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Cryo-EM reconstructions of BMV-derived virus-
like particles reveal assembly defects in the
icosahedral lattice structure
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The increasing interest in virus-like particles (VLPs) has been reflected by the growing number of studies
on their assembly and application. However, the formation of complete VLPs is a complex phenomenon,
making it difficult to rationally design VLPs with desired features de novo. In this paper, we describe VLPs
assembled in vitro from the recombinant capsid protein of brome mosaic virus (BMV). The analysis of
VLPs was performed by Cryo-EM reconstructions and allowed us to visualize a few classes of VLPs, giving
insight into the VLP self-assembly process. Apart from the mature icosahedral VLP practically identical
with native virions, we describe putative VLP intermediates displaying non-icosahedral arrangements of
capsomers, proposed to occur before the final disorder—order transition stage of icosahedral VLP assem-
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bly. Some of the described VLP classes show a lack of protein shell continuity, possibly resulting from too
strong interaction with the cargo (in this case tRNA) with the capsid protein. We believe that our results
are a useful prerequisite for the rational design of VLPs in the future and lead the way to the effective pro-
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Introduction

Icosahedral plant viruses and virus-like particles (VLPs) com-
posed of plant virus capsid proteins (CPs), have been proposed
to serve as nanocontainers, biosensors, nanoreactors, and
drug or gene delivery vehicles due to their nanoscale dimen-
sions, simple yet rigid structures, self-assembly capability and
empty interior.”> The increasing interest in VLP application
has been reflected by the growing number of studies on their
assembly and disassembly processes as well as on their cellu-
lar internalization, cargo capacity, or modifications of their
external surface in order to direct them to target cells.>”
Recently, VLPs composed of the native capsid proteins from
plant viruses belonging to the bromovirus genus, i.e. brome
mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV),
have been shown to easily internalize fluorophores into breast
tumor cells.®® Furthermore, BMV-derived VLPs loaded with
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small interfering RNA (siRNA) against green fluorescence
protein (GFP) coding sequence efficiently silenced constitutive
expression of gfp in breast tumor cells and showed no cyto-
toxicity.” These results further underline the attractive poten-
tial of plant virus VLPs in therapy and diagnostic imaging.

The formation of the complete VLP is a complex phenom-
enon, and the state-of-art is insufficient to rationally design
VLPs with desired features. The kinetics of virion growth in
the presence of RNA is usually faster than that of empty capsid
assembly, indicating that the assembly pathways of empty and
RNA-filled VLPs might be different.>”'>'" The assembly has
been proposed to proceed either through the nucleation and
growth or the en masse mechanism.'> The first pathway
assumes the formation of a single nucleus followed by sequen-
tial binding of subunits to its edges, thus leading to non-sym-
metrical shell intermediates. In the second pathway, subunits
bind to each other forming multiple nuclei, and the shell
keeps growing in a disordered manner. In both scenarios,
when enough subunits are incorporated, they undergo coop-
erative rearrangements to assemble into an ordered icosahe-
dral capsid.’ The two pathways have been experimentally evi-
denced by time-resolved small-angle X-ray scattering (TR-SAXS)
and by interferometric scattering microscopy for CCMV and
MS2 bacteriophage capsids.”'* Recently, thanks to the devel-
opment of high-resolution experimental and computational
techniques in the field of physical virology, the capsid assem-
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bly has been described in terms of conformational dynamics
superseding previous static descriptions of viral properties.'*
Accordingly, before the icosahedral protein shell self-assembly
is accomplished, its non-symmetrical intermediate forms have
to overcome multiple energy bariers.””'* These barriers result
from the line tension at the rim of the growing capsid and
from the mechanical stress induced by the arrangement of
pentameric and hexameric capsomers, which eventually have
to comply with the final icosahedral symmetry.*>'® The appli-
cation of small-angle X-ray scattering (SAXS), cryoelectron
microscopy (Cryo-EM) and Monte Carlo simulations has
revealed a disorder-order transition occurring during CCMV
assembly in the presence of genomic RNA.? Such a transition
has also been seen during the assembly of empty capsids of
hepatitis B virus (HBV)."” In the intermediate CCMV shells
with disordered or misassembled structures, the distribution
of pentamers does not satisfy the icosahedral restrictions,
which impose twelve pentameric capsomers for the closure of
the shell. As a consequence, the resulting elastic energy
becomes prohibitively high. This leads to the dissociation of
energetically-unfavorable capsomers and their subsequent
reassembly (e.g., hexameric capsomer into pentameric one) in
order to relax the mechanical stress and to allow the formation
of perfect icosahedral shells. Thus, the phase diagram of viral
shells, assembled either through the nucleation-growth or en
masse pathways, is shaped by the elastic energy compared
with the subunit-subunit and subunit-core energies and the
chemical potential of free subunits. The elastic energy also
depends on the mechanical properties of the shell, namely the
stretching and bending rigidities and on the spontaneous cur-
vature. As a rule of thumb, simulations showed that low elastic
energies lead to irregular closed shapes with low symmetry,
whereas high elastic energies yield incomplete and disordered
structures.”

