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The double-stranded RNA bacteriophage �6 is an extensively studied prokaryotic model system for virus assembly. There are
established in vitro assembly protocols available for the �6 system for obtaining infectious particles from purified protein and
RNA constituents. The polymerase complex is a multifunctional nanomachine that replicates, transcribes, and translocates viral
RNA molecules in a highly specific manner. The complex is composed of (i) the major structural protein (P1), forming a T�1
icosahedral lattice with two protein subunits in the icosahedral asymmetric unit; (ii) the RNA-dependent RNA polymerase (P2);
(iii) the hexameric packaging nucleoside triphosphatase (NTPase) (P4); and (iv) the assembly cofactor (P7). In this study, we
analyzed several �6 virions and recombinant polymerase complexes to investigate the relative copy numbers of P2, P4, and P7,
and we applied saturated concentrations of these proteins in the self-assembly system to probe their maximal numbers of bind-
ing sites in the P1 shell. Biochemical quantitation confirmed that the composition of the recombinant particles was similar to
that of the virion cores. By including a high concentration of P2 or P7 in the self-assembly reaction mix, we observed that the
numbers of these proteins in the resulting particles could be increased beyond those observed in the virion. Our results also sug-
gest a previously unidentified P2-P7 dependency in the assembly reaction. Furthermore, it appeared that P4 must initially be
incorporated at each, or a majority, of the 5-fold symmetry positions of the P1 shell for particle assembly. Although required for
nucleation, excess P4 resulted in slower assembly kinetics.

All double-stranded RNA (dsRNA) viruses with polyhedral
capsids replicate their genomes within a protein shell known

as a polymerase complex. This complex is essential for the recog-
nition and encapsidation of viral genomic precursor molecules,
genome replication and transcript synthesis, and the formation of
the core of the mature virion (41, 44).

Bacteriophage �6, which belongs to the family Cystoviridae
(2), is a well-studied prokaryotic model system for dsRNA virus
assembly, with an established in vitro self-assembly system to pro-
duce infectious viral nucleocapsids from purified protein and nu-
cleic acid constituents (43). The �6 virion core is composed of a
dodecahedral polymerase complex enclosing the three genomic
dsRNA segments (S, M, and L segments) (6, 45). This core is
covered by a layer of nucleocapsid surface shell protein (P8) ar-
ranged on a T�13 icosahedral lattice and a protein-lipid envelope
layer anchoring the receptor-binding spikes (3, 6, 21).

During �6 virion formation, the empty polymerase complex
(procapsid [PC]) is first assembled from proteins P1 (85 kDa), P2
(75 kDa), P4 (35 kDa), and P7 (17 kDa) (30). The dodecahedral
PC framework is composed of 120 copies of protein P1 arranged
as 60 asymmetric dimers on a T�1 icosahedral lattice (6, 20). This
type of capsid organization is common for dsRNA viruses but has
not been observed in any other type of virus (41). Purified �6 P1 is
a monomer, but the equivalent protein from a related cystovirus,
�8, forms tetramers in solution (25, 43). Protein P2 is an RNA-
dependent RNA polymerase catalyzing genome replication and
transcription (19, 26, 27). In dsRNA viruses of the family Reoviri-
dae, such as orthoreovirus (52), rotavirus (29), rice dwarf virus
(33), aquareovirus (11), and gram carp reovirus (10), the poly-
merase subunit localizes to the interior of the T�1 shell, close to
5-fold axes of icosahedral symmetry, resulting in a maximal num-
ber of 12 polymerase subunits per particle. However, a recent

cryo-electron tomography study of recombinant �6 PCs suggests
that the polymerase (P2) resides near the 3-fold axes in the PC
interior, with 20 potential binding sites per particle (46). Nemecek
et al. (34) observed that P2 is assembled randomly at the proposed
binding locations, with a mean copy number of eight subunits per
recombinant PC. Protein P4 is arranged as a ring-shaped hexamer
and functions as a packaging nucleoside triphosphatase (NTPase)
(14, 18, 24, 28, 39, 40). P4 hexamers localize to the 5-fold symme-
try positions on the outer surface of the PC, with a copy number of
12 (hence, there are 72 copies of P4 per PC) (14, 20). The interac-
tion between a P4 hexamer and the P1 shell is relatively unstable;
the amount of P4 in �6 PCs can be reduced significantly by deter-
gent treatment (40). Furthermore, it has been determined (34)
that a single recombinant PC preparation can be composed of
particles containing 0 to 12 P4 hexamers, with the majority of
particles having either one or five 5-fold symmetry positions oc-
cupied. Protein P7 is an assembly cofactor that accelerates PC
assembly and is essential for the formation of infectious virions
(42, 43). P7 forms elongated dimers in solution (23); however,
recent structural studies indicate that P7 subunits are arranged as
monomers around the 3-fold axes of empty PCs (35). Thus, the
multimeric state of P7 has not been established.

