 9)–8 M urea and 10 mg of TNCBA per ml. The

samples were incubated for several days at 37°C and then analyzed by electro-
phoresis and autoradiography. Radioactivity was not reduced by the loss of the
N-terminal peptide that extended to cysteine at position 98 but was completely
reduced by the loss of the peptide from positions 98 to 155.

Treatment of procapsids with antibodies. Antibodies against synthetic pep-
tides were prepared from rabbits (see Table 5) by Research Genetics and Sigma.
Magnetic beads coated with protein A were purchased from Dynal A.S., Oslo,
Norway. The beads were incubated with antibodies and washed. The antibody-
coated beads were incubated with procapsids, washed with 0.1 M sodium phos-
phate buffer (pH 8.1), collected, and treated with cracking buffer to isolate the
bound proteins. The proteins were analyzed by acrylamide electrophoresis and
staining. The locations of the binding sites of the polyclonal and monoclonal an-
tibodies were determined by analysis of Western gels with cell extracts containing
truncated molecules of protein P1. The truncated molecules were expressed by
E. coli cells containing plasmids that had 3�-terminal deletions in gene 1.

RESULTS

Accessibility of P1 to proteases. There is one factor Xa (11)-
sensitive site in P1, and it can be cleaved in intact procapsids,
suggesting that it is near the exterior of the procapsid. This site
is IDGR starting at position Ile663. Limited trypsin digestion
of procapsids produced a cut at position Arg276 (Fig. 2).

Specific binding and cross-linking of RNA to procapsids.
RNA was previously reported to bind to procapsids (8). The
binding was �6 specific but did not differentiate among the

FIG. 1. Physical map of genomic segments of bacteriophage �6. ns, nonstructural.

TABLE 1. Plasmids used in this study

Plasmid Vector Commenta

pLM659 pT7T319U cDNA of segment S
pLM656 pT7T319U cDNA of segment M
pLM682 pT7T319U cDNA of segment L
pLM1157 pT7T319U cDNA of segment L with deletion
pLM1403 pT7T319U cDNA of segment L for constructions
pLM1009 pT7T319U cDNA of gene 1
pLM1772 pT7T319U Segment S del 11–32; competes with

wild-type segment S
pLM1773 pT7T319U Segment S del 11–43; poor competitor
pLM1454 pT7T319U No pac sequence
pLM786 pT7T319U Segment M del 23–70; poor competitor
pLM794 pT7T319U Segment M del 11–43; competes with

wild-type segment M

a Segments with deletions are indicated as follows: Segment S del 11–32
indicates segment S with a deletion of positions 11 to 32.
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three segments. A problem in studying binding is that, in the
presence of ATP, plus strands are transported into procapsids.
We had dealt with that problem in a previous study by con-
structing plus-strand molecules that had deletions between the
18-base consensus sequences at the 5� ends and the pac se-
quences, which are about 50 bases away. A deletion of nucle-
otides 11 to 32 in segment S resulted in a transcript of
pLM1772 that inhibited the packaging of normal plus strands
of segment S (19) but that was not itself packaged (Table 1). In
the present study, we found that the binding of �6 RNA to
procapsids is specific in the presence of ATP (Table 2). In the
absence of ATP, binding is nonspecific, and heterologous RNA
can bind with a greater affinity than �6 RNA. However, in the
presence of 1 or 5 mM ATP, the nonspecific binding is greatly
reduced and the binding of the transcript of pLM1772 clearly
is preferred (Table 2). This binding is subject to competition by
a cold transcript of the same plasmid but not by the transcript
of pLM1454, which lacks both the 5�-terminal consensus se-
quence and the pac sequence (Table 3). ADP does not replace
ATP for the promotion of specific binding (Table 2), and
5�-adenylimido diphosphate (AMP-PNP) and 
�-methylene
adenosine triphosphate (AMP-PCP) have little effect. GTP

does, however, substitute for ATP. The transcript of pLM1773,
which has a slightly larger deletion of nucleotides 11 to 43 in
the plus strand of segment S, binds to a lesser extent than that
of pLM1772. The transcript of pLM1773 does not compete for
normal packaging (19). The transcript of pLM794, which con-
tains the plus strand of segment M with a deletion of nucleo-
tides 11 to 43 and which competes for the packaging of seg-
ment M, does not compete effectively with that of pLM1772
and does not bind to procapsids effectively in the presence of
ATP. These findings are consistent with the finding that empty
procapsids package plus strands of segment S before those of
segment M. The transcript of pLM786, which contains the plus

FIG. 2. Distribution on procapsid major structural protein P1 of the RNA cross-linking site and the sites for protease sensitivity, antibody
binding, mutations that do not package RNA, and mutations that suppress RNA pac defects.

