MICROBIOLOGY AND MOLECULAR BIOLOGY REVIEWS, Mar. 1999, p. 149-160

1092-2172/99/$04.00+0

Vol. 63, No. 1

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Precise Packaging of the Three Genomic Segments of the
Double-Stranded-RNA Bacteriophage &6

LEONARD MINDICH*
Department of Microbiology, The Public Health Research Institute New York, New York 10016

INTRODUCTION 149
History and Structure 149
Life Cycle 149
Genetic and Physical Organization 150

IN VITRO STUDIES 151
In Vitro Packaging of RNA by Isolated Procapsids 151
Secondary Structure of the RNA pac Regions 152
RNA Binding to the Outside of Procapsids 152
Packaging of Multiple Copies of Abnormally Small Segments 153

PACKAGING MODEL 154

PACKAGING WITHOUT GENOMIC SEGMENT S 155

ROLES OF INDIVIDUAL PROTIENS IN PACKAGING 156

CAPSID EXPANSION IN GENOMIC PACKAGING OF dsDNA PHAGES 157

PACKAGING IN OTHER SYSTEMS WITH dsRNA GENOMES 157

ACKNOWLEDGMENTS 158

REFERENCES 158

INTRODUCTION binding sites are determined by the amount of RNA inside the

History and Structure

Bacteriophage ¢6 is unusual in several ways. It has a poly-
hedral nucleocapsid that is covered by a lipid-containing
membrane (82). Its genome consists of three segments of dou-
ble-stranded RNA (dsRNA) (76). There are no other bacte-
riophages of similar known construction with the exception of
a group of phages recently isolated by our laboratory that are
very similar to ¢6 in structural organization if not in sequence
(unpublished data). In some ways, $6 seems more closely re-
lated to members of the Reoviridae than it is to bacteriophages.
The Reoviridae have genomes of 10, 11, or 12 segments of
dsRNA (80). The genomic segments appear to be present in
stoichiometric amounts, and the efficiency of plating of the
viruses is high, indicating that most particles have accom-
plished precise packaging. The two groups also share a rare
structural feature in that the inner core of the Reoviridae and
&6 contain 120 molecules of the major structural protein (13).
In fact, it appears that even the fungal dsRNA virus-like par-
ticles, which package only one species of segment per particle,
also have 120 molecules of the capsid protein (7). The question
that is addressed in this review is how can the virus manage to
package the three genomic segments in a precise manner. We
have developed a model for the genomic packaging in ¢6 that
so far only applies to $6 and involves unique mechanisms. The
basic outline of the model is that a collapsed fully formed
procapsid has binding sites on the outside for the plus strands
of segment S. Upon successful packaging of S, the binding sites
for S disappear and those for segment M appear. Upon suc-
cessful packaging of M, the binding sites for M disappear and
those for segment L appear. The changes in the availability of
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procapsid (69).

6 was first isolated from bean straw by Vidaver et al. (82).
The phage could be propagated on many strains of Pseudomo-
nas syringae (11). These investigators demonstrated that the
virus had a genome consisting of three segments of dsSRNA and
that the nucleocapsid of the virion was enveloped in a lipid-
containing membrane. The genomic RNA is located within a
procapsid core that is composed of four proteins, P1, P2, P4,
and P7 (44, 78) (Fig. 1). The procapsid is covered by a shell
composed of a single protein, P8, to form the nucleocapsid (3,
53). The nucleocapsid is, in turn, covered by a lipid-containing
membrane, which also contains proteins P9, P10, P6, P3, and
P13 (53). Until recently, ¢6 was the only bacteriophage isolate
of its type; however, our laboratory has recently isolated about
10 relatives of $6. The new isolates range from close relatives
with 90% base sequence identity to distant ones that have
essentially no base sequence or amino acid similarity but retain
the general genomic organization of the family.

Life Cycle

6 attaches to its host cell (Fig. 2), P. syringae, by adsorbing
first to a type IV pilus (73, 74). The phage is brought into
contact with the bacterial outer membrane by pilus retraction,
and the membrane of the phage fuses with the outer mem-
brane (1). This places the nucleocapsid in the periplasmic
space. Protein P5 is located on the outside of the nucleocapsid
and has endopeptidase activity (4, 45). The nucleocapsid then
enters the host cell, whereupon it loses the shell of P8 and
begins to transcribe copies of the three genomic segments.
Isolated nucleocapsids have the ability to transcribe in vitro in
the same manner if incubated with the four nucleoside triphos-
phates (NTPs) (16, 65). Transcription in ¢6 involves the syn-
thesis of plus strands on the dsSRNA template and the displace-
ment of the parental plus strand (14, 81). For the Reoviridae,
transcription is conservative in that the new strand is extruded
from the core (31).
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FIG. 1. The &6 virion is composed of a procapsid containing proteins P1, P2,
P4, and P7, which is covered by a shell of protein P8 to form the nucleocapsid.
The nucleocapsid is enveloped in a lipid-containing membrane composed of
phospholipids and proteins P9, P10, P13, P3, and P6. P3 specifies the host range
of the virus. P511 is a lytic endopeptidase that is associated with the surface of the
nucleocapsid (4, 43).