The native BMV capsids result from the assembly of 180
identical proteins with 7'= 3 symmetry that forms the icosahe-
dral shell with a diameter of 28 nm."® The N-terminal region
of the capsid protein is highly basic and positively charged,
which allows for the binding of four viral RNA molecules."’
Genomic RNA1 (3.2 kb) and RNA2 (2.8 kb) are each packaged
separately into individual virions, whereas genomic RNA3 (2.1
kb) and the subgenomic RNA4 (0.8 kb) are co-packaged into
the third virion.>® The three virions have indistinguishable
capsid structures and almost identical overall mass
densities.>** The recent Cryo-EM studies of native BMV
virions have indicated that the genomic RNA (regardless of its
type) forms an inner layer close to the capsid shell. In contrast,
the interior of the virion is nearly empty. Interestingly, the
BMYV RNA is not associated with any particular structure but
forms an ensemble of secondary or tertiary structures interact-
ing with the protein shell.*?

VLPs can assemble not only from native but also from
recombinant CP (rCP), obtained via heterologous expression.*
Such an approach offers beneficial possibilities of genetic
engineering of the rCP sequence to produce VLPs with desired
features, such as amino acid side chains prone to chemical
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modifications, additional epitopes, or altered VLP stability.>?
On the contrary, the genetic modification of the viruses pro-
duced in the native host is severely restricted due to the nega-
tive influence of the mutations on the virus life cycle and
fitness.>*** In this paper, we present the high-resolution Cryo-
EM structures of VLPs obtained by assembly of the BMV rCP
produced in E. coli. The VLP assembly described here was per-
formed in the absence and in the presence of yeast tRNA.
Previously, we showed that the latter can substitute the tRNA-
like structure (TLS) of BMV genomic RNA, and can be efficien-
tly incorporated into the capsid shell.”> We compared the
structures elaborated by us with the structure of the native
BMV virion.”"?> We also analyzed nearly 1.5 million of Cryo-
EM particles to visualize a few—possibly intermediate—classes
of VLPs, giving insight into the VLP self-assembly process.
These putative intermediates present non-icosahedral arrange-
ments of capsomers proposed to occur before the final dis-
order-order transition stage of icosahedral VLP assembly. In
fact, we observed the non-symmetrical VLPs with forbidden
pentamer-pentamer contacts, which may immediately precede
the transitions to the icosahedral symmetry. Finally, we show
that the formation of both non-symmetrical and icosahedral
BMV-derived VLPs is possible even in the absence of RNA.
This indicates the capability of VLP adjustment to the size of
encapsidated cargo and is an important step towards using
BMV-derived VLPs as a shuttle, e.g., in drug delivery.

Results and discussion

Icosahedral reconstructions of BMV-derived VLPs reveal a very
conserved structure

To date, twenty-four EM maps showing BMV reconstructions
have been deposited in the Electron Microscopy Data Bank
(EMDB) (accession no. EMD-21260, EMD-21261, and
EMD-21279 - EMD-21300). However, only one atomic model is
available in the Protein Data Bank (PDB ID 6VOC). The later
model has been built based on the icosahedral, 3.1 A EM map
resulting from BMYV isolated from N. benthamiana plants. Here
we report another two atomic models of BMV-derived VLPs
constituted in the presence of tRNA, named tVLP (3.0 A map
resolution, Fig. 1A-F), and empty VLP (eVLP) (3.2 A map
resolution, Fig. 1G-L). Quality of the EM maps allowed us to
trace most of the protein chain unambiguously, including
individual side chains (Fig. 1F and L). The atomic models
contain residues 41/42-189 in the subunits forming penta-
meric capsomers (chain A), whereas N-termini of the subunits
in hexameric capsomers (chains B and C) extend until residues
25/26. We also observed a layer of Cryo-EM density inside the
VLPs that was impossible to interpret unambiguously. This
density appears in both tVLP and eVLP (Fig. 1D and ], respect-
ively) but is stronger in tVLP. Therefore it most likely corres-
ponds to disordered N-terminal regions, possibly mixed with
one or more tRNA molecules.

