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Abstract

Flexible filamentous plant viruses are responsible for more than half the viral crop damage in the
world, but are also potentially useful for biotechnology. Structural studies began more than 75
years ago but have failed due to the virion’s extreme flexibility. We have used cryo—EM to
generate an atomic model for bamboo mosaic virus revealing flexible N— and C—terminal
extensions that allow deformation while still maintaining structural integrity.

The flexible filamentous plant viruses! are single-stranded positive-sense RNA viruses that
are widely found, and responsible for more than half the viral crop damage in the world?.
Due to their low toxicity they are viewed as potentially useful for biotechnology, such as in
vaccines3* and biomaterials for drug delivery or imaging®. Filamentous plant viruses are
broadly classified into the rigid rod-like, such as tobacco mosaic virus (TMV), and the
flexible viruses. While ten rigid filamentous plant viruses have been found in substantial
quantities in human stool samples®, the flexible filamentous plant viruses were
conspicuously absent, suggesting that they can be metabolized while the rod-like viruses
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cannot. In addition, the flexible filamentous viruses are potentially valuable for recombinant
protein production in plants’. But all of these applications have been hampered by the
absence of atomic structures. Published structural studies of these viruses date from 19418,
but no atomic model has been possible due to the fact that the viruses cannot be crystallized
and have proven to be too flexible for high-resolution x-ray fiber diffraction or electron
cryo—microscopy (cryo—EM). TMV, the first virus to be discovered?, is a rigid filamentous
plant virus that has been a model system in structural biology and virology. Atomic models
of TMV have been produced by both x—ray diffractionl? and cryo—EMZ1. In contrast to the
rigid viruses, the flexible filamentous viruses, including potexviruses such as potato virus X
(PVX), could not generate high—quality fiber diffraction patterns. It was suggested, based
upon low resolution x-ray fiber diffraction, that all potexviruses may share a common
architecture, with slightly less than nine protein subunits per helical turn12. This conclusion
was subsequently strengthened using both x—ray diffraction and various forms of EM113, A
number of low-resolution models of the flexible plant viruses have been generated?:1314 al|
implicitly assuming that the virions have a right-handed helical pitch as found in TMV/10,

BaMV belongs to the genus Potexvirus, family Alphaflexiviridae. It has a single—stranded
RNA genome®® of about 6.4 kb and has a flexible filamentous morphology with a length of
490 nm and diameter of 15 nm16, built mainly from a single protein CP (coat protein).
Previous research showed that up to 35 residues of the N-terminus of CP can be deleted
with no effect on virus replication and assemblyl’. Thus, BaMV has been developed as a
plant—expression vector for vaccine production by replacing the N-terminal 35 residues with
foreign peptides from either foot-and-mouth disease virus (FMDV)* or infectious bursal
disease virus (IBDV)3.

We set out to determine an atomic structure for a flexible filamentous plant virus. We
imaged both the wildtype BaMV (wt) and a virion containing a deletion of 35 N—terminal
residues of CP, BaMV-Nd35 (Nd35), using cryo—EM with a direct electron detector (Fig.
1). Starting with power spectra from the filaments (Supp. Fig. 1), the symmetry was found
by trial-and—error until recognizable secondary structure elements (rod—like features from
a-helices) were seenl8. We have found no change in the symmetry between the wt and the
Nd35, with both having a pitch of ~ 35 A with ~ 8.8 subunits per turn. Using the crystal
structurel4 (4ADOX.PDB) of a large fragment of the PapMV CP, which has 28% sequence
identity with the corresponding region of BaMV, it became obvious that the ~ 35 A pitch
helix must be left-handed (two enantiomorphic reconstructions can be generated that are
equally consistent with the images, one right—handed and one left—-handed, but the crystal
structure could only fit into the left-handed one). The reconstructions of both the wt and
Nd35 were improved by using a classification approach to remove the large variability in
twist and rise, and a more homogeneous set of ~ 54k segments for the wt and ~ 50k
segments for the Nd35 were used for the final reconstructions of each. The absence of any
significant structural differences between the two volumes allowed us to use these
completely independent reconstructions for an estimate of resolution, which yielded a value
of 5.6 A (Supp. Fig. 2). We then combined the two sets to generate a reconstruction (Fig.
1b) used for modeling. Due to the intrinsic variability of the structure, the resolution of the
combined reconstruction was not significantly better than either of the individual
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reconstructions. A comparison between the surface of the combined reconstruction (Fig. 2a)
and the atomic model that we have built, filtered to 5.6 A (Fig. 2b), shows that our estimate
of the resolution is very reasonable.