Several of the newly isolated relatives of ¢$6 do not adsorb to
pili but instead attach directly to the rough lipopolysaccharide
in the outer membrane of a wide range of gram-negative bac-
teria.

&6 has a temporal program as part of its infection cycle. The
proteins of the polymerase complex or procapsid are always
synthesized early in infection (78). RNA synthesis during the
early phase is restricted primarily to plus strands and these are
synthesized in close to equimolar ratios. Later in infection, the
plus strands of segments M and S are synthesized at levels 10
to 20 times that of the plus strand of segment L (10). During
this period, the other proteins of the virion are synthesized and
phage assembly takes place. Empty and filled procapsids are
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seen in infected cells, and they chase into nucleocapsids, and
radioactivity in nucleocapsids chases into mature virions (15,
47). dsRNA is found only within procapsids; it is not found free
in the cell. The membrane of the virion assembles within the
cell through the mediation of nonstructural protein P12, and
enveloped virions are seen inside the cell (36, 46). Ultimately,
the cells lyse through the action of a membrane disorganizer,
P10, and the endopeptidase P5, and about 300 virions are
released into the medium (45).

Genetic and Physical Organization

The genome of ¢6 has been cloned as cDNA (23, 42, 48, 49,
72), and the genetic and physical maps of the three segments
are shown in Fig. 3. The genome is organized such that all the
polymerase functions are located on segment L, the genes for
the host attachment proteins are on segment M, and the genes
for the nucleocapsid shell (P8), the major membrane protein
(P9), the lytic endopeptidase, and the membrane assembly
nonstructural protein are on segment S. The cDNA copies are
accurate in that plasmids carrying them are able to comple-
ment nonsense and temperature-sensitive mutants of the virus
and ultimately to have their transcripts replace genomic seg-
ments of the virus. Plasmids containing the genes of segment L.
code for proteins P1, P2, P4, and P7. These four proteins
comprise the procapsid of the virus. This is a dodecahedral
structure that can be assembled in Escherichia coli strains that
express the genes (25). The procapsids can be isolated from the
cells and purified on sucrose gradients. Procapsids that have
not packaged RNA are dodecahedral, but they are not ex-
panded (Fig. 4). The five fold faces are inverted, giving the
particle a compressed appearance (3). The procapsid contains
120 molecules of P1, which is the largest (85-kDa) procapsid
protein and the major shape determinant; about 120 molecules
of P4, which is a nonspecific nucleoside triphosphatase of 35
kDa; 60 molecules of P7 (21 kDa), which is an accessory
protein involved in RNA synthesis and packaging; and, finally,
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FIG. 2. Life cycle of ¢6. The virion attaches to a pilus and is brought into contact with the outer membrane (om). The viral membrane fuses with the outer
membrane to place the nucleocapsid in the periplasmic space. The murein (cw) is digested by viral protein P5, and the filled procapsid (fpc) penetrates the inner
membrane (im) and enters the cell, leaving P8 behind. The procapsid transcriptase synthesizes complete copies of the three genomic segments. The L mRNA is
translated to produce P1, P2, P4, and P7, which constitute the procapsid (pc). This is filled with dsSRNA and continues transcription until it is covered by P8 to form
nucleocapsids (nc). Membrane proteins are placed in the host membrane and then transferred to the virion (mv) along with host lipids. The membrane formation or

translocation is dependent upon protein P12.
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6374 bp

gene 14
gene7

gene 2

gene 4 gene 1

segment M membrane proteins including host specificity gene 3. pac sequence at 5' end.

4063 bp

e

gene 3

gene 10 gene 6

gene 13

segment S nucleocapsid shell P8, ns protein P12, membrane protein P9, lysin P5. pac sequence at 5' end.

2948 bp

gene 9
gene 12 gene5

gene 8

FIG. 3. Physical and genetic maps of the genomic segments of ¢6. Genes are identified below the segments (6, 43). The sequences necessary for packaging are
located in the 5’ noncoding regions (left). The sequences necessary for minus-strand synthesis are at the 3’ ends.

12 to 20 molecules of P2 (80 kDa), which has motifs of viral
RNA polymerases. P1 alone can form dodecahedral structures
(40, 55). The other three proteins bind to P1 independently of
each other and can be added to particles from which they are
missing (5, 38).