The self-assembly of complete PCs has been achieved in vitro

Received 15 June 2012 Accepted 24 August 2012

Published ahead of print 29 August 2012

Address correspondence to Minna M. Poranen, minna.poranen@helsinki.fi.

Supplemental material for this article may be found at http://jvi.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01505-12

12208 jvi.asm.org Journal of Virology p. 12208–12216 November 2012 Volume 86 Number 22

http://jvi.asm.org/
http://dx.doi.org/10.1128/JVI.01505-12
http://jvi.asm.org


by the condensation of purified protein constituents (Fig. 1). The
resulting particles are competent for all enzymatic functions of the
PC, including NTP hydrolysis-driven single-stranded RNA
(ssRNA) packaging, replication of the packaged RNA molecules to
the dsRNA form, and subsequent RNA transcription from the
dsRNA templates (43). Incomplete PCs containing the main
structural protein, P1, with one or two additional protein compo-
nents, can be obtained using the recombinant expression system
(14, 17, 19, 38) or by omitting minor protein subunits from the
self-assembly reaction mix (43).

The �6 PC assembly pathway has been established based on
kinetic studies of in vitro assembly reactions (43). The nucleation
of PC assembly is dependent on the P4 hexamer (Fig. 1), and P7
accelerates the initial rate of assembly, whereas protein P2 does
not have a detectable effect on the kinetics (42, 43). Two early
assembly intermediates relating to nucleation are formed: the
(P1)4(P4)6 intermediate, composed of two P1 dimers and one P4
hexamer (observed only in the absence of P7), and the
(P1)4(P4)12(P7)n intermediate, where P7 stabilizes a complex
containing a P1 tetramer connecting two P4 hexamers (Fig. 1).
The formation of the latter intermediate is the initial rate-limiting
step of PC assembly (43).

The structures and functions of proteins P2 and P4 are well
characterized (7, 28, 50), but high-resolution structural informa-
tion on the �6 virion core is not available. The existing informa-
tion regarding the stoichiometry, location, and occupancy of PC
proteins was obtained primarily from electron microscopy studies
(20, 21, 34, 46). The recent observation of the P2 location near the
3-fold symmetry axes of the PC, as well as the apparently low
occupancy of P2 at the 20 potential binding locations of the re-
combinant PC particle (34, 46), encouraged us to systematically
analyze the average copy numbers of proteins P2, P4, and P7 in
several recombinant PC and �6 virion preparations. We used the
in vitro self-assembly system for �6 PCs to probe the number of
maximal binding sites for P2 and P7 in the �6 PC structure.
Through applying saturated concentrations of P2 and P7, we ob-
served that the numbers of these proteins in PCs could be in-
creased beyond those observed in virions and recombinant PCs.
Our results also suggest a dependence between P2 and P7 incor-
poration, although both proteins can be assembled into particles
independently (43). Furthermore, an excess of P4 over the other
protein components in the PC self-assembly reaction mix signifi-
cantly affected the initial rate of assembly but did not substantially
change the copy number of P4 in the resulting particles. This im-

plies that a productive assembly reaction requires P4 to initially be
incorporated at each, or most, of the 5-fold symmetry positions.

MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli strain BL21(DE3) was
used to produce proteins P2 and P7 (48), E. coli strain HMS174 (DE3) was
used for P4 recombinant protein expression (48), and the P1P4 particle
and complete PCs were produced in E. coli strain JM109 (51). Pseudomo-
nas syringae pv. phaseolicola HB10Y was used as a host for pseudomonas
phage �6 (49).

Plasmids pEM2, pJTJ7, and pEM7 encode proteins P2, P4, and P7,
respectively (27, 36, 43). P1P4 particles were produced from plasmid
pLM358 (19) for further P1 protein purification. Plasmids pLM687 (32)
and pLM450 (19), containing the �6 L segment cDNA, were used to
produce recombinant PCs.

