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Abstract
The initial assembly product of bacteriophage φ6, the procapsid, undergoes major structural
transformation during the sequential packaging of its three segments of single-stranded RNA. The
procapsid, a compact icosahedrally symmetric particle with deeply recessed vertices, expands to
the spherical mature capsid, increasing the volume available to accommodate the genome by 2.5-
fold. It has been proposed that expansion and packaging are linked, with each stage in expansion
presenting a binding site for a particular RNA segment. To investigate procapsid transformation,
we induced expansion by acidification, heating, and elevated salt concentration. Cryo-EM
reconstructions for all three treatments produced the same partially expanded particle. Analysis by
cryo-electron tomography showed that all vertices of a given capsid were either compact or
expanded, indicating a highly cooperative transition. To benchmark the mature capsid, we
analyzed filled (in vivo-packaged) capsids. When these particles were induced to release their
RNA, they reverted to the same intermediate state as expanded procapsids (intermediate 1) or to a
second, further expanded state (intermediate 2). This partial reversibility of expansion suggests
that the mature spherical capsid conformation is obtained only when sufficient outwards pressure
is exerted by packaged RNA. The observation of two intermediates is consistent with the proposed
three-step packaging process. The model is further supported by the observation that a mutant
capable of packaging the second RNA segment without previously packaging the first segment has
enhanced susceptibility for switching spontaneously from the procapsid to the first intermediate
state.
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Introduction
Bacteriophage φ6 offers an attractive system for studying encapsidation of the segmented
genomes of double-stranded RNA viruses, due to its relative simplicity.1 The genome is
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packaged into a pre-assembled procapsid, as opposed to the co-assembly of the genome and
capsid proposed for reoviruses.2 The selection of segments and the order in which they are
packaged is also well understood, which is not the case for other segmented genome viruses
in general.3, 4

φ6 replication starts with an initial assembly product, the procapsid, consisting of four
proteins, P1 (capsid shell5), P2 (RNA-dependent RNA polymerase6), P4 (packaging
motor7, 8), and P7 (packaging facilitator9). The procapsid shell is an icosahedral assembly of
120 P1 subunits, with P4 hexamers bound over the recessed vertices, and P2 monomers
nestled between the tips of the vertices on the inside. Then the three segments of single-
stranded RNA - s, m and l - are packaged, in that order.10 Once all three segments are
packaged, minus-strand synthesis takes place within the capsid, followed by transcription.11

According to a model that has been proposed for regulating the order of packaging1, 10 the
pac sequence of the s segment binds to the outer surface of the procapsid, which is then
packaged by the P4 motor, leading to a structural transition that exposes the binding site for
the m segment. The m segment is then packaged, leading to further expansion that allows
the l segment to bind and be packaged. This model suggests the existence of at least two
intermediate states between the compact procapsid and the spherical morphology of the
mature fully packaged capsid.12 A candidate intermediate structure was reported by Butcher
et al.13 as present in populations of isolated P14 procapsids (i.e. containing only P1 and P4).
They also observed a similar partially expanded particle in preparations obtained by
extracting complete virions with salt and EDTA.

The goal of the present study was to investigate structural transformations of the φ6
procapsid by cryo-electron microscopy in the context of the three-step packaging
hypothesis. However, to date, in vitro packaging of φ6 procapsids has been hampered by
relatively low efficiency (2–5%).14, 15 Noting that in some other viral systems, it has been
possible to induce procapsid maturation by subjecting them to appropriate physical or
chemical perturbations,16, 17, 18 we decided to follow this approach. Thus we investigated
the effects of varying several environmental parameters (pH, ionic strength, and
temperature) on φ6 procapsids. We also examined procapsids with a point mutation in P1
that is capable of packaging the m segment directly,19 in order to ascertain whether this
property has some structural correlate. To compare the conformations observed with the
mature surface lattice, we studied in vivo-packaged mature capsids, both intact and after
causing them to release their RNA at elevated salt concentration.