The sequence of the presented VLPs contains three substi-
tutions (R26G, L35I, R189K) with respect to the sequence in
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Fig. 1 Cryo-EM structures of tVLP and eVLP. Panels show (respectively) representative micrographs (A and G), 2D class averages (B and H), Fourier
shell correlation curves (C and 1), slices through the 3D reconstructions (D and J), EM maps colored by local resolution (E and K), and close up frag-

ments of the EM maps around the C-termini (F and L).

the 6VOC structure. We compared the structures to identify
features that differ between VLPs assembled (i) in vivo, (ii)
in vitro in the presence of tRNA, and (iii) in vitro in the absence
of polyelectrolytes. Surprisingly, all three structures are
remarkably similar despite different sample preparation proto-
cols and sequences. The similarity is best reflected by pairwise
structural comparison of individual chains (A-C, Fig. 24) in
the three structures. The root-mean-square deviations (RMSDs)
between superposed Ca atoms in 6VOC and tVLP or eVLP are
~0.4 A (Table 1). The differences between tVLP and eVLP are
even smaller, as the RMSD values are less than 0.25 A. It is
also important to note that those minor differences in single
chains do not accumulate in the icosahedral assembly, i.e., no
variations are observed even on opposite poles of the VLP. The
diameter inside the VLP is approximately 190 A (Fig. 2B),
which makes the available “cargo” volume (inside the VLP)

3226 | Nanoscale, 2022,14, 3224-3233
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Fig. 2 Structure of VLP. (A) Comparison of the native BMV (PDB ID
6VOC, gray), tVLP (green) and eVLP (orange). (B) Dimensions of the tVLP
EM maps, color-coded according to the distance from the center
(bottom-right).
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Table 1 RMSD values between Co atoms (within 2 A distance) after
pairwise structural alignments of asymmetric chains (A—C) from BMV CP
isolated in vivo (PDB ID 6VOC), tVLP and eVLP (this work)

Chains RMSD
6VOC-A/tVLP-A 0.374
6VOC-B/tVLP-B 0.410
6VOC-C/tVLP-C 0.376
6VOC-A/eVLP-A 0.378
6VOC-B/eVLP-B 0.391
6VOC-C/eVLP-C 0.397
eVLP-A/tVLP-A 0.225
eVLP-B/tVLP-B 0.241
eVLP-C/tVLP-C 0.231

nearly 3.6 x 10° A°. The outer VLP diameter is 280 A, like that
of native virions.

Malformed VLPs group into several non-icosahedral classes,
giving insights into the capsid assembly

As described in the previous section, the icosahedral protein
shell of BMV-derived VLP, regardless of whether it is empty or
not, consists of 12 non-adjacent pentamers and
20 hexamers.”** The intermediate-assembly VLP forms may
contain an altered number of capsomers, and we were able to
reconstruct a few types of such forms in the course of our
Cryo-EM studies. The 2D classification of the total pool of
260759 particles picked from 10935 micrographs of eVLP
preparation revealed that apart from the icosahedral eVLPs
described in the previous chapter (7.3% of total particles),

Table 2 Percentage content of the particles in the eVLP and tVLP prep-
arations after 2D classification

eVLP (%) tVLP (%)
Icosahedral 7.3 2
Non-icosahedral 6.9 89
Parts of shell 85.8 9

A B
b H12 VLP _

90°

z,25.5 nm

X, 23 nm

X, 23 nm

c . D
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6.9% of total particles represented non-icosahedral eVLPs,
hereafter referred to as malformed eVLPs (meVLPs). These
included two meVLP types: 2.7% of meVLPs type 1 and 3.95%
of meVLPs type 2 (the remaining 0.25% was not applicable in
the reconstruction). The remaining 85.8% of particles were
recognized as smaller parts of the protein shell, too hetero-
geneous to be used for 3-D reconstruction (Table 2).
Heterogeneity of VLPs assembled in vitro from the native bro-
moviral CP has also been observed by others.”'°