IN VITRO STUDIES

In Vitro Packaging of RNA by Isolated Procapsids

Procapsids isolated from E. coli will package ¢6 plus-strand
copies of the genomic segments (29). The packaging takes

FIG. 4. Reconstructions of the structures of empty procapsids and filled viral
cores of $6 determined from cryoelectron micrographs of procapsid particles
containing proteins P1 and P4 (A and B) and cores visualized from viral nucleo-
capsids that have been stripped of the shell of protein P8 (C and D) (3). The
structures in panels C and D are cut-open representations showing the inner
surfaces of the structures viewed down a twofold axis of symmetry. The structures
in panels A and B resemble particles that have not packaged RNA, while those
in panels C and D resemble those that have packaged RNA and carried out
minus-strand synthesis.

place in a rather simple buffer solution with PEG and salts and
a source of NTP (26). There is no requirement for any bacte-
rial proteins or for any other phage-encoded proteins besides
the four components of the procapsid. Packaging is serially
dependent in that the plus-strand copy of segment S can be
packaged alone but packaging of M depends upon S and pack-
aging of L depends upon S and M (67). The dependence in
vitro is not absolute and varies from preparation to prepara-
tion (18, 20, 28); however, it appears that this is an important
element in maintaining the high degree of precision in normal
packaging. Segments M and L can be packaged independently
(28), if inefficiently; however, given the normal range of plus-
strand copies in an infected cell, the virus attains an efficiency
of plating of 1, which implies that the packaging is close to
perfect. In vitro packaging is generally measured by incubating
radioactively labeled plus strands with procapsids and then
treating the mixture with RNase I. The packaged RNA is
protected and can be visualized on agarose gels (Fig. 5). The
RNA molecules enter the procapsid from the 5’ end, and the
portals through which they enter are small in that an RNA
molecule with a strong hairpin stem (>20 G - C pairs) can be
packaged from the 5" end up to the hairpin stem (68) (Fig. 6).
RNase I digests the hairpin and the 3’ extension. It was also
observed that an S RNA with a hairpin was able to promote the
packaging of a normal M molecule, indicating that at least two
portals could function in a single procapsid. It is not known
whether each segment has its assigned portal, but since the
procapsid appears to be symmetrical, it is assumed that the
portals are all equivalent. It is not known where the portals are
located, but since both P4 and P7 seem to be involved in
packaging, they both might comprise the portals. Packaging
requires a source of NTP but is not very specific with respect to
the base or the sugar (64). Protein P4 shows NTPase activities
that are approximately the same as the base specificity for
packaging (27). P4 molecules form multimers that may be
precursors of their arrangement in the procapsids (39). There
is an indication that the multimeric P4 complex might be
placed at the center of the fivefold faces of the procapsid (13a).
This would suggest that RNA uptake might occur at the center
of the fivefold faces. This is an interesting possibility, since it is
the same place where plus-strand transcripts of the genomic
segments of Reoviridae are extruded from their cores (41).
An important and useful adjunct to the in vitro packaging
experiments was the development of a system for the construc-
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FIG. 5. In vitro packaging of radioactive plus strands of exact copies of
genomic segments S and M and of a truncated segment L. Radioactive tran-
scripts of plasmids pLM659 (s), pLM656 (m), and pLM1157 (1) were incubated
with procapsids, treated with RNase I, and applied to a 2% agarose gel (67). An
1 strand of reduced size is used because its packaging is more efficient than that
of normal-sized segment 1. Note the dependence relationships in packaging.

tion of live virus from particles that had packaged either nor-
mal viral RNA or transcripts of cDNA plasmids (56). This was
made possible by the finding that spheroplasts of the host cells
could be infected by nucleocapsids of the virus in the absence
of membrane and attachment proteins (54). Additionally, it
was found that protein P8 could be removed from nucleocap-
sids to form filled cores that were noninfectious but could be
reactivated by adding back P8 (57). This system made it pos-
sible to use P8 to coat procapsids that had undergone in vitro
packaging and then to infect spheroplasts to obtain viable virus
(56, 59).

Secondary Structure of the RNA pac Regions

Packaging is specific to $6 RNA and, as stated above, is
specific with respect to each genomic segment. The RNA mol-
ecules are identified by two sequences. The first is an 18-base
sequence that is essentially identical in all three segments and
is located at the 5" end (34). Its sequence is G(U/G)AAAAA
AACUUUAUAUA. The second is a sequence of about 200
nucleotides that is unique for each segment and is located
about 50 nucleotides from the 5’ sequence identity (24). The
pac sequences have been defined by deletion studies involving
in vitro packaging of $6 procapsids. The 5'-terminal sequence

O, @
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FIG. 6. Diagram of the packaging of normal RNA and a hairpin structure by
procapsids. The diagram is not to scale, and the small secondary structure is the
normal 3’ end of the genomic segments. The upper pathway is that of a normal
segment, and the lower pathway is that of a hairpin structure (68).
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and the segment-specific sequence are necessary and sufficient
for packaging. Plus-strand copies of the first 300 nucleotides
can be packaged by procapsids. Small changes within the pac
sequences destroy packaging ability. The RNA within this re-
gion shows a high degree of secondary structure when analyzed
with a program such as mfold (88) (Fig. 7 to 9). The relevance
of the specific hairpin structures seen with mfold is not clear;
however, comparison of the sequences of $6, ¢$7, $9, and $10
shows changes in sequence that are compatible with the struc-
tures produced by mfold (88). In several of the hairpin stems,
base changes have occurred in pairs so that base pairing is
maintained. This is particularly striking in segment M near
nucleotides 100 and 240 (Fig. 7). These newly isolated phages
are able to interact genetically with ¢6 at high frequency. This
tends to support the notion that these hairpin stems do exist,
are important, and probably play a role in packaging.