Results
Conditions for the expansion of procapsids

In an earlier study in which P1’247 mutant procapsids were imaged,20 we observed a
subpopulation of what appeared to be spontaneously expanded particles. This mutant, which
harbors the E390A substitution in P1, is able to bind and package the m segment without
previously packaging the s segment.19 The proportion of expanded particles was somewhat
variable, ranging from 10–20%, but substantially greater than for wild-type (P1247)
procapsids with a similar preparatory history (< 5%).

This motivated us to seek conditions under which both the mutant and wild type procapsids
expand. Recalling that decreasing the pH promotes maturation of the HK97 procapsid,17 we
decided to examine its effect on the φ6 procapsid. The acidification of φ6 procapsids led to
larger fractions of expanded particles for both the wild type P1247 (~20% at pH 5.1) and the
mutant P1’247 (~50% at pH 5.5 and ~95% at pH 5.0). However, massive aggregation took
place at pH < 6 and there were indications of incipient disintegration at pH 5.0 (Figure 2A).
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We next tested the effects of elevated temperature and ionic strength on procapsid
expansion. To facilitate sampling multiple conditions, negative-staining electron microscopy
was used. Preparations of both P1247 and P1’247 procapsids showed increased levels of
expanded particles after incubation for 10 minutes at temperatures in the range, 20–70°C
(micrographs from selected temperature experiments are presented in Figure 1A–C and
Figure 2B). In general, the percentage of expanded particles increased with rising
temperature, although the data had considerable scatter, probably as a result of aggregation
removing ill-defined fractions of capsids from the suspension. Without any added salt, only
about 10% of wild type procapsids expanded at 50 C, increasing to ~30% above 60 C
(Figure 1A); no particles of any kind were observed at 80 C. At 0.3 M KCl, the expanded
particles increased to ~50% at 50 C, and up to 90% above 60°C (Figure 1B), again, none
were observed at 80 C. For the P1’247 mutant in 0.3 M KCl, most particles (>90%) were
already expanded at 40 C (Figure 1C). We did not see any evidence of reversibility of
procapsid expansion in a sample observed after cooling it down to 20 C, following
incubation at 65 (data not shown).

Differential scanning calorimetry
In order to probe procapsid stability and to ascertain whether an energetic transition that
could be correlated with expansion might be observed,21 we performed differential scanning
calorimetry (DSC) (Figure 1D). With wild-type procapsids at concentrations above 0.2 mg/
mL protein, the thermograms were compromised by large exothermic excursions, indicative
of severe aggregation effects (not shown). This problem was solved by limiting runs to
lower concentrations (0.1 mg/mL) but at the cost of lower signal-to-noise ratios. Procapsids
in low-salt conditions, which poorly promote expansion in a heated sample (Figure 1A),
exhibited an endothermic event at 70 C that we take to represent thermal denaturation of the
procapsid. In 0.3 M salt, this event shifted to 74 C and we interpret it as denaturation of the
expanded particle. We observed no event at lower temperature that could potentially
represent expansion. However, as transitions other than denaturation tend to involve
enthalpy exchanges of less than 10% of that of capsid denaturation (~5% in the case of
P22,21 2–10% in the case of HK9722), the prospects to observe such an event were low on
account of both the weak signal at low protein concentration and expansion being spread
over a wide temperature interval.

Reconstructions of expanded procapsids
We performed 3D reconstructions of spontaneously expanded P1’247 procapsids (Figure
2C), P1’247 procapsids subjected to acidic pH (Figure 2D), P1247 procapsids heated in high
salt (Figure 2E), and several other conditions (see Table 1 for details). The damage to and
aggregation of P1’247 procapsids subjected to low pH treatment limited the numbers of
particles in micrographs that were suitable for reconstruction and hence the resolution of the
reconstructions (Figure 2D, Table 1). All the reconstructions of expanded particles are
indistinguishable (Table 2 and Supplementary Figure 2), suggesting that the same
conformation of the P1 shell is reached through each of the expansion-inducing treatments.