�6 PC component purification and particle isolation. Proteins P1,
P2, P4, and P7 were purified as previously described (23, 24, 27, 43).
Proteins P1, P4, and P7 were stored at �80°C, whereas protein P2 was
stored at 4°C or �80°C. Protein concentrations were determined by the
Bradford assay (5), using bovine serum albumin as a standard, or directly
from the protein sample by using the absorbance at 280 nm. Recombinant
PCs from the in vivo assembly system were isolated as previously described
and stored at �80°C (16, 19). Bacteriophage �6 was propagated and iso-
lated according to the methods of Bamford et al. (1).

In vitro assembly of �6 PCs. The purified proteins P1, P2, P4, and P7
were combined in the desired relative proportions, 1 mM ATP was ap-
plied to stabilize ring-shaped P4 hexamers, and the assembly reaction was
initiated by adding 50 mM Tris-HCl, pH 8.0, containing 6% (wt/vol)
polyethylene glycol (PEG) 4000 (43). The reaction was carried out at
room temperature for 90 min, with a P1 concentration of 0.15 or 0.2
mg/ml. Subsequently, the self-assembled PCs were separated from unas-
sembled subunits by rate-zonal centrifugation in a linear gradient of 10 to
30% sucrose in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl (Sorvall SW50.1
rotor at 114,000 � g, 90 min, 10°C). A BioComp gradient fractionator was
used for fraction collection. Kinetic analysis of in vitro assembly reactions
was carried out at room temperature with a P1 concentration of 0.075
mg/ml. Changes in light scattering during the reaction were recorded at
350 nm (bandwidth, 10.0 nm) in 5-s increments, using a V560 UV-visible
(UV-vis) spectrophotometer (Jasco).

Quantitation of relative protein amounts. The protein components
of the recombinant PC preparations, �6 virions, and sedimentation frac-
tions in in vitro assembly reaction mixtures were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (37).
The gels were subsequently stained with Coomassie brilliant blue (Serva
Blue R), followed by removal of excess stain with 10% acetic acid. An
Epson Perfection 4490 photo scanner was used to record the images of
SDS-polyacrylamide gels. The quantitative estimation of proteins was
performed on images of SDS-polyacrylamide gels via densitometric anal-

FIG 1 Model for the self-assembly pathway of �6 PC. Monomers of protein P1 (blue) interact with hexamers of P4 (yellow) to form (P1)4(P4)6 intermediates.
Protein P7 (gray), which predominantly forms dimers in solution, stabilizes P1-P4 interactions and the formation of (P1)4(P4)6(P7)n complexes (43). Protein P2
(purple) does not have a measurable influence on the kinetics of PC assembly, suggesting late incorporation into the particle. The PC shell is composed of 120
copies of P1. The different conformers of P1 are presented in light and dark blue. P4 hexamers are located at the icosahedral 5-fold symmetry positions on the
surface of the P1 shell. P2 and P7 are located in the interior of the capsid, near the icosahedral 3-fold symmetry axes (34, 35, 46). The theoretical maximal copy
numbers for P2, P4, and P7 are 20, 72, and 60, respectively. The binding sites for P2 and P7 may overlap, reducing the actual number of polypeptides that can be
incorporated into the PC.
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ysis of band signal intensities by Aida Image Analyzer software (Raytest;
Isotopenmessgeräte GmbH). Standard curves for each PC protein were
made to establish the relationships between signal intensity and protein
quantity. The linear range of the standard covers the quantitative intensi-
ties observed in this study. Subsequently, the relative copy number of each
PC protein in the sample (virions, recombinant PCs, or self-assembled
PCs) was estimated based on the band signal intensities and the molecular
weights of the proteins. The copy numbers of minor proteins P2, P4, and
P7 were normalized to the copy number of the main structural protein P1,
which is constant at 120 copies per PC.