The existence of the crystal structure of the PapMV fragment4 (4DOX.PDB) allowed us to
use this as an intial template for building a full atomic model of BaMV (Fig. 2, Supp. Fig.
3). The template was initially docked into density and the core (residues 33-174 in PapMV,
corresponding to residues 62—-201 in BaMV) showed good agreement to the experimental
data, with real-space correlation of 0.61 over these 143 residues comprising the compact
core of the crystal structure (Fig. 3a,b). However, this model failed to account for 61 N—
terminal BaMV residues (18 of which were present in the template model but were likely
stabilized by crystal contacts and poorly fit the experimental density) and 42 C—terminal
residues, which were truncated for crystallizationl4. Continuous density was clearly visible
for both the missing N—terminal and C—terminal residues on the outside and the inside of the
capsid, respectively.

We used Rosettal® to build the backbone of the missing C—terminus and rebuild the N-
terminus (Fig. 3c,d). Due to the length, the relatively low resolution of the local density, and
the low apparent secondary structure content of the insertions, building or rebuilding these
termini proved especially challenging. Ultimately, we used a novel enumerative backbone
sampling protocol, described in the methods section. Sampling these terminal conformations
revealed reasonable convergence of the top—scoring models (Supp. Fig. 4). An unbroken
tube of density remained unexplained by the models, which seemed likely to correspond to
the single stranded RNA. The resolution of the data was unfortunately insufficient to build
RNA models de novo with any degree of confidence. Knowing the length of the virus (~ 490
nm), the size of the genome (6.4 kb), and the rise per subunit (4.0 A), one can estimate ~ 5.2
bases per subunit, which yields 5 as the nearest integer. We docked and refined a 5-
nucleotide sequence from rift valley fever virus (4H50.PDB), as the nucleotide chain in this
structure had a very similar radius of curvature to that observed in the density (~23 A in the
crystal structure versus ~30 A in the density map), and a 5-nucleotide stretch (nucleotides
3-7) showed good agreement when docked into the experimental data (Fig. 3e).

Finally, all-atom refinement of the symmetric full-length model against the experimental
density data was carried out in Rosetta. After refinement, the lowest—energy structures were
selected and compared. These structures showed relatively tight convergence (Supp. Fig. 4),
however, convergence was noticeably worse in the C-terminus, making identification of
specific sidechain interactions stabilizing this long loop ambiguous. Regions of the model
that used the crystal structure as a starting point were very well converged, and the final
model showed only very modest deviation from the initial crystal structure, with a Ca rmsd
of 3.1 A; differences between the two are largely limited to several loops interacting with
the single-stranded RNA. Comparison to an independent dataset (Supp. Fig. 2) shows
similar agreement to the map used for fitting, indicating the model is not over—refined.

The final structure shows a highly intertwined topology (Fig. 2c), where each subunit makes
direct contact with 8 other subunits (Fig. 2d,e). Looking from the outside of the capsid (Fig.
2d), the N—terminus of each subunit wraps around the i—1 subunit, forming a short helix that
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packs into a hydrophobic cleft on the surface with Phe45 buried in a small pocket on the
surface. An N-terminal loop continues wrapping around the structure with Trp41 and Trp68
forming a stacking interaction. The first 38 N—terminal residues are disordered in our model,
this is validated by the striking similarity between the wt and Nd35 reconstructions. The C—
terminus (Fig. 2e) wraps through the core of the capsid, following a continuous tube of
density, and forms contacts with three subunits in the turn above (i+7, i+8, and i+9), before
pointing toward the center of the virion where the extreme C—terminal residues contact
subunit i—7 in the turn below.

While the resolution of the data does not permit us to draw conclusions on the nature of the
protein—RNA interactions, the model suggests that residues Arg99, Lys132, Lys157,
Lys202, and Lys213 all potentially make protein-RNA contacts. Among them, Arg99 was
found?20 to be part of the potential RNA binding motifs in BaMV CP.