Despite the relatively low resolution of the reconstruction of P1’247 procapsids at low pH,
the densities associated with P2 and P4 are present. This indicates that at least some of these
proteins remain attached during acidification. In contrast, all reconstructions from particles
expanded spontaneously or by heat and salt (such as those in Figure 2A and C and others not
shown) exhibit no P2-related densities on the inside, and very little P4-related density above
the vertices. Prior experience has been that retention levels of P4 are variable,5, 20, 23

implying that P4 is dislodged relatively easily (a property used to prepare P4 from
nucleocapsids8). Although we observed detachment of P4 molecules from P1247 procapsids
after storage at 4°C for two weeks (Supplementary Figure 1), there is no reason to believe
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that expansion per se causes detachment of P4, as the protein is well represented on mature
filled particles (see below). This point is considered further in the Discussion section. The
dearth of P2 densities in these expanded particles may be attributed to their detachment from
the fixed sites that they occupy in the procapsid. In tomograms, internal densities of
appropriate size for P2 molecules are seen (Supplementary Figure 3), but not arranged in
consistent positions and consequently smeared to invisibility in icosahedrally symmetrized
reconstructions.

Salt-induced release of RNA from packaged mature capsids
To obtain a representation of the fully expanded capsid for comparison with in vitro-
transformed procapsids, we isolated particles that had been packaged in vivo and were filled
with double-stranded RNA and analyzed them by cryo-EM. Micrographs of this specimen in
0.1M salt showed mostly filled capsids but about 20% were empty (Figure 3A). At higher
salt (0.2M), the fraction of empty particles increased to ~ 80% (Figure 3B). A reconstruction
of the full particles showed nearly full occupancy of P4 at the vertex sites as well as several
shells of RNA-associated density inside (Figure 3C). This is not to say that the RNA is
strictly stratified but rather that the predominant inter-duplex spacing is 33 Å, the spacing
between adjacent shells in the reconstruction.

At higher salt concentration, most particles were completely empty, while some retained
varying amounts of RNA. By visual inspection, there appeared to be some structural
variability in the emptied capsids. To pursue this eventuality more quantitatively, we applied
classification techniques (see Methods) to probe for multiple capsid species. This analysis
yielded three stable reconstructions with similar resolutions (Figure 3D–F). None of them
show either P4 or P2, the former probably dissociated due to the increased salt
concentration, and the latter likely due to random distribution in the packaged and expanded
particles. The coincidence of the loss of P4 and RNA hints at a role of P4 in the retention of
dsRNA.

The first of these reconstructions (Figure 3D), accounting for 16% of the data, showed
considerable amounts of RNA remaining. It is very similar in terms of the RNA organization
and surface shell structure to the fully packaged particle, but with the spacing between the
second and third shells increased to 36Å. The vertices are also slightly indented (by ~9Å)
relative to those in Figure 3C (Supplementary Figure 4). The second reconstruction (Figure
3E), from 18% of the data, showed no traces of RNA, and a P1 shell that is indistinguishable
from that in Figure 3D (Table 2). The majority particle in this sample (66% of the data,
Figure 3F) was empty, with more deeply indented vertices (by ~23Å relative to the fully
packaged capsid) and indistinguishable from the acid- and heat-expanded procapsids (Table
2 and Supplementary Figure 2).

Classification of individual vertices of compact and expanded capsids
To visualize single features of individual procapsids (rather than averaged features of
reconstructions), we generated cryo-electron tomograms of P1247 procapsids captured at
60°C in 10 mM Tris, 1 mM MgCl2 and 0.3 M KCl at pH 6.5. The expected two kinds of
particles were observed: (i) compact procapsids with recessed vertices and characteristic
pentagram profiles in the 5-fold views; and (ii) expanded intermediates with rounder shells
and more spacious interiors (Figure 4A). Averages of aligned subtomograms appeared to be
the compact procapsid and the expansion intermediate (Figures 4B–E), but the resolutions
obtained (~46 Å) were much lower than was previously determined for the compact
procapsid at room temperature.24 Some expanded particles showed vertices at slightly
different levels of expansion. This raised the question of whether the expansion states of
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vertices are uniform or can be mixed in each particle, and if the latter, whether there is any
pattern to expansion.