RESULTS
Biochemical quantitation of relative protein amounts in �6 PCs
and virions. Eighteen independently produced and purified re-
combinant PC samples were analyzed by SDS-PAGE and subse-
quent staining with Coomassie brilliant blue. The intensities of the
bands corresponding to proteins P1, P2, P4, and P7 were quanti-
tated, and the measured signal intensities were converted to rela-
tive copy numbers. A reliable relationship between the protein
band intensity in a Coomassie brilliant blue-stained gel and rela-
tive protein quantity was achieved through preparation of a stan-
dard curve for each PC protein (see Fig. S1 in the supplemental
material). Although each protein bound to Coomassie brilliant
blue slightly differently (as indicated by the differences in the
slopes of the lines in Fig. S1), the intensity of the staining corre-
lated linearly with the amount of protein in a band of a Coomassie
brilliant blue-stained SDS-polyacrylamide gel. The amount of
protein per band for P1 was 0.5 to 10 �g (see Fig. S1A), and the
amounts for P2, P4, and P7 were approximately 0.2 to 3.5 �g per
band (see Fig. S1B). Consequently, it was possible to estimate the
relative amounts of different protein components in a given PC
preparation. These were converted to copy numbers by use of the
known molecular weights of the proteins and the fact that the P1
copy number is 120. Similar analyses were also carried out for 13
independently produced and purified �6 virion samples to iden-
tify possible differences in recombinant PCs and native PCs
formed during virus assembly. It appeared that both PCs and vi-
rions contained approximately 10 copies of P2, with little varia-
tion between the different preparations (Table 1). On average,
there were 10 or 11 P4 hexamers and 36 or 40 copies of P7 in
recombinant PCs or virions, respectively. Slightly more variation
was observed in the estimated P4 and P7 copy numbers than in the
P2 copy number.

Experimental setup for in vitro assembly analysis. The num-
ber of potential binding sites for minor protein components in the
�6 PC shell was probed by titrating the amount of each protein in
the in vitro assembly system followed by quantitation of the rela-
tive protein amounts in the self-assembly products. Original as-
sembly reactions were performed using proteins P1, P2, P4, and
P7 at a molar ratio of 120:12:72:45 (60 P1 dimers:12 P2 mono-
mers:12 P4 hexamers:45 P7 monomers), corresponding to a mass

ratio of 70:6:17:5. Minor protein component amounts were indi-
vidually adjusted from 1/10 (for P2) or 1/4 (for P4 and P7) to up to
10-fold above the original concentration, while the concentra-
tions of the other components were kept constant. After a 90-min
self-assembly reaction, the PCs formed were separated from the
unassembled material by rate-zonal centrifugation. To confirm
the analytical capacity of the sedimentation assay, we prepared an
assembly reaction mixture with a 10-fold molar excess of proteins
P2, P4, and P7 (120:120:720:450 [P1:P2:P4:P7]). After sedimen-
tation, the assembled PCs were detected in fractions 8 and 9,
clearly separated from the unassembled protein subunits in the
top fractions (Fig. 2). Little protein aggregation was observed in
the pellet. Thus, rate-zonal sedimentation could be used to ana-
lyze titration reactions without significant cross-contamination
between the fractions containing assembled and unassembled ma-
terial.

The number of potential binding sites for P2 exceeds the
number of P2 molecules in �6 virions. Protein P2 has been sug-
gested to reside close to the 3-fold symmetry axes of the �6 PC,
with a proposed 20 binding sites per particle, although no PC with
a full occupancy of P2 has been detected (34, 46). We probed the
number of potential P2 binding sites by titrating the amount of P2
in the in vitro assembly reaction mix for �6 PCs. The range of the
P2:P1 molar ratio in the reactions was 1.2:120 to 120:120. Changes
in the initial P2 amount were clearly reflected in the amount of P2
in the self-assembled PCs (Fig. 3A). The calculated copy numbers
for protein P2 in the self-assembly products of different reactions
suggested that approximately 12 copies of P2 were incorporated
per PC in the 12:120 reaction and that up to 19 copies per PC were
incorporated in the 120:120 reaction (Fig. 3B). This indicates that
P2 binding sites in �6 PCs exceed the number of P2 molecules in
virions or in in vivo-assembled PCs (Table 1). However, changes
in the amount of P2 did not significantly alter the overall PC pro-
duction or the relative amounts of P4 (Fig. 3C) and P7 (Fig. 3D)

TABLE 1 Relative copy numbers of proteins P2, P4, and P7 in virions
and recombinant �6 PCsa

Particle type

Mean copy no. � SD

P2 P4 P7

�6 virions 10 � 1.3 66 � 12 40 � 6
Recombinant PCs 10 � 1.6 62 � 13 36 � 12
a The numbers of virions and PCs analyzed were 13 and 18, respectively.

FIG 2 Separation capacity of 10 to 30% sucrose gradient. Proteins present in
�6 PCs were combined in a molar ratio of 120:120:720:450 (P1:P2:P4:P7) for
an in vitro assembly reaction. In vitro-assembled PCs were separated from the
unassembled subunits by use of a linear 10 to 30% sucrose gradient. Fractions
1 to 10 and the pellet were collected using a BioComp gradient fractionator and
then analyzed by SDS-PAGE. Recombinant PCs [PC(R)] from E. coli and
purified �6 virions were added as protein size markers. The mobilities of the
PC proteins are indicated on the left.
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proteins. The average copy numbers of P4 and P7 obtained under
these conditions, i.e., 65 and 35, respectively, are similar to those
detected in recombinant �6 PCs (Table 1).