The three plus strands have a region of about 75 nucleotides
at the 3’ end that has several predicted stem-loop structures.
The sequences are similar but not identical between the three
segments and can be exchanged by recombination with no
apparent consequence (50, 51). The 3’ end is important for
stability of the RNA and for polymerase recognition. However,
most of the secondary structure can be deleted without de-
stroying template function. A remnant as small as the terminal
12 nucleotides is enough to give template activity of about 30%
of normal. A sequence of CCC is also sufficient to provide low
template activity; however, most other sequences result in the
total loss of template activity (50).

RNA Binding to the Outside of Procapsids

$6 RNA binds to the outside of the procapsid (37). The
binding is specific for $6 RNA but does not seem to be seg-
ment specific. My group thought that there might be segment-
specific binding that was masked by the general binding of
RNA. We proposed that if there was segment-specific binding
on the outside of the procapsids, we should be able to construct
RNA molecules that would compete in packaging with normal
segments but would not be packageable themselves. We pre-
pared plus strands of segment S that had deletions of various
sizes between the 5’ consensus sequence and the pac sequence
(69) (Fig. 8). The deletions were of nucleotides 11 to 23, 11 to
32, and 11 to 43. We found that the smallest deletion had no
great effect; deletion RNA competed with normal S RNA but
was itself packaged. The largest deletion resulted in a loss of
packaging and did not compete with normal RNA for packag-
ing. The mid-sized deletion was just right. RNA containing this
deletion competed for packaging but was not packaged. It also
resulted in the lack of packaging of normal segments M and L.
A similar set of deletions was prepared for segment M (Fig. 7).
It was found that the proper deletion was not exactly the same
as that for S but that it was possible to find a window of
deletion that resulted in an RNA molecule that competed for
packaging but was not packaged itself. RNA containing a de-
letion of nucleotides 17 to 43 was packaged normally, but RNA
containing a deletion of 11 to 43 was not. This deletant
(pLM794) competed for packaging with normal M. A satisfy-
ing correlate of the competition experiment was that the de-
letion fragment of segment M competed with M for packaging
and also resulted in the lack of packaging of segment L; how-
ever, segment S packaging was unaffected. The working model
for the binding on the outside of the procapsid is that the pac
site, in cooperation with the 5'-terminal sequence, is respon-
sible for specific binding to one of many sites on the surface of
the procapsid. This binding places the 5’ end of the plus strand
in close proximity to one of the entry portals, and the RNA is
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FIG. 7. Secondary structure of the pac region of segment M of $6. The first 305 nucleotides of segment M can be packaged by procapsids (24). The first 268
nucleotides cannot be packaged. Deletions of nucleotides 11 to 18, nucleotides 17 to 36, or nucleotides 23 to 43 does not prevent packaging, but deletion of nucleotides
11 to 43 does prevent packaging. Deletion of nucleotides 11 to 33 is not packaged but competes for packaging with normal segment M. The bases shown with arrows
are all the changes in this region between ¢6 and the related bacteriophage, ¢7. It is notable that most of the changes found in proposed hairpin stems are compensated

by changes that maintain base pairing.

quickly taken up. The distance between the 5’ end of the
molecule and the pac site is probably critical for the correct
positioning.

Minus-strand synthesis does not usually occur until all three
plus strands have been packaged (19). The 3’ ends of the plus
strands have a set of stem-loop structures that are similar to
each other and can be interchanged with no loss of function
(43). However, if the 3’ end is removed from the plus strand,
the remaining plus strand usually cannot serve as a template
for minus-strand synthesis. It can, however, count as a pack-
aged segment to allow minus-strand synthesis on the other plus
strands (19). It is even possible to package two plus strands that
are lacking the normal 3’ ends, and these will serve to promote
minus-strand synthesis on a third segment. The requirement
for full genome packaging before the onset of minus-strand
synthesis is another checkpoint that ensures that the composi-
tion of the virions will be precisely correct.