To analyze the expansion level of individual vertices within single procapsids, we extracted
and realigned subtomograms of the vertices from aligned non-denoised particles. The box
size of extracted vertices was chosen so that each extracted subtomogram contained the 5-
fold vertex and the neighboring 3-fold vertices. Classification of all vertices extracted from
both compact and expanded procapsids from the same tomograms converged to four classes
of vertices (Figure 4F–I). Two classes (Figure 4F,G) are similar to the compact procapsid
vertex (Figure 4J,K) and the other two classes (Figure 4H,I) resemble vertices from the two
expansion intermediates (Figure 4L,M). While the compact-expanded distinction is very
clear, the differences within these sets are less certain. The subtle differences between the
two compact vertices, or between the two expanded vertices, can in part be ascribed to the
anisotropic resolution in the tomograms, and in part to apparent distortions of the P1 shell.
We therefore can only classify the vertices reliably as compact or expanded.

In cataloguing the distribution of compact and expanded vertices within individual
procapsids, we found only one class of vertex (either compact or expanded) in every
particle, with a few exceptions. All of the exceptions were examined and found to be
ambiguities in the data, such as missing or poorly represented density. We therefore have no
evidence for a mixture of vertex classes in the same particle.

Discussion
Packaging of the φ6 genome follows a specific program, whereby the three segments are
packaged in the order: s → m → l.10 During packaging and minus-strand synthesis, the
procapsid expands by 150% in internal volume, enabling it to accommodate the complete
genome (Figure 5). A current model holds that the pac site of each segment recognizes a
particular conformational state of the P1 shell, and switching between these states specifies
the order of packaging.1 This model predicts that there should be at least four
conformational states of the capsid: the procapsid; and maturing particles respectively
packaged with the s, s+m, and s+m+l segments.12 Throughout the packaging process, the P4
NTPase remains bound to the outer surface at the fivefold vertices, while P2, the
internalized polymerase, replicates the genome during or after the last packaging step. Here
we endeavored to shed light on the structural transitions of which the procapsid is capable.

P2 detaches from the inner surface during expansion
P2 binds to the inner surface of the procapsid near the three-fold axes of symmetry.20, 24 In
most reconstructions of expanded procapsids and all reconstructions of RNA-filled and
emptied capsids, we could find no trace of P2-related density (Figures 2A,C, 3C–F).
However, tomography revealed numerous randomly distributed P2-sized densities inside
expanded procapsids (Figure 4A and Supplementary Figure 3). It follows that most if not all
P2 molecules detach from their initial binding sites when the procapsid expands. Although
the distribution of P2 in expanded particles is unclear, there is evidence that the binding of
host proteins to P1 alters the activity of P2, indicating that P1 and P2 continue to interact. 25

Two intermediate states of the P1 shell
We found that treatment of procapsids with acid pH (5.0 to 6.5), salt (0.3 – 0.5M), and/or
heat (up to 60°C) produced the same altered conformation of the P1 shell. This conformation
was also represented in spontaneously transformed mutant P1’247 procapsids and in capsids
that had been filled with RNA in vivo and subsequently emptied in vitro. This appears to be
the same state as was reported by Butcher et al.,13 either starting from in vitro-assembled
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P14 procapsids or with capsids extracted from mature virions. In these particles, the vertices
have moved outwards by ~80Å, 78% of the way towards their final positions and the
internal volume is increased by 112% (Figure 5, Supplementary movies 1 and 2).