This highly intertwined structure of a flexible filamentous virus is in sharp contrast to the
highly compact architecture of TMV. The asymmetric unit of TMV is similar in size to that
of BaMV: 158 residues in TMV versus 204 residues in BaMV (ignoring the disordered 38
N-terminal residues), with an accessible surface area of 8,787 A2 per subunit for TMV
versus 12,922 A2 for BaMV (8,075 A2 not including the extended termini). TMV however,
forms much more extensive contacts with neighboring subunits, with 4,499 A2 (or about
51%) of surface forming the interface in the assembled capsid. On the other hand, BaMV’s
compact core is only making modest contacts between subunits, with 1,806 A2 (22%) of
surface contacting neighboring subunits; it is only when including the N- and C—terminal
extensions, connected to the core of the subunit by very flexible linkers, that the contacting
surface increases to 5,752 A2 (45%), in line with TMV. It is this architecture that allows
extensive non—covalent interactions with many surrounding subunits to be maintained in the
flexible filamentous viruses as the structures deform due to mechanical forces.

Online Methods

BaMV preparation

The plasmid pCB is a full-length cDNA infectious clone of BaMV-S (GenBank accession
number AF018156) in a pCass2 vector as described previously?l. The pCB-Nd35 was
derived from pCB by deletion of the N-terminal 35 amino acid sequence of CP. The
plasmids (1-2 pg) were used to inoculate Chenopodium quinoa. The inoculated leaves with
local lesions were collected at 7-10 days post inoculation. BaMV were extracted and
purified as described previously?2.

Cryo-EM and image processing

The sample (3 pL, 1-2pg/ul) was applied to lacey carbon grids that were plasma cleaned
(Gatan Solarus) and vitrified in a Vitrobot Mark IV (FEI, Inc.). Grids were imaged in a Titan
Krios at 300 keV, and recorded with a Falcon Il direct electron detector at 1.05 A per pixel,
with seven “chunks” per image. Each chunk, containing multiple frames, represented a dose
of ~ 20 electrons per A2. A total of 914 images (each 4k x 4k) from the wt and 560 images
from the Nd35 sample were selected that were free from drift or astigmatism, and had a
defocus less than 3.0 pm. The program CTFFIND322 was used for determining the Contrast
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Transfer Function (CTF) and the range used was from 0.6 to 3.0 um. The SPIDER software
package24 was used for most subsequent steps. The CTF was corrected by multiplying each
image by the theoretical CTF, both reversing phases where they need to be reversed and
improving the Signal-to—Noise ratio. The program e2helixboxer within EMAN225 was used
for boxing long filaments from the micrographs, and 5,099 and 3,400 such boxes of varying
length were generated from the wt and Nd35 samples, respectively. Overlapping boxes, 384
px long with an 8 px shift between adjacent boxes (98% overlap) were extracted from these
long filaments, yielding 236,726 segments from the wt and 217,773 segments from Nd35.
The CTF determination and particle picking came from the integrated images (all seven
chunks), while the segments used for the initial alignments and reconstruction came from
the first two chunks.

The determination of the helical symmetry was by trial and error, searching for a symmetry
which yielded recognizable secondary structure 18, The IHRSR algorithm?26 was used for the
helical reconstructions, starting from a solid cylinder as an initial model. Once the correct
symmetry was determined (an axial rise of ~ 4.0 A and a rotation of ~ —40.9° per subunit) a
preliminary reconstruction was used for both eliminating segments with large out-of—plane
tilt (greater than 9°) and as a basis for sorting by axial rise and twist. The sorting was done
by generating reconstructions with variations in both twist and rise, and these were used as
multiple references in a classification. The final data sets contained 54,547 segments for the
wt and 49,886 segments for the Nd35. After determining that there were no significant
differences between the two reconstructions, the sets were combined into a total set
containing 104,433 segments. The final reconstruction was generated by imposing the
helical parameters found for each segment using the first two chunks on segments
containing only the first chunk (~ 20 electrons per A2) and using these for the back—
projection in SPIDER. The Fourier Shell Correlation (FSC) was generated by comparing
two completely independent reconstructions: the wt and the Nd35 (Supp. Fig. 2), and the
FSC=0.143 criterion?” was used.

Building and refining atomic models into density

Model building began by docking a crystallized fragment from PapMV (PDB id: 4DOX)
into the experimental density data using Chimera’s “dock into density” tool. The fragment
was truncated to the core residues (residues 33-174) that showed good agreement to the
density data. However, this model failed to account for 58 N—terminal residues and 42 C-
terminal residues. Continuous density was clearly visible for both the missing N-terminal
and C—terminal residues at the outside and the inside of the capsid, respectively.