High occupancy of P4 is required for formation of �6 PCs.
Protein P4 is necessary for the nucleation of �6 PC assembly in
vitro (43), but it is not established whether a single P4 hexamer is
sufficient to induce the formation of a complete P1 shell. To probe
this issue, we carried out a �6 PC self-assembly reaction using
various amounts of P4, with P4:P1 molar ratios of 18:120 to 720:
120. The yield of self-assembled PCs was low if the molar ratio of
P4 and P1 was below that observed in virions, as more protein
subunits were detected in the top fraction (Fig. 4A). When the
relative P4 amount was increased, PC production significantly
increased until the P1 concentration became the limiting factor
(Fig. 4B). Approximately 70 P4 subunits were incorporated per
PC when a 10-fold P4 excess was applied in the reaction mix (720:
120 molar ratio) (Fig. 4D), which approximately corresponds to
the theoretical number of 12 P4 hexamers. Interestingly, the rela-
tive P4 copy number in PCs remained reasonably stable regardless
of the initial amount of P4 in the assembly reaction mix. This
suggests that for PC formation, P4 should initially associate with
the P1 shell at each, or at least most, 5-fold position. Furthermore,
changes in the initial P4 concentration did not significantly
change the number of P2 or P7 protein molecules in the formed
PCs (Fig. 4C and E).

The number of P7 binding sites in �6 PCs can exceed the
copy number in native �6 virions. Titration of the P7 protein was
carried out with P7:P1 molar ratios of 11:120 to 450:120. An in-
crease in the relative copy number of P7 was detected with increas-
ing P7 concentrations in the reaction mixtures. The normalized
P7 copy number in the particles recovered from reaction mixtures
with the largest amount of P7 (450:120 molar ratio) (Fig. 5) was
approximately 1 1/2 times that observed in �6 virions (Table 1),
resulting in approximately 59 copies of P7 per PC (Fig. 5D). This
suggested that additional P7 binding sites may exist in the �6
virion. One interesting phenomenon was that the number of P2
molecules in the self-assembled PCs declined with gradually in-
creasing P7 concentrations in the reaction mixtures (Fig. 5A and
B). This suggested that previously unidentified dependencies may
exist between proteins P2 and P7. Changes in P7 concentration
did not have any significant effect on particle production or P4
incorporation (Fig. 5C). Cross-linking of the purified P7 protein
revealed dimers, but a weak signal corresponding to the size of a
P7 trimer could also be detected (see Fig. S2 in the supplemental
material).

An imbalance in the P4:P1 molar ratio has prominent effects
on PC assembly kinetics. Due to the observed changes in particle
composition and yields, we carried out measurements of the as-
sembly reaction kinetics by following changes in light scattering
(A350) during the self-assembly reaction and applying reaction
conditions (protein ratios) similar to those described above. No
significant differences could be detected in the shapes of the ki-

FIG 3 Incorporation of P2 into in vitro-assembled PCs. In vitro assembly
reactions for �6 PCs were carried out with increasing amounts of P2. (A) The
assembled PCs were separated from the unassembled protein subunits by rate-
zonal centrifugation, and the light-scattering band and top fractions of the

gradient were collected and analyzed by SDS-PAGE. Recombinant PCs
[PC(R)] from E. coli and purified �6 virions were added as protein size mark-
ers. The PC proteins are indicated on the left, and the P2:P1 molar ratio in each
reaction mix is shown at the top. The relative copy numbers of P2 (B), P4 (C),
and P7 (D) in the self-assembly products are shown with bar graphs. The error
bars represent standard deviations of the means for three replicates.

Binding Sites for Minor Protein Subunits in Phage �6

November 2012 Volume 86 Number 22 jvi.asm.org 12211

http://jvi.asm.org


netic curves for reaction mixtures with different amounts of P2
(Fig. 6A), and an increase in P7 concentration resulted in faster
initial reaction kinetics (Fig. 6C). Despite the different initial rates
in kinetic curves for the P7 titration reaction, the final levels of
light scattering were approximately the same for all reactions (Fig.
6C). These results are consistent with previous observations (42,
43) and confirm the role of P7 as an assembly cofactor.