The second intermediate is distinguished from the first one by the vertices having moved
further outwards by another ~14 Å, now ~ 91% of the way towards their positions in the
mature capsid and with a further increase in internal volume, now 136% more than in the
procapsid (see the difference map in Supplementary Figure 5). To date, this state has been
observed only in RNA-voided preparations of filled capsids and it remains an assumption
that it is also a staging-post on the expansion pathway. This assumption is based on its
conformation being midway between the first intermediate and the mature capsid (Figure 5).

Implications for the 3-step packaging model
Figure 6 summarizes an updated model for RNA packaging in the φ6 system. The first
intermediate appears to be a low-energy state as we observed no tendency of these particles
to revert to the procapsid conformation when the stimuli that provoked their formation (heat,
low pH, elevated salt) were removed. Huiskonen et al.26 suggested that the trigger for the
first expansion step may be provided by NTP hydrolysis by P4. However, our experiments
did not include NTP’s and the correlation of loss of P4 with expansion during mild
environmental manipulation indicates a different driving force. The energy barrier for the
initial expansion may be relatively low, and during packaging of the s segment, moderate
pressure exerted on the P1 shell may be enough to switch it to the first expansion
intermediate. Although the inner volume of the compact procapsid is 17.6 × 106 Å3,
packaged RNA would affect the recessed five-fold vertices already when its size exceeds the
central spherical volume of the procapsid. Yoffe et al.27 characterized the size of ssRNA
strands by the longest path across the predicted RNA secondary structure and derived a
simple approximation for the radius of gyration as a function of the number of nucleotides.
The estimated radius of gyration for the s segment is ~150Å, somewhat larger than the 107
Å radius of the tips of the recessed five-fold vertices. The s segment may therefore exert
enough pressure on the P1 shell to initiate the expansion, particularly if the inner surface of
the procapsid was negatively charged and the expansion triggered by electrostatic repulsion.
An alternative trigger for procapsid expansion can be interaction of the s segment with the
P1 shell, either through its pac sequence on the outside, or with an internal surface after
packaging. Consistent with idea that this transition should be highly cooperative so as to
avoid packaging more than one s segment,26 we only observed particles with all their
vertices in either the compact or the expanded state, never a mixture.

The observed reversion of emptied capsids to the two expansion intermediate conformations
implies that pressure from internalized RNA is needed to push the procapsid into its fully
mature conformation, and possibly also the second intermediate. In this property, the φ6
capsid differs from the capsids of dsDNA viruses such as HK9728 or HSV29 in which only
slight differences are observed between filled capsids and empty but nominally mature
capsids. The volumetric increase in the first intermediate of 112% leaves only a small
further increase to the 150% of the fully packaged capsid over the procapsid (Figure 5).
Within this range lies the second intermediate we propose corresponds to the capsid
packaged with the s and m segments, as well as the fully packaged capsid before replication
(i.e., with ssRNA as opposed to the dsRNA in the particle shown in Figure 3C) that we have
yet to observe.

In conclusion we propose that the first expansion intermediate may be equated with the
conformation putatively achieved after packaging the s segment, in which the particle is
competent to package the m segment. This is strongly supported by the propensity of the
P1’247 mutant to expand and its ability to bind and package the m segment in the absence of
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the s segment.30 In terms of this scenario, we envisage a mixed population of procapsids
with some still unexpanded and packaging the s segment, and others already expanded and
packaging the m segment.

Materials and Methods
Preparation of φ6 procapsids and packaged mature capsids

Procapsids were produced in Escherichia coli strain JM109, using either the plasmid
pLM687 to coexpress wildtype P1, P2, P4 and P7 subunits (P1247) or the plasmid pLM2541
to coexpress the E390A mutant of P1 and wildtype P2, P4, and P7 subunits (P1’247).19 The
RNA-packaged mature capsids were prepared from the strain LM4383 and contained only
segments L (6.4 kb) and S (4.0 kb, modified to contain a kanamycin resistance gene).25, 31

The capsids were purified as described previously,20 and stored at 4°C in buffer P (10 mM
potassium phosphate, 1 mM MgCl2, 50% sucrose, pH 7.5). Prior to experiments, the
samples were buffer exchanged into buffer T (20 mM Tris, 1 mM MgCl2, pH 6.5) with
additional salts as indicated, using Zeba-midi buffer exchange columns with a 7-kDa cutoff
(Thermo Scientific, Rockford, IL).