The asymmetric 3D reconstruction of meVLP type 1
revealed an elliptic structure consisting of 132 rCP subunits
arranged in a closed non-icosahedral shell containing 12 pen-
tameric and 12 hexameric capsomers (Fig. 3A and B). We
called it H12 according to a nomenclature proposed by Bond
et al., as per the amount of hexameric capsomers.* The H12
VLP has a pair of pentamers surrounded by six hexamers
forming a cup at both opposing polar ends, which connect by
a central belt of eight pentamers. The H12 measures 23 x 26 x
25.5 nm (Fig. 3A and B). The asymmetric 3D reconstruction of
meVLP type 2, named H15, resulted in the non-icosahedral
VLP consisting a total of 150 rCP subunits forming 12 penta-
mers and 15 hexamers (Fig. 3C and D). In H15, the capsomers
are arranged as follows: a cup at both poles is formed by one
pentamer surrounded by five hexamers and both cups are
divided by the central belt made of five pairs of pentamers,
each pair being separated by one hexamer. The H15 measures
26.3 x 25.6 x 26 nm (Fig. 3C and D). A non-icosahedral BMV-
derived VLP, similar to the observed H15 shell, has recently
been described by Bond et al. but was assembled from the
native BMV CP and a 52-nt long single-stranded DNA (ssDNA)
oligonucleotide.* This ssDNA-containing H15 VLP showed an
identical capsomer arrangement but had slightly different
dimensions, 27.1 x 25.9 nm. The second type of BMV-derived
VLP loaded with the same ssDNA oligonucleotide described by
Bond et al. and called H8 is composed of 12 pentamers and
8 hexamers.” This suggests that during the BMV capsid assem-
bly, other VLP types can be formed, apart from the mature ico-
sahedral protein shell. All of them contain 12 pentamers and

H15 VLP

X, 26.3 nm

X, 26.3 nm

Fig. 3 Organization of capsomers in H12 and H15 meVLPs and their dimensions in Cryo-EM 3D asymmetric reconstruction. (A and B) H12 surface
at different angles (rotated around the X-axis). Pentamers are in red and hexamers are in blue. The H12 VLP has a pair of pentamers surrounded by
six hexamers forming two cups at opposing polar ends, which are joined by a central belt made of eight pentamers. (C and D) H15 surface at
different angles (rotated around the X-axis). The H15 VLP has one pentamer surrounded by five hexamers forming two cups at opposing polar ends,
which are joined by a central belt of five pairs of pentamers; each pair is separated by one hexamer.
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fewer than 20 hexamers, and they have been proposed to show
pseudo-T = 2 symmetry.**° Similar to Bond et al., we observed
the H15 shell, which appears stable in eVLP or with ssDNA oli-
gonucleotides inside it. However, we detected H12 shells but
not H8 shells as Bond et al. did.* Most probably, H12 is stable
enough in the absence of the polyelectrolyte, while the stabiliz-
ation of the H8 shell requires a polyanion similar to ssDNA
that can interact with CP through electrostatic interactions.
The stabilization of H8 by the CP-ssDNA electrostatic inter-
actions might compensate for the excess of elastic energy and
curvature resulting from the high ratio of pentamers to hexam-
ers in this type of shell. On the other hand, the lack of H12
shell with ssDNA oligonucleotides indicates that the cargo
polyelectrolyte length or structure defines the type of formed
pseudo-T = 2 VLPs. One can speculate that the formation of
other VLP types with the number of hexamers different than
already described by Bond et al. and by us could be possible
with the application of ssDNA or another polyelectrolyte with a
different length. Interestingly, neither we nor Bond et al. did
observe the T = 1 shells. This suggests that such shells com-
posed only of pentamers are not formed by the full-length
BMV CP but only when the 35 N-terminal residues are
truncated.”*® We also did not observe multiplets (a few protein
shells joined together), which confirms that such VLP species
are formed only in the presence of a long polyelectrolyte.*'*>*
Analyzing the topography of both meVLP types, we observed
that in each type, one side of the protein shell seems to be
better ordered and complete than the opposite side (Fig. 4).
Such ordering polarization suggests that the assembly pro-
ceeds according to the nucleation and growth pathway. This
scenario has also been inferred from computational simu-
lations of the empty CCMV virion assembly published by
Panahandeh et al.®> Accordingly, after the first pentamer is
formed, the consecutive capsomers assemble in adjacent posi-
tions. Subsequently, the growing shell can undergo a few steps
of relaxation and ordering that involve the dissociation of mis-
placed pentamers and their transformation into hexamers.
The observed disorder at one side of both meVLP types might
result from the disorder-order transitions within the cap-
somers in the newly formed parts of the protein shell. It is
hard to tell whether the observed meVLPs are intermediate

B
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forms capable of transformation into icosahedral eVLP or are
stable final forms. Bond et al. have suggested that the pseudo-
T = 2 shells are metastable due to the excess of elastic energy
and curvature resulting from the higher ratio of pentamers to
hexamers compared to the mature T = 3 shell.* Accordingly,
such metastable shells tend to dissociate into fragments,
which initiate new nucleation and growth events, leading to
icosahedral protein shells. Taking this into account, the pres-
ence of disordered regions at the surface of meVLPs might
reflect either the ordering/relaxation of the capsomers or their
fragmentation. The total pool of the 2D classified objects in
the analyzed eVLP sample included 85.8% of particles smaller
than meVLPs which might represent either growing or disso-
ciating shells.