TABLE 2. Binding of RNA to procapsids

Transcript Commenta ATP Counts bound
(cpm)

% of total
counts

pLM1772 Segment S del 11–32 � 45,692 32
Segment S del 11–32 � 7,680 5.4
Segment S del 11–32 � (ADP) 47,533 34

pLM1773 Segment S del 11–43 � 36,480 24
Segment S del 11–43 � 2,627 1.8

pLM1454 Segment No pac � 27,129 21
Segment No pac � 556 0.4
Segment No pac � (ADP) 27,913 21

a See Table 1, footnote a.

TABLE 3. Competition with binding of RNA to
procapsids with ATP

Labeled
transcript

Competing
transcript
(20-fold)

Comment regarding
competitora

Counts
bound
(cpm)

% of value
obtained
with no

competition

pLM1772 6,226 100
pLM1772 Segment S del 11–32 367 6
pLM1773 Segment S del 11–43 2,790 45
pLM786 Segment M del 23–70 8,651 139
pLM794 Segment M del 11–43 8,252 133
pLM1454 Segment No pac 7,889 127

pLM1773 3,458 100
pLM1772 Segment S del 11–32 239 7
pLM1773 Segment S del 11–43 745 22
pLM794 Segment M del 11–43 1,544 45
pLM1454 Segment No pac 3,072 89

pLM794 1,089 100
pLM1772 Segment S del 11–32 192 18
pLM1773 Segment S del 11–43 267 25
pLM794 Segment M del 11–43 247 23
pLM1454 Segment No pac 1,426 131

a See Table 1, footnote a.
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strand of segment M with a larger deletion before the pac
sequence, is also a poor competitor for that of pLM1772.

In a previous study, we found that a change in the pac
sequence of segment S could be suppressed by a mutation in
gene 1 that resulted in the amino acid change E390A. Procap-
sids that contain this change are able to package the plus strand
of segment S with the change GC99AU; however, packaging of
the plus strand of segment S was found to be competed with by
the plus strand of segment M. The binding properties of seg-
ments S and M (Table 4) were found to be similar to the
properties found previously for packaging. These results rein-
force the idea that the properties of binding of RNA to the
procapsid exterior are identical to the properties of packaging.

Cross-linking of RNA to P1. Transcripts of plasmid pLM1772
were prepared with �-32P-labeled CTP at 0.1 mM and the
other nucleotides at 1 mM, including 4-thio-UTP instead of
UTP. This RNA was found to bind to procapsids and to cross-
link easily with 360-nm UV light, although cross-linking oc-
curred even in the absence of UV treatment. After treatment
with RNase A, cross-linking was found for proteins P1, P2, P4,
and P7, although P1 cross-linking was the most intense. Cross-
linking to P4 could be reduced by competition with tRNA. The
location of the cross-linked RNA on P1 was first determined by
treatment with factor Xa, which showed that the label was
located on the first 666 amino acids. Trypsin digestion indi-
cated that the label was located on the first 276 amino acids of
P1. Since P1 contains three cysteines and they are located near
the N terminus of the protein, we used cleavage with TNCBA
(21, 24). The cysteines are located at positions 98, 155, and 189.
The cross-linked RNA was found to be located on the frag-
ment between positions 98 and 155 (Fig. 2).

Accessibility of P1 in procapsids to antibodies. Antibodies
were prepared against peptide sequences in P1 (Table 5). Al-
though all showed significant activity in Western analysis, none
showed binding to intact procapsids. A polyclonal antibody
against �6 and monoclonal antibodies against P1 reacted with
procapsids, and the dominant antigen site for both was found
to be at positions 663 to 671, superimposable on the factor Xa-
sensitive site. It is noteworthy that mutations in that region have
no effect on plaque formation or genomic packaging (Fig. 2).

Preparation of mutations in gene 1, coding for the major
structural protein of the procapsid. Directed mutagenesis was
used to change amino acids in P1. The targeted sites were
generally charged, hydrophobic, or in the vicinity of suppressor
mutations that allowed packaging of plus strands with changes
in their pac sequences. The changes are listed in Table 6, along
with the suppressor mutations found previously. The suppres-
sor mutations are designated Spac or Mpac. Mutated gene 1
was tested in two ways. In both situations, the mutated gene
was reincorporated into plasmids containing cDNA copies of
the entire genomic segment L. These plasmids were then used
to direct the synthesis of procapsids in E. coli and to produce
live phage by transcript acquisition with �1980, a derivative of
�6 that has a deletion of genes 7, 2, and 4. It was therefore
possible to assess the ability of mutated P1 to participate in in
vitro genomic packaging and to determine the plaque-forming
ability of the virus with a P1 mutation. In addition, it was
possible to screen for suppressor mutations that compensate
for the amino acid changes in P1.

