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STRUCTURAL BIOLOGY

Three-dimensional structure of 22 uncultured ssRNA
bacteriophages: Flexibility of the coat protein fold

and variations in particle shapes

Janis Ramnieks, llva Lieknina, Gints Kalnins, Mihails Sisovs, Inara Akopjana,

Janis Bogans, Kaspars Tars*

The single-stranded RNA (ssRNA) bacteriophages are among the simplest known viruses with small genomes and
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exceptionally high mutation rates. The number of ssRNA phage isolates has remained very low, but recent metagenomic
studies have uncovered an immense variety of distinct uncultured ssRNA phages. The coat proteins (CPs) in these
genomes are particularly diverse, with notable variation in length and often no recognizable similarity to previously
known viruses. We recombinantly expressed metagenome-derived ssRNA phage CPs to produce virus-like
particles and determined the three-dimensional structure of 22 previously uncharacterized ssRNA phage capsids
covering nine distinct CP types. The structures revealed substantial deviations from the previously known ssRNA
phage CP fold, uncovered an unusual prolate particle shape, and revealed a previously unseen dsRNA binding
mode. These data expand our knowledge of the evolution of viral structural proteins and are of relevance for

applications such as ssRNA phage-based vaccine design.

INTRODUCTION

The single-stranded RNA (ssRNA) bacteriophages are a group of
small bacterial viruses known to infect different Proteobacteria. The
ssRNA phages have short 3.5- to 4.5-kb positive-sense RNA genomes
that encode only three common proteins: the maturation protein
(MP), a minor structural protein that functions to adsorb the phage
to the bacterial receptor and deliver the genome into the host cell;
the coat protein (CP), the major structural component of the capsid;
and the catalytic subunit of an RNA-dependent RNA polymerase
(RdRp), necessary for replicating the viral genome (I). The ssRNA
phages are believed to represent the oldest extant RNA virus lineage
(2), and only their RdRp has identifiable homologs in other viruses,
while the MP and CP are unique to the ssRNA phages.

The ssRNA phages have played an important role in studies of
genome structure and replication, translational control mechanisms,
protein-RNA interactions, and other fundamental problems in
biology, and they have been convenient models for investigating
virus structure, assembly, and evolution. The ssRNA phage MS2
was among the first viruses with a determined atomic resolution
capsid structure (3) and with the entire virion, including the
packaged genome in a well-defined conformation, reconstructed at
near-atomic resolution (4). The ssRNA phage CPs adopt a fold not
found in any other viruses, with an N-terminal B hairpin, a central
five-stranded antiparallel B sheet, and two C-terminal o helices, and
they are further unusual in that two CP molecules very tightly interact
to form dimers with a common hydrophobic core. Consequently,
the de facto subunits of ssSRNA phage particles are CP dimers,
composed of a single 10-stranded P sheet lining the interior of the
particle and the o helices and B hairpins exposed to the capsid exterior.
The complete virion is built of 89 CP dimers and a single copy of
a genome-bound MP in place of another CP dimer. The assembled
particle is approximately 28 nm in diameter and, disregarding the
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slight irregularity introduced by the MP, follows T = 3 quasi-equivalent
icosahedral symmetry.

To date, high-resolution structures of eight ssRNA phages infecting
Escherichia (3, 5-7), Pseudomonas (8, 9), Caulobacter (10), and
Acinetobacter (11) have been determined, which have shown that
the CP fold is conserved despite high sequence variability. Thus far,
the only notable variation in CP structure has been observed in the
Acinetobacter phage AP205, in which the N-terminal strand of
the B-hairpin has been translocated to the C terminus; however, the
close vicinity of monomer N and C termini in the dimer results in
the formation of a two-stranded f structure at a position analogous
to the B-hairpin in the other phages. Variations in the CP fold are
expected given the exceptionally high mutation rates of RNA viruses,
but for reasons not entirely clear, the number and diversity of isolated
ssRNA phages have remained very low, which has, in turn, limited
continued structural studies on these viruses. There appears to be
no reason to presume a genuine scarcity of ssRNA bacteriophages
in nature, and the extent to which their structural diversity has been
sampled and explored remains largely unknown.