It has been pointed out that the course of the assembly
process strongly depends on the CP concentration and pro-
ceeds a few times slower in the absence of RNA or other poly-
electrolyte.” It is likely that dissociating and growing capsids
coexist, but the formation of VLPs slows down as a result of
the depletion of available CP subunits in the assembly milieu.

The second dataset in our studies shows BMV-derived VLPs
formed in the presence of tRNA (tVLPs).>> During the 2D
classification of tVLP, we also observed non-icosahedral tVLP.
The total pool of 1419349 particles picked in 15
861 micrographs contained 2% of icosahedral tVLPs described
in the previous section, 89% of non-icosahedral tVLPs with a
size range between 22 nm and 25 nm, and 9% of smaller
species too heterogeneous for further analysis (Table 2). 3D
classification of non-icosahedral tVLPs revealed that only 25%
of them were applicable in the asymmetric reconstruction. The
3D asymmetric reconstruction let us divide the non-icosahe-
dral tVLPs into four types. Unlike the pseudo-T = 2 symmetri-
cal meVLPs, all non-icosahedral tVLPs were missing some
parts of the protein shell, and we called them malformed
tVLPs (mtVLPs) (Fig. 5 and 6). mtVLPs type 1 (mtVLP1) were
represented by 4.5% of the particles and were composed of 7
pentamers and 9 hexamers, mtVLPs type 2 (mtVLP2), rep-
resented by 7% of the particles were assembled from 9 penta-
mers and 10 hexamers, mtVLPs type 3 (mtVLP3), 7.5% of the
particles, contained 10 pentamers and 10 hexamers, and
finally, mtVLPs type 4 (mtVLP4), represented by 5.6% of the

D

Fig. 4 Topography of H12 and H15 in meVLPs after Cryo-EM 3D asymmetric reconstruction. (A and C) Disordered sides of H12 and H15 meVLPs, (B
and D) ordered sides of H12 and H15. Pentamers are in red, hexamers are in blue, and the models are rotated around the X-axis.
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Fig. 5 Topography of mtVLP1 and mtVLP3 after Cryo-EM 3D asymmetric reconstruction. (A and C) Lack of the continuity of the protein shell at one
side of both mtVLPs (hole at right side), (B and D) the distribution of pentamers in both mtVLPs resembles the H12 protein shell. The H12 VLP has a
pair of pentamers surrounded by six hexamers at both opposing polar ends, which are joined by a central belt of eight pentamers. In mtVLP1 and
mtVLP3 one can find a similar arrangement of capsomers but some of them are missing. Pentamers are in red, hexamers are in blue, and the models

are rotated around the Y-axis.

B

Fig. 6 Topography of mtVLP2 and mtVLP4 after Cryo-EM 3D asymmetric reconstruction. (A and C) Lack of the continuity of the protein shell at one
side of both mtVLPs (hole at right side), (B and D) the distribution of capsomers does not resemble any of the earlier described VLPs. Pentamers are

in red, hexamers are in blue, and the models are rotated around Y axis.

particles, were composed of 11 pentamers and 10 hexamers.
The observed size range of tVLPs (23 nm to 25 nm) is in line
with our earlier observations relying on DLS and low-resolu-
tion Cryo-EM measurements of the size range of assembled
tVLPs.>® Interestingly, the distribution of pentamers in
mtVLP1 and mtVLP3 resembles H12 eVLP with some cap-
somers missing. Compared to H12, mtVLP1 lacks one penta-
mer and two hexamers in the cup at one polar end, one
hexamer in the cup at the opposite polar end, and four penta-
mers from the belt joining the two cups. mtVLP3, compared to
H12, lacks one hexamer in each of the two cups at polar ends
and two adjacent pentamers from the belt joining the two
cups (Fig. 5). The arrangement of capsomers in mtVLP2 and
mtVLP4 is not similar to any of the above-described protein
shells (Fig. 6).