Increasing the P4:P1 ratio beyond the theoretical stoichiome-
try (72:120) resulted in a significant and previously undescribed
change in the initial reaction kinetics (Fig. 6B). Reactions with a
72:120 P4:P1 molar ratio resulted in an S-shaped curve with a
short initial phase, related to the nucleation of the assembly, fol-
lowed by an exponential growth phase and a stationary phase (Fig.
6B). With higher P4 concentrations, the initial and exponential
phases of the kinetic curves became progressively longer (Fig. 6B).

Effect of order of protein addition to the assembly mixture
on the composition of the end product. The order in which the
assembly reaction components are combined can potentially af-
fect the composition of the end product. Protein components of
the assembly reaction were mixed in combinations of two or three
proteins, and the reactions were initiated by applying 6% PEG.
After a 60-min incubation, the missing protein component(s) was
added and the incubation was continued for an additional 60 min.
A P7 signal could not be detected in PC assemblies when P7 was
added to preformed P1P2P4 or P1P4 particles (Fig. 7, lanes 5 and
7) (42), confirming its internal location and involvement in the
formation of early assembly intermediates (Fig. 1). However, a
small amount of P2 (an average of one copy per PC) was detected
in reaction products when P2 was added to preformed assembly
reaction mixtures missing P2 (Fig. 7, lanes 6 and 7). This may be
due to continuation of the assembly reaction at the stage of P2
addition, allowing P2, which according to the kinetic data inter-
acts with late assembly intermediates (Fig. 1), to be incorporated

into the particle with a low efficiency. Interestingly, the formation
of soluble particles was severely compromised if P1, P2, and P7
were preincubated without P4 in the presence of PEG (Fig. 7, lane
8), whereas postponed addition of P1 to a mixture of the other
assembly reaction components did not have any effect on particle
formation (Fig. 7, compare lanes 3 and 4). Analysis of the sedi-
mentation profile of the former reaction revealed P1-specific ma-
terial in the pellet fraction (data not shown), suggesting a role for
P4 in directing P1 to the correct assembly pathway, preventing
aggregation.

DISCUSSION

The bacteriophage �6 PC, with an in vitro assembly, ssRNA pack-
aging, replication, and transcription system, is a well-established
model for dsRNA viruses. However, the stoichiometry of the pro-
tein components within the �6 PC has not been established. Early
biochemical studies based on quantification of individual proteins
by use of radioactively labeled virus proposed that there are 100,
14, 111, and 92 copies of P1, P2, P4, and P7, respectively, in the
virions of �6 (13). Cryo-electron microscopy data have located
minor protein components at the 5-fold (P4) or 3-fold (P2 and
P7) axis of icosahedral symmetry (14, 35, 46). Here we describe a
Coomassie brilliant blue staining-based biochemical quantifica-
tion method for measurement of �6 PC protein components (see
Fig. S1 in the supplemental material). Unlike methods dependent
on radioactive labeling of the proteins, the method applied in this
study allows for the analysis of viral particles produced under
established optimal production and purification conditions.

The assembly of �6 recombinant PCs can be achieved by co-
expression of the particle components in a heterologous organism
and is not dependent upon additional cellular or viral factors (17).
In this study, we confirmed that the composition of recombinant
PCs is similar to that of virions (17) (Table 1), although the rela-

FIG 4 Incorporation of P4 into in vitro-assembled PCs. In vitro assembly reactions for �6 PCs were carried out with increasing amounts of P4. (A) The assembled
PCs were separated from the unassembled subunits by rate-zonal centrifugation, and the collected top and band fractions of the gradient were analyzed by
SDS-PAGE. Recombinant PCs [PC(R)] from E. coli and purified �6 virions were added as protein size markers. The PC proteins are indicated on the left, and the
P4:P1 molar ratio in each reaction mix is shown at the top. The band intensities for assembled protein P1 (B) and the relative copy numbers of proteins P2 (C),
P4 (D), and P7 (E) in the self-assembly products are shown with bar graphs. Quantitation for P2, P4, and P7 is shown only if the intensity of the corresponding
band was sufficient. The error bars represent standard deviations of the means for three replicates.
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tive quantities of PC proteins, particularly proteins P4 and P7,
varied slightly from preparation to preparation.