Differential Scanning Calorimetry
DSC measurements were performed using a VP-DSC calorimeter from MicroCal, LLC
(Northampton, MA). The instrument was run without feedback with at least 60 min
equilibration times prior to, and between, the 60°C/h scans. Samples, at concentrations over
the range 0.1–1.0 mg/mL, were scanned three times from 15 to 90 °C with rapid cooling
between scans. Samples at concentrations above 0.2 mg/mL exhibited deep and broad
exothermic signal above ~50 °C due to precipitation of procapsids in the sample. DSC data
were corrected for instrument baselines (determined by running the dialysis buffer in both
reference and sample cells just prior to placing protein in the sample cell) and normalized
for scan rate and protein concentration. Data conversion and analysis were performed with
Origin software (OriginLab Corporation, Northampton, MA). The baseline under
denaturation peaks was approximated with a polynomial function and the peaks fitted with a
non-two-state model with no ΔCp. This model considered cooperativity in procapsid
denaturation (ΔHcal ≠ ΔHvHoff) that had to be included to fit the denaturation peaks reliably.

Negative-stain electron microscopy
For negative staining, the sample was diluted to ~0.1 mg/mL and stabilized at a chosen
temperature for ~10 min. A 5 μl aliquot was deposited on a 300-mesh copper grid with a
continuous carbon layer. The sample was blotted, grid washed with Mili-Q ultrapure water
and stained with methylamine tungstate (Nanoprobes, Yaphank, NY). Micrographs were
collected on CM120 electron microscope using a CCD camera at a magnification of
22,000x. The fraction of expanded intermediates at each temperature was determined for
100–500 procapsids picked from several micrographs that were collected from different
parts of the grid.

Cryo-electron microscopy
Samples (3.5 μl) at ~10 mg/mL protein concentration were equilibrated at the desired
temperature and applied to grids with holey carbon films, blotted, and plunge-frozen in
liquid ethane using a Vitrobot (FEI, Hillsboro, OR). The grid and sample chamber of the
Vitrobot were preheated to the temperature of the sample to minimize temperature gradients.
The vitrified specimens were imaged at 38,000x magnification with a CM200 FEG
microscope (FEI, Eindhoven, The Netherlands) fitted with a Gatan 626 cryoholder and
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operating at an accelerating voltage of 120 keV. Micrographs were recorded at 12–15 e−/Å2

per exposure at 1.0–2.0 μm underfocus.

Single particle processing
Micrographs were digitized using a Nikon Super Coolscan 9000ED at 4000 dpi (1.63 Å/
pixel). Image processing was done with the Bsoft package.32 For each micrograph, the
contrast transfer function parameters were estimated in bshow. Single particles were picked
and extracted in bshow and corrected to the contrast transfer function by phase-flipping
using bctf. All of the micrographs and the picked particles were binned by a factor of 2 to
accelerate image processing, giving a pixel size of 3.26 Å. Origins and orientations of single
particles were determined by projection matching using programs borient and brefine. An
angular step size of 1° for global search and 0.2° for local refinement within a 20–100 Å
resolution range were used in final iterations. The reconstructions were done with
breconstruct and the resolution determined by Fourier shell correlation and using a 0.3 cut-
off (Table 1). Dimensions of each reconstruction were determined by several measurements
of the outer diameter along the 2-fold, 3-fold and 5-fold axes.