Initially, these termini were rebuilt using RosettaCM, which combines Monte Carlo
sampling of backbone fragments with Cartesian space minimization28. However, due to the
length, the relatively low resolution of the local density, and the low apparent secondary
structure content of the insertions, backbone conformational sampling in RosettaCM was
poorly converged, and the best—-scoring models still poorly fit the density, with large
segments outside of density and significant amounts of unexplained density remaining.
Instead, we used a novel enumerative rebuilding strategy in Rosetta to overcome this
sampling issue. Rather then sample the entire backbone segment simultaneously, we
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iteratively sampled short, three—residue segments of backbone. By only considering three
residue segments, we may completely explore the space of backbone conformations given
each three amino acid segment. Each iteration, we stored a “beam” containing up to the 50
best solutions; the subsequent iteration attempts to extend each of these solutions, and stores
up to the best 50 after the next extension. The density data are used to filter obviously wrong
solutions (by throwing out solutions with density agreement significantly worse than the
best seen over the same stretch of backbone), and additional filters ensure that models stored
each iteration are sufficiently different from one another. Sampling these terminal
conformations revealed good convergence of the top—scoring models (Supp. Fig. 4a), when
we looked at the final “beam.”

After rebuilding the N— and C- termini, an unbroken tube of density remained unexplained
by the models, which presumably corresponded to the single stranded RNA. The resolution
of the data was unfortunately insufficient to build RNA models de novo with any degree of
confidence. Based on the length of the capsid and genome, we assumed that there were 5
nucleotides in each asymmetric unit of the capsid. We identified a set of structures that had
RNA with a similar radius of curvature (PDB ids: 1C9S, 1IRMV, 3PDM, 4BKK, and 4H50),
and considered docking and refining every 5-residue segment into the density map.
Refinement of the RNA was carried out using the symmetry of the capsid??, with constraints
used to ensure that bond geometry was maintained between adjacent asymmetric units. This
refinement (25 different RNA stretches) showed that the best agreement to density was
observed for residues 3—-7 of 4H50, a crystal structure of rift valley fever virus. The RNA
conformation clashed with residues 85-96 using the docked crystal structure, so these were
rebuilt with RosettaCM, with the RNA model present.

Finally, all-atom refinement of the symmetric full-length model against the experimental
density data was carried out in Rosetta, using a previously described protocol3. A total of
600 refined models were generated. After refinement, the lowest—energy 10 structures were
selected and compared. These structures showed relatively tight convergence over most of
the structure, with most deviation in the C—terminus; this is unsurprising as this is the region
with worst local resolution, possibly due to conformational heterogeneity in this region. All
coordinate and B—factor refinement was carried out against the wildtype map reconstruction.
The independent Nd35 reconstruction was then used to evaluate overfitting of models to
density.

An FSC curve comparing the final model to the wt map (Supp. Fig. 2) shows good
agreement between model and map, with FSC=0.5 at a resolution of about 5 A, in line with
the resolution of the data. The agreement of the model with the Nd35 reconstruction shows a
similarly good fit, suggesting the refined model is not overfit to the density data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The BaMV helical capsid structure. (a) Micrographs of the wildtype (left) and Nd35 (right)

capsids. The scale bar is 1,000 A. (b) The 5.6 A resolution combined reconstruction,
showing three full helical turns of the capsid.
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Figure 2.
BaMYV cryoEM reconstruction allows building and refinement of atomic models. (a) The

final refined model of the capsid docked into density shows good agreement with the
experimental data (transparent grey surface); one asymmetric unit is highlighted in green.
(b) When the model is converted to density and filtered to 5.6 A resolution (transparent grey
surface), it compares extremely well to the actual density map in (a). (c) A cartoon
representation of the complete capsid model. One asymmetric unit is indicated in green.
(d,e) A cartoon schematic showed the highly interconnected nature of the BaMV capsid,
with the asymmetric unit protein colored from blue (N-terminus) to red (C—terminus).
Looking from the outside (d), we see the N—terminus wraps around the i—1 subunit, placing
a short helix into a hydrophobic groove on the surface of the protein. Looking from the
inside (e), we see that the C—terminus makes contact with three subunits from the helical
turn above before terminating facing the inside of the capsid where a contact is made
between the C—terminus and a subunit from a helical turn below.
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Figure 3.
The refined model reveals atomic details. (a) Model-building was largely guided by a

crystal structure of a fragment of the PapMV capsid protein, which showed good agreement
with the density data. (b) The final refined model (green) superimposed on the PapMV
crystal structure (blue) shows good agreement over the core of the protein, but with large
differences in the N-terminus. (c,d,e) Portions of the model not present in the crystal
structure that were built into density also show good agreement with the experimental data:
the N—-terminus (c), C-terminus (d), and RNA (e).
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