In reoviruses, the main enzymatic components (polymerase
and helicase) relating to RNA replication and transcription reside
in the proximity of the 5-fold vertices underneath the icosahedral
capsid shell; the maximum copy number of the polymerase is
proposed to be 12, which also restricts the number of genome
segments to 12 (10, 11, 29, 33, 52). We observed 8 to 12 (mean of
10) P2 polymerases per particle in both �6 virion and recombi-
nant PC particles (Table 1). However, changes in the initial
amount of P2 in the self-assembly system were clearly reflected in
the number of P2 subunits incorporated into the final assembly
product (Fig. 3B). This suggests that the P2 copy number is de-
pendent upon the concentration of P2 in the environment during
PC formation. When we used high initial P2 concentrations in the
assembly reaction mix, up to 19 P2 subunits were incorporated
into the PC, which supports the observation of Sen et al. (46) that

FIG 5 Incorporation of protein P7 into in vitro-assembled PCs. In vitro as-
sembly reactions for �6 PCs were carried out with increasing amounts of
protein P7. (A) The assembled PCs were separated from the unassembled
protein subunits by rate-zonal centrifugation, and the collected top and band
fractions of the gradient were analyzed by SDS-PAGE. Recombinant PCs
[PC(R)] from E. coli and purified �6 virions were added as protein size mark-
ers. The PC proteins are indicated on the left, and the P7:P1 molar ratio in each
reaction mix is shown at the top. Relative copy numbers of proteins P2 (B), P4
(C), and P7 (D) in the self-assembly products are shown with bar graphs. The
error bars represent standard deviations of the means for three replicates.

FIG 6 Increase of light scattering in solutions of proteins P1, P2, P4, and P7
after initiation of the assembly reaction. The molar ratios of P2:P1 (A), P4:P1
(B), and P7:P1 (C) for each reaction are indicated.
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P2 has 20 potential binding sites within the PC. One possible ex-
planation for the lower P2 copy number in wild-type PCs could be
the relatively low expression of P2 due to the translational cou-
pling of gene2 to gene7 (31). Apparently, full occupancy of the P2
binding sites is not necessary for viral reproduction, and the three
viral genome segments can be replicated and transcribed effi-
ciently by PCs possessing only approximately half of the polymer-
ase binding sites occupied. It may be more important for the effi-
cient reproduction of the virus that the polymerase subunit, which
can potentially convert any cellular ssRNA into dsRNA (26), be
sequestered efficiently from the cytoplasm in particles than that
there be a full occupancy of polymerase subunits in the PC.

Interestingly, the number of P7 binding sites in the �6 PCs also
exceeded the number in native virions or recombinant PCs. Ap-
proximately 59 copies of protein P7 were observed per particle
when the initial P7:P1 ratio in the assembly reaction was high (Fig.
5D), whereas approximately 36 or 40 copies were detected in re-
combinant PCs or �6 virions, respectively (Table 1). The observed
59 P7 subunits could occupy almost all of the theoretical 60 bind-
ing sites in the PC (three subunits at each of the 20 3-fold symme-
try axes of the PC) that were also indicated in a recent cryo-elec-
tron microscopy study (35). Apparently, the association of P7
with other PC components could stabilize the trimeric state de-

tected for cross-linked, purified P7 (see Fig. S2 in the supplemen-
tal material).

High P7 concentrations resulted in reduced P2 incorporation
into the PCs (Fig. 5A and B). Since P2 does not participate in the
formation of the nucleation complex, it is likely incorporated into
the PC during a later stage of assembly (43) (Fig. 1). The P7-
induced increase in the rate of assembly (42, 43) (Fig. 6C) could
potentially decrease P2 incorporation by making a shorter time
window for P2 binding to a transiently exposed binding site in the
growing PC shell. This would explain why a similar dependency
between P2 and P7 could not be detected for reaction mixtures
with a high concentration of P2 (Fig. 3D). Alternatively, P2 and P7
could compete for the same binding site in the PC interior, as
suggested by Nemecek et al. (35). This could also be an explana-
tion for the relatively low copy number of P7 in recombinant PCs
and virions (Table 1).

The detected additional binding sites for P2 and P7 are likely
specific. Even at the highest applied concentrations, there were
only 0.1 P7 and 0.02 P2 molecule per 17.4 � 106 Å3, the internal
volume of �6 PCs (20). Thus, it is unlikely that these proteins
would be captured within the PC shell by chance under the con-
ditions applied.