It is important to note that we performed the assembly pro-
cedure starting with the same concentration of rCP to obtain
both eVLPs and tVLPs. However, in the case of tVLPs, it
resulted in many more assembled protein shells, including
both icosahedral and non-icosahedral species (14.2% of eVLPs
versus 91% of tVLPs) (Table 2). This corroborates the earlier
published data indicating that capsid assembly in the presence
of genomic RNA is more efficient than the assembly of empty

This journal is © The Royal Society of Chemistry 2022

shells due to the energetically favorable CP-RNA electrostatic
interactions.” It was observed, e.g., in CCMV, that RNA-filled
icosahedral capsids form under physicochemical conditions in
which empty capsids cannot self-assemble.” However, a com-
parison of the percentage of icosahedral shells in the total
pools of reconstructed eVLPs and tVLPs revealed that the
efficiency of icosahedral tVLP formation is significantly lower
than that of eVLP (7.3% of icosahedral eVLP versus 2% of ico-
sahedral tVLP). Among the mtVLPs, we found only incomplete
structures with holey shells, which support the nucleation and
growth pathway for assembly. The number of pentamers in
each mtVLP was lower than 12, and we assume they all rep-
resent earlier stages of protein shell formation compared with
the above-described pseudo-T = 2 symmetrical shells. The
mtVLP1 and mtVLP3, however, show an arrangement similar
to H12 eVLP. The H12 VLP has a pair of pentamers surrounded
by six hexamers at both opposing polar ends, which are joined
by a central belt of eight pentamers. mtVLP1 and mtVLP3
show a similar arrangement of the capsomers, but some of
them are missing (Fig. 5). This suggests that H12 shell for-
mation is one of the directions of the rCP assembly, which was
arrested because of the strong electrostatic interactions
between rCP and tRNA. These electrostatic interactions out-

Nanoscale, 2022, 14, 3224-3233 | 3229
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compete the elastic energy and the interactions between rCPs,
impeding the protein shell relaxation and its disorder-order
transition, disabling the icosahedral arrangement. The nega-
tive effect of the electrostatic tRNA-rCP interactions on the
proper capsid formation is also reflected by the relatively small
fraction of icosahedral tVLPs (Table 2). It is worth noting that
the present results are in excellent qualitative agreement with
the phase diagrams established by Panahandeh and co-
workers.” In the presence of tRNA, the spontaneous radius is
lowered because tRNA enforces a smaller capsid size than in
the absence of a core. As a result, stronger rCP-rCP inter-
actions are required to overcome the elastic energy barrier to
icosahedral shells. This explains why more icosahedral shells
were formed with eVLPs. Besides, because of the high elastic
energy induced by the electrostatic tRNA-rCP interactions, the
resulting tVLPs are incomplete and disordered, whereas eVLPs
exhibit mostly irregular closed shapes resulting from weaker
mechanical stress.

Additional consolidation of tRNA and rCP interaction
might result from the highly structured and stable character of
tRNA.>” During our previous studies, we observed that tVLPs
were far more resistant to thermal aggregation than the eVLPs
or PSS-filled VLPs (PSS, polystyrene sulfonic acid, a synthetic
polymer with a negative charge).”> H8 and H15 VLPs described
by Bond et al. also contained nucleic acids (52-nt ssDNA oligo-
mer), but perhaps due to the lack of tRNA-like compact struc-
ture, it did not interfere with the VLP formation.* The tRNA-
like structure (TLS) has been described as a packaging signal
in native BMV genomic molecules and in-trans complementa-
tion of 3'-terminally truncated genomic BMV RNAs devoid of
TLS with tRNA rescued genomic RNA encapsidation.>®
Together with our results, it can be concluded that tRNA is a
strong encapsidation signal that brings rCP subunits together,
but its excess in the assembly milieu causes undesirable
arrangement of capsomers, leading to malformed VLPs. This
is in line with the earlier observations indicating that both the
CP concentration and the CP to polyelectrolyte ratio are crucial
for the assembly process.”*’

Here one question arises as to how it is possible that
during the BMV replication in the plant cell, the abundant
tRNAs do not package into the nascent virions. BMV replicates
in special structures in the endoplasmic reticulum (ER) of
infected plant cells. These involve spherules formed with the
contribution of BMV non-structural protein 1a, which recruits
BMV non-structural protein 2a with genomic RNA to form
BMV replication complex.>>*! It has also been shown that the
sites of BMV RNA replication and CP synthesis overlap
because the interaction between CP and the replicase protein
2a is obligatory for RNA packaging specificity. What is more,
CP itself is capable of modifying ER to form vesicles.>" ** Most
probably, the specific conditions inside the spherules or vesi-
cles induced by the viral proteins in ER of the infected plant
cells prevent packaging tRNA into the nascent virions.