About half the mutants were unable to package measurable
amounts of RNA in vitro or to produce plaques (Table 6 and
Fig. 2). A few of the mutants, particularly near the C terminus,
were able to package RNA in vitro and to form plaques.
Mutants that either did not appear to form plaques or had
poor plaque-forming ability produced suppressor mutations
that resulted in good plaque formation. The suppressor muta-
tions were not necessarily near the original mutations. A num-
ber of procapsids with packaging defects due to amino acid
changes were also tested for the binding of segment S plus
strands. Those with the substitutions WR103VA and RR617AA
were unable to bind RNA in the presence of ATP, while procap-
sids with the substitution R385A, which resulted in poor packag-
ing, showed poor RNA binding. Similar results were obtained
with cross-linking of RNA, in that the two procapsids that showed
no packaging did not show significant cross-linking, while the one
that showed poor packaging did cross-link to RNA but at a low
level compared to that seen with the wild type.

TABLE 4. Binding of RNA to procapsids with a
suppressor mutation in P1 (E390A)

Labeled
transcript ATP Competing transcript

(20-fold)
Counts bound

(cpm)

pLM1772 (Spac) � 38,280
� 21,847
� pLM1772 1,338
� pLM794 7,770
� pLM1454 15,330

pLM794 (Mpac) � 17,602
� 13,405
� pLM1772 6,894
� pLM794 833
� pLM1454 9,377

TABLE 5. Properties of antibodies against protein P1

Peptide against which antibody
was tested or antibody

First amino
acid

Western analysis
result

Binding to
procapsids Source

NPEIWRKLTAYITGS 99 � No Research Genetics
LEQLRTLAPSEHELF 133 �� No Research Genetics
PKELDPSARLRNTNC 266 � No Sigma
PFKLRPINETTSYIC 330 �� No Sigma
LANNSNQRFLDVEPG 378 ��� No Research Genetics
LGQRRERVRILKPTV 614 � No Research Genetics
Complete anti-�6 antibody, Ile663–Ala671 663 �� Yes Public Health Research Institute or University of Nebraska
Antibody 1K3, Ile663–Ala671 663 �� Yes D. H. Bamford (15).
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DISCUSSION

Bacteriophage �6 contains three dsRNA genomic segments
(20). Packaging of the genome involves serial dependent pack-
aging of plus-strand transcripts of the segments in the order
segment S-segment M-segment L (10). The specificity of pack-
aging is determined on the exterior of the procapsid (10).
Previous studies from our laboratory have implicated only pro-
tein P1, the major structural protein of the procapsid, in the
specificity of RNA binding. Packaging specificity is determined
by sequences of about 200 nucleotides near the 5� ends of the
plus strands (4). These pac sequences show a striking second-
ary structure (10, 17). Small changes in the pac sequences of �6
have drastic effects on the packaging process (18). We have
shown in this study that procapsids demonstrate specific bind-
ing of RNA in the presence of ATP. It is not clear what the role
of ATP is in the binding, but there have been indications that
ATP does cause conformational changes in the core of �6 (13).
In any case, the plus strand of genomic segment S binds to a
limited region of P1, and this is also a region in which changes
lead to a suppression of packaging defects due to changes in
the RNA pac sequences and in which some amino acid changes
lead to a loss of packaging activity. Amino acid changes that
disrupt packaging were shown to reduce the binding of RNA to
procapsids. At the present time, we do not know whether the
changes occur in the binding sites or in regions that perturb the
binding sites. It is noteworthy that binding activity is highest for
the plus strand of segment S and that this binding is not
competed for by the plus strand of segment M. In addition, it
is not competed for by tRNA or other nonspecific RNAs.
These findings are consistent with our packaging model and in
contrast to the proposal by Juuti and Bamford (8) that segment
specificity is determined at a stage later than initial binding.
We have shown that binding specificities are markedly differ-
ent depending upon the presence of ATP and that nonhydro-
lyzable analogs of ATP do not suffice to produce specific bind-
ing.

Packaging specificity in single-stranded RNA viruses has
been shown to involve the binding of genomic RNA to sites on
the capsid protein that promote the formation of a capsid
around the RNA (2). The binding sites are on the interior of
the capsid. DNA packaging in bacteriophages involves associ-
ation of the genomic DNA with an enzyme complex called
terminase (1). This complex is not a component of the mature
virion. The packaging system for the Cystoviridae therefore is
unique in that it involves selective binding of the plus-strand
RNA to the exterior of the procapsid, and the available binding
sites change during the packaging process. Reoviridae and To-
tiviridae have dsRNA genomes in capsids that show arrange-
ments of the 120 major structural proteins that are strikingly
similar to that in the Cystoviridae. The mechanism of packaging
for the Reoviridae is not known, while that for the Totiviridae
seems to follow the pattern of single-stranded RNA viruses.
However, the Totiviridae have binding sites on the exterior of
the capsid for host mRNA cap structures (12). These sites are
not for packaging but for the removal of the cap structure from
the host RNA. The atomic structures of the capsids of the
Totiviridae and some of the Reoviridae have been determined
(7, 12). Such a determination has not yet been accomplished
for �6 or its relatives.
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