Packaging of Multiple Copies of Abnormally
Small Segments

The question then arises as to the mechanism enabling the
procapsid to keep track of the packaging progress. Another set
of observations had to be rationalized. Viruses having large
deletions in particular genomic segments were constructed
(60). As an example, phage ¢$1980 has normal segments S and
M but segment L is missing genes 7, 2, and 4. The size of
segment L is normally 6.4 kbp, but in $1980 it is 3.2 kbp. Upon
examination of ethidium-stained gels of dsSRNA of this phage,

it was observed that the amount of L segment RNA in the
virion was close to that of the normal L segment even though
it contained a deletion reducing its size to half of normal. It
appeared that two molecules of the shortened L segment were
being packaged. We found the same result with a deletion in
segment M (Fig. 10). In that case as well, we found that the
amount of dsRNA in the virions indicated that two molecules
of the segment must have been packaged or replicated. It did
not appear as if the procapsid was simply accommodating more
RNA to achieve a “headful” condition, since the additional
RNA was always of the same class as the deletion segment. In
the same set of experiments, it was found that the phages
lacking viral genes that were expressed by plasmids could ac-
quire the transcripts of the plasmids as fourth genomic seg-
ments (Fig. 10). This acquisition could occur at relatively high
frequencies even though the transcripts had 5’ and 3" exten-
sions from the normal 5" and 3’ ends of the genomic segments.
The acquired transcripts were, however, found to have been
tailored so that they matched the normal genomic segments
exactly. A requirement for the acquisition of the transcript was
that it contain the pac sequence of the deleted segment. We
then tested whether the virion could acquire a transcript that
had the pac sequence of another segment and found that,
indeed, such transcripts could be picked up. However, se-
quence analysis showed that the acquired transcript underwent
heterologous recombination with the deleted segment to
change its 5" end and pac sequence to that of the deleted
segment (60). The conclusion appeared to be that the procap-
sid was able to determine the amount of RNA packaged in
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FIG. 8. Secondary structure of the pac region of segment S of ¢6. The first 270 nucleotides are sufficient for packaging (24). The first 234 nucleotides cannot be
packaged. Deletion of nucleotides 11 to 23 did not prevent packaging, but deletion of nucleotides 11 to 32 resulted in an RNA that competed with normal RNA for
packaging but was not packaged itself. Deletion of nucleotides 11 to 43 resulted in RNA that neither competed nor packaged.

each class and that a selection pressure existed to yield virions
with the correct amount of RNA for each segment class.
The question of packaging preferences within segment
classes could be approached in another way. Labeled plus
strands were prepared and packaging was studied in vitro with
transcripts that had various sizes (52). It was found that small
transcripts were packaged in numbers that approximated the
normal amount of RNA carried by a genomic segment of a
particular class. A plus strand of segment L that was only 1,200
bases was packaged in about five copies, so that its total
amount was close to the normal size of segment L, 6,400 bases.

PACKAGING MODEL

A model that rationalized the results of the packaging ex-
periments and that made testable predictions was developed
(69). The model proposes that a procapsid that has not pack-
aged RNA has packaging and binding sites only for the plus
strand of S on the outside and that there are no specific binding
sites inside the procapsid. The binding sites are positioned so
as to place the 5’ end of the plus strand at an entry portal.
Upon completion of packaging of segment S, the particle ex-
pands and the conformation of the surface proteins changes so
that the binding sites for S are lost and those for M appear
(Fig. 11A). After the binding and packaging of segment M, the
binding sites for M disappear and those for L appear. After the
packaging of segment L, the binding sites for L disappear and
the switch is activated for minus-strand synthesis. Once minus-
strand synthesis is accomplished, the amount of RNA within
the procapsid is doubled and the switch is activated to start
transcription. Five different conformations of the procapsids
are expected with this model.

The model is consistent with the previous observations about
packaging. It explains the packaging behavior of smaller-than-

normal plus strands as well as the serial dependence of pack-
aging. If the plus strand of segment S were half the normal size,
we would expect that packaging one molecule would not be
sufficient to expand the procapsid to the next stage of the
packaging program. Upon packaging a second molecule, the
particle would be able to lose the binding site for S and expose
the site for M. Similarly, if the molecule were one-fifth the
normal size, it would be necessary to package five molecules to
achieve the proper extent of particle expansion before the
binding sites were changed. A prediction of the model is that a
molecule equal in size to the sum of segments S and M with the
pac sequence of S would be packaged and would promote the
packaging of segment L without the necessity for an indepen-
dent segment M (Fig. 11B). This prediction was borne out (69).
Another prediction was that an RNA molecule with the pac
sequence of M and with a size equal to that of M and L would
be packaged after segment S and would activate minus-strand
synthesis even though it contained no sequence of segment L.
This also was borne out by experiment. Finally, it was proposed
that a single molecule the size of the entire genome of ¢6, 14
kb, with the pac sequence of S could be packaged and would
activate both minus- and plus-strand synthesis. This was also
accomplished (69).