The total efficiency of icosahedral capsid formation in our
in vitro assays is surprisingly low and raises a question about
the efficiency of this process in vivo. However, the native con-
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ditions of BMV assembly in plant cells have been “optimized”
by the evolution of the virus and are much more complex than
the in vitro system with the buffer, CP and RNA. The under-
standing of in planta BMV assembly is poor, but the process
appears efficient, considering that BMV may constitute at least
0.1% of total plant tissue.'® The lack of empty capsids in BMV-
infected plants suggests that the CP sequence evolved towards
the most efficient formation of the infective virions with
genomic RNA inside.?® It is also likely that the cargo type itself
has a huge impact on the assembly—genomic RNA of BMV is
different from tRNA used in vitro. The low efficiency of for-
mation of here described icosahedral eVLPs and tVLPs and the
low stability of eVLP suggests that the in vitro conditions are
suboptimal.*® The efficiency improvement should be reached
by tuning the assembly solution composition in terms of the
buffer, RNA (or other cargo) concentration, its size and com-
pactness®® and the CP concentration.>?° In fact, genetic engin-
eering of the CP sequence appears a promising, alternative
solution. In all cases, this work brings us a step closer to a
rationalized design of BMV-based nanocontainers, biosensors,
nanoreactors, and drug or gene delivery vehicles.

Experimental
Protein production and purification

The rCP was produced and purified as described earlier.”?
Briefly, DNA coding for BMV CP was cloned into the
PMCSG48 expression plasmid and expressed in Rosetta™
2(DE3)pLysS E. coli cells (Novagen) according to the manufac-
turer’s instructions. The bacteria were grown at 37 °C in LB
medium containing 100 mg 17* ampicillin and 34 mg 17*
chloramphenicol. After induction (0.5-0.8 M IPTG), the bac-
teria were cultured for 16 h at 20 °C. The cells were harvested
and suspended in lysis buffer I [25 mM Tris pH 8, 0.5 M
NaCl, 0.2 mg ml™' lysozyme (BioShop), 250 U benzonase
nuclease (Novagen)] and sonicated. Cell debris was removed
by centrifugation, and the supernatant was mixed with the
same amount of buffer II [25 mM Tris pH 8, 0.5 M NaCl,
20 mM imidazole (BioShop)]. To purify BMV rCP, affinity
chromatography was used. After protein binding with Ni-NTA
resin, the column was washed with buffer II. Next, the
protein was eluted from the column using 500 mM imidazole
in buffer II. The eluted protein was dialyzed using buffer III
(25 mM Tris pH 8, 1 M NaCl). To remove the N-terminal tag,
1 mg of TEV protease was added per 10 mg of the eluted
protein. After TEV digestion, the sample was once again
applied to a Ni-NTA column. The first flowthrough was col-
lected, and the purified proteins were concentrated by ultrafil-
tration (Amicon Ultra-10 000 MWCO, Millipore). The concen-
tration of the protein was determined by measuring the
absorbance at 280 nm (NanoPhotometer N60, Implen). The
purity of the protein samples was assessed by SDS-PAGE, and
the monodisperse state of the protein solutions was con-
firmed by dynamic light scattering (DLS) measurements
using a Zetasizer pv (Malvern).

This journal is © The Royal Society of Chemistry 2022
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VLP assembly

eVLPs and tVLPs were assembled as described earlier.”® The
rCP solution (concentration of 1 mg ml™") was subjected to a
two-step dialysis with the application of SnakeSkin Dialysis
Tubing with a 3500 MWCO (Thermo Fisher Scientific).
Assembly of the VLP with tRNA was performed in a mass ratio
1:6 (tRNA:CP). The first dialysis was performed in VLP
assembly buffer I [50 mM NaCl (BioShop), 10 mM KCl
(BioShop), 5 mM MgCl,-6H,0 (Merck), 50 mM Tris (BioShop),
pH 7.2] for 16 h at 4 °C. The second dialysis was performed in
VLP assembly buffer II [25 mM NaCl (BioShop), 10 mM KCl
(BioShop), 25 mM NaOAc (Merck), 5 mM MgCl,-6H,0 (Merck),
50 mM Tris (BioShop), pH 4.8] for 16 h at 4 °C. Afterwards, the
samples were centrifuged (10 min, 10 000 rcf, 4 °C), and the
supernatant was collected for further examination. The pres-
ence of assembled VLPs was confirmed by DLS.