Protein P4 is a ring-shaped hexamer essential for the nucle-
ation of the �6 PC self-assembly reaction (43). It also mediates the
viral genome packaging (40). Our analyses of the �6 PC assembly
also suggest that a high occupancy of P4 (Fig. 4D) could be crucial
for initial particle formation. This implies that the P4 hexamer
nucleating the PC assembly is not sufficient for formation of the
complete shell, supporting a model in which the PC assembly
proceeds from the (P1)4(P4)12(P7)n nucleation complex to com-
plete capsids via P4-assisted P1 incorporation (see Fig. S3A in the
supplemental material). This deviates from the requirements of
the tailed dsDNA bacteriophages, where only a single portal com-
plex is required to build the PC (4, 9, 12, 15, 22, 47). However, the
number of P4 molecules in the recombinant �6 PCs is typically
significantly below full occupancy (Table 1) (14, 34). This is ap-
parently due to the dissociation of P4 from the PC during purifi-
cation. We could recover particles with practically full occupancy
of P4 hexamers (12 hexamers per particle) only when a substantial
excess of P4 was present during the isolation of the particle
(Fig. 4D).

Previous kinetic analyses have revealed that P4 is critical in the
rate-limiting step of PC assembly (43). Interestingly, an excess of
P4 over the other protein components in the assembly reaction
mix decreased rather than accelerated the rate of assembly (Fig.
6B). One possible explanation for such a phenomenon is that in
the presence of an excess of P4, the (P1)4(P4)12(P7)n nucleation
complexes accumulate, but such intermediates cannot interact
with each other to build a capsid (see Fig. S3B in the supplemental
material). Dissociation of one of the P4 hexamers from the com-
plex was required to produce a (P1)4(P4)6(P7)n subassembly
which could productively interact with the nucleation complex
and subsequent assembly intermediates. Furthermore, it appeared
that in the absence of P4, P1 may adopt an unproductive confor-
mation that cannot be rescued by later addition of P4 (Fig. 7).
Consequently, a correct ratio of P4 to P1 during �6 infection is
important for efficient PC production.

The effect of P7 on assembly kinetics confirmed its role as an
assembly cofactor: addition of P7 increased the initial rate of as-
sembly (Fig. 6C) (42, 43) in a concentration-dependent manner.

FIG 7 Dependency of in vitro PC production on the temporal order of
reaction component addition. Standard assembly reactions were carried
out in the absence of P1 (lane 4), P2 (lane 6), P4 (lane 8), P7 (lane 5), or P2
and P7 (lane 7) and in the presence of 6% PEG for 60 min. Subsequently,
the missing protein component(s) was added and the incubation was con-
tinued for 60 min. The final molar ratio of proteins P1, P2, P4, and P7 was
120:12:72:45 in all reaction mixtures. The assembled PCs were separated
from the unassembled protein subunits by rate-zonal centrifugation, and
the light-scattering fractions of the gradients were analyzed by SDS-PAGE.
Recombinant PCs [PC(R)] from E. coli and purified �6 virions were added
as protein size markers.
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In contrast to P4 (Fig. 6B), excess P7 in the assembly reaction mix
did not cause any adverse effects on the reaction kinetics (Fig. 6C)
or PC formation (Fig. 5). The amounts of P2 and P7 in the PCs
were significantly diminished if these proteins were added to pre-
assembled particles (Fig. 7), which is in accordance with their
internal location (34, 35).

A generally accepted model for virus capsid shell assembly in-
volves conformational switching, i.e., protein subunits change
their conformation upon binding to a growing structure, conse-
quently creating a new binding site for another subunit (8). This
mechanism, also known as protein-determined cooperative as-
sembly, ensures fidelity and efficiency of virus assembly, produc-
ing highly symmetrical complete virion shells with well-defined
protein stoichiometries. In this study, we specifically addressed
the question of how minor capsid-associated proteins are incor-
porated into virions. Our results indicate that incorporation of the
minor capsid subunits into the PC of bacteriophage �6 is not
controlled by conformational switching; the growing of the P1
shell is not dependent upon the accurate incorporation of P2 and
P7 subunits. Rather, their inclusion appears to depend merely on
their binding affinities for specific sites in the growing capsid shell
and their relative concentrations during the assembly of the vi-
rion.

Production of the minor protein components during �6 infec-
tion appears insufficient to lead to a full occupancy of the potential
binding sites (Table 1), and consequently, the particles produced
are not symmetrical, even though the protein P1 shell utilizes ico-
sahedral symmetry. This has significantly hampered the acquisi-
tion of high-quality structural information on the �6 PC, and the
localization of the minor protein constituents has been particu-
larly difficult. Apparently, the self-assembled particles with a high
occupancy of P2 and P7 reported here may offer an opportunity to
define the locations and interactions of these proteins more pre-
cisely by use of electron microscopy or crystallography.
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