Just as the packaging experiments with smaller-than-normal
plus strands were tested both in in vitro packaging and with the
production of living virus, viral constructions that involved
larger-than-normal segments were prepared (62). A chimeric
molecule could be made that had segments S and M joined
with the S portion at the 5" end, therefore behaving as an S
segment. This RNA could be acquired by virus either in vivo by
transcript acquisition or in vitro by packaging of RNA into
isolated procapsids. This RNA, along with a normal segment
L, was able to produce a living virus that formed normal
plaques and was genetically stable although it carried only two
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FIG. 9. Secondary structure of the pac region of segment L of ¢6. The first 205 nucleotides are sufficient for packaging (24).

genomic segments (Fig. 12, lane d). If the chimeric molecule
was constructed so that the M portion was at the 5’ end, a
viable virus could be formed but it maintained a normal seg-
ment S as well (lane b). Segment S could be small enough that
it carried no genes (798 bp), but the virus would not lose the
third segment (lane c). This was consistent with the packaging
program already described, in that segment S had to be pack-
aged to prepare the procapsid for segment M. Additionally, it
was found that a transcript of 14 kb containing all of the genes
of $6 with the pac sequence of S could form phages directly
(Fig. 13). These findings support the notion that the program
for the packaging and replication of the genome is not deter-
mined by an interaction of the pac sites of the genomic seg-
ments. This is of special interest because an argument has been
made (20) that the packaging of segment L is the signal for the
start of minus-strand synthesis and that the formation of

dsRNA at the 5" end of segment L is the signal for plus-strand
synthesis. For the virus with one segment, there is only one 5’
end, and that is the pac region of segment S (62, 69). Minus-
and plus-strand syntheses take place in the absence of the 5’
end of L.

PACKAGING WITHOUT GENOMIC SEGMENT S

6 can establish a true carrier state in infected cells (12). In
this case, the virus replicates in equilibrium with the host cell
and does not kill it. The cells form colonies that release phage
and are somewhat resistant to superinfection. If the phage
carries a reporter gene such as kanamycin resistance, the cells
exhibit resistance to the drug (58). If the phage carries a gene
for B-galactosidase, the colonies are Lac™. Since the genes on
segment S are not necessary for the propagation of the carrier
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FIG. 10. dsRNA extracted from virions with deletions in segment M. Lanes:
v, wild-type virus, a, virus missing gene 3 of segment M; b and c, virus as in lane
a that has acquired transcript RNA as a fourth segment. M, is the segment
formed from the transcript, and M, is the segment missing gene 3.

state, it is possible to lose them without losing the carrier state.
Cultures of kanamycin-resistant carrier cells will show dele-
tions in segment S and even the complete loss of the S segment
in a strain called ERA12 (58). The finding of a stable ¢6 rep-
lication system that is lacking segment S would seem to con-
tradict the model of sequential dependence in packaging. A
cDNA copy of segment L of the carrier-state cells was pre-
pared and used to direct the synthesis of the procapsid proteins
in E. coli. In vitro packaging was then investigated with normal
procapsids as well as those derived from ERA12 (61). It was
found that (i) segment S could be packaged by the ERA12 pro-

A segment S (3kb)

empty proapsid,

ready for segment S for segment M

segment S> (7kb)

empty prapsid,
ready for segment S

segment M (4.1kb)

S is packaged, ready

7kb S»> is packaged,
ready for segment L

MICROBIOL. MoOL. BIOL. REV.

capsids but that the packaging was subject to competition by
segment M, (ii) segments M and L could be packaged without
S, and (iii) minus-strand synthesis could be obtained with just
segments M and L. If S was included in the incubation, it ap-
peared as if it was excluded. The procapsids of ERA12, there-
fore, were behaving as if they had already packaged segment S
(Fig. 14). A mutation that changed arginine to glycine (R14G)
was localized in gene 1 of segment L. This mutation was suf-
ficient to produce the packaging behavior seen with ERA12.
The findings with the mutant carrier-state virus in ERA12
and with the live-virus constructions involving chimeric seg-
ments or abnormally small segments are very important in the
consideration of the packaging model. They show that the rules
that obtain for in vitro packaging are also applicable to the live
virus. During normal infection, the virus does not deal with
segments of various sizes, and the packaging rules serve to
maintain the precise stoichiometry of the genomic segments.

ROLES OF INDIVIDUAL PROTEINS IN PACKAGING

The ¢6 procapsid has only four different proteins. It is pos-
sible to assemble procapsids without proteins P2 or P7 and to
add these proteins back to deficient particles (5, 38). It is
possible to prepare particles that are missing P4, but they are
more difficult to isolate (63). Procapsids cannot be formed
without P1, since this is the major structural protein of the
particle. Procapsids missing P2 can still package RNA to a
significant level, about 30% of normal. The stringency of the
packaging program seems to be diminished somewhat in that

segment L (6.4kb)