Multi-reference classification
The classification was done as described in Heymann et al.33 Six starting reference maps
were chosen to represent the known range of P1 shell conformations: The wild type P147
procapsid,20 the expanded mutant P1’247 at pH 5.5, 5.0, and 7.5, and initial single
reconstructions of the packaged particle at 100 and 200 mM NaCl (obtained using as
reference the nucleocapsid map from the EMDB: EMD-1207.34 After alignment and
competitive classification, only the classes derived from the P1’247 references at pH 5.5 and
7.5 and the higher salt reference map had significant numbers of particles assigned to them,
and the other three were discarded. This procedure was repeated 8 more times, each time
discarding classes with very low numbers of particles, combining classes where the
reconstructions were indistinguishable at the measured resolution, and generating new
intermediate references by combining pairs of previous maps. The final classes of particles
remained stable through the last three rounds of alignment and assignment. The final result
yielded four classes, with one being the fully packaged particle and containing only 3% of
the particle images. The other three were kept as representative of the data set of particles
ranging from empty to some still containing RNA.

Internal volumes
Each map was segmented with bsegment to isolate and extract the P1 shell. This map was
then low-pass filtered to 30 Å to close any openings in the shell. The threshold for 100%
mass was determined and used to define a mask with an inner volume taken to represent the
volume within the shell. Tests using the available two nucleocapsid maps in the EMDB
(EMD-1207 and EMD-130134) suggest a precision of about 2%.

Cryo-electron tomography
Procapsid samples were mixed with 10-nm colloidal gold particles conjugated with BSA
(AURION, Wageningen, The Netherlands), at room temperature or heated to 60 °C and
vitrified using a Vitrobot (FEI) with the sample chamber prepared at the same temperature.
A Tecnai-12 electron microscope (FEI) operating at 120 kV with a LaB6 source and
equipped with an energy filter (GIF 2002; Gatan, Pleasanton, CA) was used to collect tilt
series at 4 μm defocus, covering the range ±66° in 2° increments. The tilt series were
acquired using the SerialEM package,35 for a total dose of ~70 e−/Å2 per series. Images
were recorded on a 2048 × 2048-pixel CCD camera (Gatan, Pleasanton, CA) at 38,500x
magnification (7.8 Å/pixel).
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Tomogram reconstruction
Data were processed using the Bsoft package.36 Projections were aligned using gold
particles as fiducial markers and tomograms were reconstructed. The tomograms were
denoised by 100 iterations of anisotropic non-linear diffusion37 with the program bnad.
Individual procapsids were extracted from tomograms in bshow and aligned to the procapsid
map derived from single particle reconstruction with bfind and using an appropriate missing
wedge mask. The orientations of the subtomograms were refined in two additional iterations
with bfind. The in-plane resolution of the full tomograms was estimated to be ~70 Å by the
NLOO-2D method38 with the 0.5 cutoff using btomres.