Cryo-EM data collection

Quantifoil TEM grids (300 mesh R2/1 copper) were glow-dis-
charged on a Leica EM ACE200 (Leica Microsystems) glow dis-
charger. A total of 3.0 pl of the sample (0.25 to 3.0 mg ml™")
was plunge-frozen in liquid ethane using FEI Vitrobot Mark IV
set to 100% humidity and 4 °C (blotting parameters: blot time
4 s; wait time 10 s; drain time 0 s; blot force 0; blot total 1).
The optimal sample concentrations, based on grid screening,
were 1.0 and 1.5 mg ml™", respectively for tVLP and eVLP.
Cryo-EM data were collected at National Cryo-EM Centre
SOLARIS (Krakéw, Poland) with a Titan Krios G3i microscope
(Thermofisher Scientific) operated at 300 kV equipped with a
Gatan BioQuantum energy filter (slit width of 20 eV) and a
Gatan K3 direct electron detector (16 e px~ ' s™* dose rate). The
K3 detector was operated in a counting mode at 105 000x mag-
nification, resulting in a calibrated physical pixel size of 0.86 A
px ', The images were acquired at under-focus with a defocus
range of —3.0 to —0.9 pm and 0.3 pm defocus step. A total of
40 movie frames accumulating to total doses of 40 e~ A~% were
collected with a total number of 17955 micrographs for the
tVLP reconstruction and 12 569 for the eVLP reconstruction.

Cryo-EM data processing

EM map reconstructions were performed in Relion 3.1 within
the CCP-EM package.’>® Contrast transfer function (CTF) was
estimated using CTFFIND4.?”*® Data processing stages are pre-
sented in Fig. 1. Particles were picked based on reference
images from 2D classes after manual picking of ~800 particles.
For the tVLP dataset, 1419 349 particles were picked from 15
861 micrographs (after filtering based on CTF-estimated
resolution of 5 A or better). The icosahedral tVLP reconstruc-
tion was based on a single 2D class containing 28412 par-
ticles. The box size of 512 pixels corresponded to 440 A.
Icosahedral symmetry was imposed after the generation of the
initial 3D model and was maintained during high-resolution
refinement. Map regions outside CP were flattened by
masking. CTF refinement and Bayesian particle polishing pre-
ceded the final refinement and post-processing. mtVLP EM
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maps were calculated after 2D classification (5 classes contain-
ing 498 281 particles out of 50 classes), followed by 3D classifi-
cation (4 ellipsoidal classes out of 8). eVLP EM maps
were reconstructed similarly, although with fewer particles.
Namely, a single 3D class with 11521 particles yielded the
icosahedral eVLP, whereas meVLP maps were calculated for
three 3D classes containing 18 037 particles. Molecular models
were built using Phenix.Autobuild,*® followed by manual
corrections in Coot*® and real-space refinement in Phenix.
Refine,”" including validation of the model geometry and
model to map correlation. Unbiased final map resolutions
were calculated based on “gold-standard” Fourier-shell corre-
lation curves.

Data availability

Atomic models resulting from icosahedral reconstructions and
corresponding EM maps were deposited in the PDB and
EMDB with the following accession numbers for tVLP, 7PE1,
EMD-13344; eVLP, 7PE2, EMD-13345.

Conclusions

We showed that the BMV rCP overexpressed in E. coli is
capable of forming icosahedral VLP both without and with a
cargo. Two types of icosahedral VLPs are accompanied by a few
types of meVLPs and mtVLPs with topography indicating the
assembly according to the nucleation and growth pathway. The
analysis of the meVLP indicates that rCP can form pseudo-T =
2 symmetrical shells of two types, which is an important
feature in the context of VLP biotechnological application as
nanocontainer. All meVLPs have 12 pentamers and a variable
number of hexamers. The VLPs with particular dimensions
and conformation of capsomers might be formed and stabil-
ized by the cargo, as shown by Bond et al.,, who used ssDNA
oligonucleotide for the assembly and obtained the H8 VLP
type." However, the presented herein holey mtVLP indicate
that the cargo (in this case tRNA) may also negatively influence
the assembly. In the case of here described mtVLPs, strong
tRNA-rCP interactions apparently induce high mechanical
stress leading to a lack of protein shell continuity. Such
unwanted effects could be eliminated by optimizing the tRNA
content or by genetic engineering of rCP for better adjustment
with the cargo. We believe that the high-resolution Cryo-EM
structures presented in this paper will provide a valuable prere-
quisite for the rational design of such VLPs.
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