M is packaged, ready
for segment L

L is packaged, ready
for minus strand synthesis

segment L

L is packaged, ready
for minus strand synthesis

FIG. 11. (A) Packaging model (69). The procapsid shows only binding sites for segment S at the beginning. After a full-sized S is packaged, the S sites disappear
and M sites appear. After a full-sized M is packaged, the M sites disappear and L sites appear. After a full-sized L is packaged, minus-strand synthesis commences.
After minus-strand synthesis is completed, plus-strand synthesis commences. (B) If segment S is of a size equal to the sum of both S and M, the S sites will disappear
after packaging of the 7-kb segment, the L sites will appear, and segment L will be packaged without segment M.
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FIG. 12. dsRNA of virions with one or two genomic segments (62). Lanes: v,
RNA from wild-type virus; a, RNA from a virus construct with a deletion in
segment M; b, RNA from a virus containing normal segment S, normal segment
L, and a chimera of M and S in which the pac sequence is that of M; ¢, RNA from
a virus with normal L and the MS chimera and a segment S that has no genes;
d, RNA from a two-segment virus in which there is normal segment L and a
chimera of S and M with the pac sequence of S.

segment M is able to package without segment S. It is not clear
that P2 is involved in packaging specificity; the effect may be
secondary. Procapsids that are missing P7 package RNA at
about 5 to 10% of the normal level (38). It is interesting that
the stringency of packaging remains high. Segment M still
requires prior packaging of S (unpublished results). Packaging
can be maintained in procapsids that are low in P4, but it is
aberrant, and the extent of deficiency in the particles that are
actually involved in packaging is not known, since the fraction
of particles that are engaged is small. Particles that are com-
pletely missing P4 do not package RNA. Our working model is
that protein P1 is the major determinant of packaging speci-
ficity, consistent with the mutation, but this may be in associ-
ation with proteins P4 and P7. P7 does not seem to be abso-
lutely necessary, but it plays a stimulatory role in packaging
and in minus-strand and plus-strand synthesis. We assume that
at least P4 is involved in the formation and function of the
entry portals since the NTPase activity is necessary for pack-

aging.

CAPSID EXPANSION IN GENOMIC PACKAGING
OF dsDNA PHAGES

Bacteriophages that have genomes of dsDNA package their
DNA into preformed capsid structures. The capsids usually go
through an expansion that is coupled to packaging (79). It
appears that the expansion occurs while the process is going on
(35). The expansion of the T4 prohead involves a change in the
arrangement of the proteins in the capsid and a change in the
exposure of particular epitopes on the surface of the particle
(79). Epitopes that are hidden in the prohead become exposed
in the expanded particle, and some that are exposed at first
become masked. No functional role for the change in exposure
of epitopes has been proposed for the DNA phages, although
changes in capsid stability often accompany maturation of virus
particles. For ¢6, we are proposing that the expansion of the
procapsid plays an important role in determining the availabil-
ity of binding sites for the particular genomic segments and
ultimately for the activation of the minus-strand synthesis and
plus-strand synthesis activities of the polymerase.

Another difference between genomic packaging in $6 and
dsDNA phages is that the specific DNA is recognized by an
enzyme complex called terminase, which is not a permanent
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FIG. 13. dsRNA from a virion that has the entire genome in one 14-kbp
segment with the pac sequence of S. Lanes: v, RNA from wild type virus; a, RNA
from the virus with the entire genome in one segment (62).

part of the capsid structure. It is usually a complex of two or
more proteins that are responsible for recognizing the DNA,
cutting it in some cases, and translocating it into the procapsid
(2). The translocation is dependent upon the hydrolysis of
ATP. In no case is the recognition of the DNA determined by
the structural proteins of the capsid. For ¢6, it appears that
recognition of the viral RNA is determined by either P1 or P4
or both; these proteins are components of the procapsid struc-
ture. P4 has NTPase activity that has the same specificity as the
packaging reaction. There are no serious models at present for
the detailed mechanism of translocation of either DNA into
proheads or RNA into the &6 procapsid. Protein P4 of $6,
which is the likely motor for the translocation of the plus
strands, has NTPase activity and seems to form hexameric
rings (39). An interesting analog for the ¢6 translocation sys-
tem might be the RuvB protein of E. coli repair and recombi-
nation (84). The RuvB protein forms hexameric rings, has
ATPase activity, and is thought to drive DNA through its
structure as part of the branch migration process. DNA heli-
cases also seem to have hexameric structures. In all of these
cases, the protein is moving along the length of the nucleic
acid. Although strong support has not been demonstrated,
there are also models for the translocation of RNA helicases
along the length of RNA (9). The suggestion has been made
that the rotation of the gamma protein of F; ATPase may have
similarity to the movement of helicases in that the former has
a clear demonstration of the alternating interaction of subunits
in a rotary fashion (86). One can imagine a similar interaction
between the nucleic acid backbone and the helicases or the
packaging apparatus.