Classification and averaging of extracted vertices
Individual 5-fold vertices were extracted from aligned subtomograms using a box of
40×40×40 voxels positioned on the 5-fold axis at a radius of 175 Å. To generate an initial
series of vertex template classes, two vertices extracted from icosahedrally symmetrized
single particle reconstructions of the compact and expanded procapsid maps were used to
produce 10 initial references gradually changing from the compact to expanded states. All
individual vertices were aligned to each initial reference and classified according to the best
cross-correlation coefficient. Members of each class were averaged and served as templates
for further rounds of multi-reference alignments and averaging using the program bxb.
Similar class averages were merged and classes with low population of particles were
eliminated after each round of alignments and mutually exclusive classification. After
several iterations, only four classes remained, with two classes each for the compact and
expanded procapsids. Masking of the missing wedge during alignments had minimal effect
on the results due to the small size of extracted vertices (40×40×40 voxels).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Negative-stain micrographs of P1247 procapsids in (A) low-salt and (B) high-salt at
different temperatures within 20–70°C as indicated. Significantly more expanded (white
arrowheads) than compact (white arrows) particles were observed in the high-salt
conditions. (C) Negative-stain micrographs of P1’247 procapsids in 0.3M KCl and at 20°
and 40°. All particles were already expanded at 40°C and no intact particles were detected at
60°C or higher temperatures. Scale bars: 300 Å. (D) Differential scanning calorimetry of
P1247 procapsids in low salt (blue curve) and 0.3 M KCl (red curve) buffers. The
endothermic peaks were fitted with a non-two state model (black curves).
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Figure 2.
Cryo-electron micrographs of the P1’247 mutant procapsids at pH 5.0 (A) and of the P1247
wildtype procapsids heated to 60°C in 0.3 M KCl (B). Almost all particles appear expanded,
however at the lower pH, some exhibit signs of disassembly at the 2-fold axes (white
arrows). Scale bar: 500 Å. Single particle reconstructions of procapsids. (C) The
spontaneously expanded P1’247 particle at pH 7.5. (D) The acid-induced expanded P1’247
particle at pH 5.5. (E) The expanded P1247 particle at 60°C and 0.3M KCl. (F) The compact
P1’247 procapsid at pH 7.5. The arrows indicate densities associated with the RNA-
dependent RNA polymerase, P2 (white), and packaging NTPase, P4 (black). Scale bars: 100
Å.
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Figure 3.
Cryo-electron micrographs of RNA-packaged P1247 capsids in (A) 0.1 M NaCl, and (B) 0.2
M NaCl. Scale bars: 500 Å. Reconstructions of the capsid in (C) 0.1 M NaCl and (D–E)
three forms in 0.2 M NaCl showing partial or complete RNA-release. The black arrows
indicate high densities of P4 subunits in the packaged capsid (C). Scale bars: 100 Å.
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Figure 4.
(A) Section through a denoised tomogram of P1247 procapsids at 60 °C in 0.3 M KCl,
showing both compact (white arrows) and expanded (black arrows) particles. Scale bar: 500
Å. Central sections of icosahedral maps of the compact procapsid (B) and the expanded
particle (C) of P1247 procapsids averaged from 120 and 174 non-denoised subtomograms,
and with resolution estimates of 44 Å and 46 Å, respectively (FSC0.3). As a comparison,
central sections through suitably resolution-limited single particle reconstructions of (D) the
compact procapsid and (E) the first expansion intermediate are shown. Side views of 5-fold
averaged vertex classes from subtomograms of compact procapsids (F,G) and expanded
particles at 60°C (H,I). For comparison, average vertices from a single particle
reconstruction (J) and a subtomogram average (K) of a compact P1247 procapsid at
22°C{Nemecek, 2010 #12573} and average vertices from single particle reconstructions of
expansion intermediates 1 (K) and 2 (L) obtained from RNA-packaged procapsids after
release of RNA.
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Figure 5.
(A) The procapsid expansion is largely an outward movement of the five-fold vertices,
showing a linear relationship with the internal volume. The radius was measured at the three
symmetry axes: 5-fold (solid line), 3-fold (dotted line), 2-fold (dashed line). Procapsid
expansion is also shown in Supplementary movies 1 and 2.
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Figure 6.
Sequential steps of procapsid expansion. Here we tentatively correlate the structures
produced by perturbing the procapsid or the RNA-filled capsid in vitro by environmental
factors (acid, heat and/or salt) with packaging intermediates that it has not yet been possible
to observe directly. The procapsid transforms in a cooperative manner to the intermediate 1
state in vitro in response to any of several treatments or, we hypothesize, by packaging the s
segment. Further transformation to the intermediate 2 state would then be driven by
packaging the m segment. Finally, packaging of the l segment and RNA replication yield the
fully expanded capsid. To date, intermediate 2 has only been observed on perturbing the
mature capsid and not on driving expansion further past the intermediate 1 state. This
observation suggests that the lowest free energy state of the P1 shell in the absence of
packaged RNA is intermediate 1. The reconstructions are color-coded according to the radial
distance from the particle center from red to blue to emphasize the main conformational
change: the outward movement of the five-fold vertices. Vertex-mounted P4 hexamers are
present on the capsid reconstruction and are inferred to have been shed from the particles
used to calculate the intermediate 1 and 2 reconstructions (see Discussion).
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