PACKAGING IN OTHER SYSTEMS WITH
dsRNA GENOMES

In vitro packaging has not been accomplished yet in any of
the other dsRNA systems. With the killer particles of yeast, it
has been possible to achieve in vivo packaging of some con-
structions of the genomic segments (77, 85). It has also been
possible to study the specificity of RNA binding to disrupted
capsids. In this way, several stem loop structures that play
important roles in packaging have been identified. A small
stem-loop structure that contains a loop with the sequence
GAUUC and a bulge of A in the stem was found to be nec-
essary and sufficient for packaging in the L1/LA virus-like
particle (21, 77, 85). Transcripts containing this structure,
which can be as small as 34 bases, are competent for packaging
or interference with normal packaging (21, 32). It seems that
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FIG. 14. Minus-strand synthesis reactions of normal and mutant procapsids (61). Procapsids were prepared from cells producing proteins containing the mutation
of ERA12 that results in a carrier-state infection where segment S is missing from the procapsids. Nonradioactive plus-strand RNA was added alone (s, m, I) or in
combinations (sm, sl, ml, sml) to procapsids under conditions for minus-strand synthesis with radioactive nucleotides. Note that procapsids containing mutant P1 do

not need segment S for minus-strand synthesis of segments M and L.

the plus-strand RNA is encapsidated by a process involving the
nucleation of an array of subunits around the RNA and that
the RNA does not interact with intact preformed empty pro-
capsids. The capsid in the yeast virus-like particles is composed
of 120 molecules of capsid protein with probably 2 molecules
resulting from fusion, by frameshifting, of the capsid protein to
a polymerase peptide. The polymerase portion of the protein is
the determinant of specific packaging in this system. An inter-
esting difference is seen in the packaging of small genomic
segments by the yeast system as opposed to that of $6. In ¢6,
a segment that is smaller than normal is packaged in multiples
so as to approximate the weight of a normal segment. In the
yeast particles, a single molecule is packaged and serves as
template for minus-strand synthesis. The plus-strand tran-
scripts that are subsequently produced are retained in the
particle and serve as additional templates for minus-strand
synthesis until the normal headful of RNA is accumulated (17).
At that point, the transcripts are extruded from the particle.

For the Reoviridae, it is not clear how genomic packaging
works. It has been possible to effect minus-strand synthesis in
vitro with disrupted core particles of rotavirus (8, 66, 83). The
reaction is specific in that sequences at the 5’ and 3" ends of the
RNA are important in determining the extent of synthesis. The
most dramatic effects are seen with changes at the 3’ ends. The
sequences that are found at the ends of normal rotavirus plus
strands are the most effective in promoting minus-strand syn-
thesis. The reaction is dependent upon the major core protein
VP2 and the polymerase VP1. At this point, it is not possible
to differentiate the sequence requirements between those
needed for polymerase recognition and those that might be
needed for packaging. In $6, the sequences at the 5’ end are
necessary and sufficient for packaging while those at the 3" end
are necessary for polymerase recognition. Also for ¢6, minus-
strand synthesis can occur in the presence of manganese ions
instead of magnesium ions. In this case, packaging is not nec-
essary for minus-strand synthesis and the requirements for
synthesis become much less stringent. The sequences at the 5’
ends are of little importance in these cases, while the se-
quences at the 3’ ends have a significant effect on the extent of
minus-strand synthesis (unpublished results).

It is tempting to propose that the model for $6 genomic
packaging would also apply to the Reoviridae; however, there is

no evidence either for or against such a proposition at present.
There is no competing model of any substance, either. Several
of the features of $6 packaging have not (yet) been found in
rotavirus, which is the most advanced system in the Reoviridae.
Specifically, an analog of the NTPase P4 has not been identi-
fied. If such an analog existed, it could be a host protein or
perhaps one of the nonstructural proteins, namely, NSP2 and
NSP3 (22). The inner-core particles that have been assembled
for rotavirus and blue tongue virus are in an expanded form
(30). If a compressed form is a packaging intermediate, it has
not been seen yet (but see reference 33). Although the stoi-
chiometry of packaging in the Reoviridae is very good, it is not
known how the various systems deal with segments that are
missing or present in abnormally small sizes. So far, defective
interfering segments have almost always been found in popu-
lations that also contain normal-sized segments. There is one
case in which a cytoplasmic polyhedrosis virus, which is a mem-
ber of the Reoviridae, has deleted much of its segment 2 to
form a segment that is about one-sixth its normal size yet this
smaller unit exists in a single copy in the virion (75). For wound
tumor virus, there are several cases in which smaller segments
have been formed and appear to be packaged in single copies
(70, 71). There are also cases in which wound tumor virus has
completely lost particular segments when growing in plants as
opposed to insects (71). The possibility that this loss requires a
mutation, similar to that observed for ¢6, has not been tested.
With the development of complementation systems (87), it
should be possible to construct viral strains with novel sizes of
segments and to facilitate the determination of the packaging
rules.
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