The ever-increasing metagenomic sequencing efforts within the
last decade have documented an expanse of highly diverse uncultured
microbial and viral life forms in every environment that has been
examined. In 2016, two studies uncovered more than 200 novel
ssRNA phage sequences in various RNA metagenomes (12, 13), and
very recently, thousands of additional ssRNA phage genomes have
been found (14, 15), demonstrating that the true ubiquity and
diversity of these viruses in nature have been greatly underestimated
and underexplored. Still, beyond comparative analyses with experi-
mentally well-characterized species, the metagenomic studies are
limited in their capacity for providing deeper insight into the biology
of the newly found life forms, and in the case of highly diverged
bacteriophage genomes, often provide little or no information
about the structure, host bacteria, lysis strategies, and other essential
characteristics of these viruses. For the previously studied ssRNA
phages, expression of a cloned CP gene results in assembly of virus-
like particles (VLPs), which lack the MP and package random
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bacterial RNA instead of the viral genome, but that are otherwise
morphologically indistinguishable from native virions. In context
of metagenome data, this gives an opportunity to obtain previously
unexplored CP-encoding sequences via chemical gene synthesis
and recombinantly express them in bacteria to resurrect phage-
like particles in the laboratory. Following this approach, we previ-
ously acquired more than 100 novel ssSRNA phage CP sequences,
which in many cases had no recognizable similarity to the pre-
viously known phages or to each other, and we were able to ob-
tain 80 different VLPs of 11 distinct CP types, 8 of which were
experimentally characterized (16).

With CP sequences diverged beyond recognition, determination
of their three-dimensional structure is instrumental in uncovering
distant relationships among the ssRNA phages and can offer valu-
able clues for better understanding the evolution of these viruses in
general. In addition, the ssRNA phage VLPs have found applica-
tions as carriers for foreign antigens in vaccine development (17),
for which detailed knowledge of the location of CP terminal and
loop regions is essential to enable structure-guided design of new
medications. To address these questions, we have determined
crystal structures of 22 metagenome-derived ssRNA phage VLPs,
which have revealed substantial deviations from the previously
known CP fold and uncovered previously unseen ssRNA phage
particle shapes.

RESULTS AND DISCUSSION

Structure determination

Our laboratory currently holds a collection of more than 80 differ-
ent metagenome-derived ssSRNA bacteriophage VLPs, nearly all of
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which could be produced in sufficient quantity, homogeneity, and
purity for crystallographic studies. We thereby set out to perform
crystallization trials of our entire ~80 VLP library and were able to
obtain crystals for more than half of the VLPs. Diffraction data to a
resolution sufficient for model building (<4 A) were obtained for
22 VLPs covering nine distinct CP types (table S1). The resolution
of the determined VLP structures ranges from 2.6 to 4.0 A, with an
average of 3.4 A, which in all cases allowed us to build all-atom
models. In addition, one of the VLPs in our study, EMS014, had
disassembled at a particular crystallization condition, and a crystal
of CP dimers had grown instead, which in this case allowed for a
further 1.25-A subunit structure to be solved. The majority of the
models could be built for all residues except for the AC, Beihail4,
and PQ-465 CPs, which had unstructured termini, and the AVE019,
Beihail9, ESE014, ESE020, and ESE058 CPs, in which certain
flexible loops were present. X-ray data collection, reduction and
refinement statistics, and model quality indicators are presented in
table S2.

CP fold

Within our sample set of 22 VLPs, only in 10 cases was the CP struc-
ture consistent with the canonical MS2 CP fold with the N-terminal
hairpin, five-stranded B sheet, and two C-terminal a helices, while
notable deviations are observed for the other CPs (Fig. 1). Only the
four central B strands and a single C-terminal o helix are retained in
all structures, while the terminal regions, particularly the N termini,
are variable between different CP types. Pairwise superposition of
all available ssRNA phage CP monomers further illustrates that
approximately half of the newly determined structures do not have
substantial similarity to those of the previously studied phages
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Fig. 1. Coat protein fold of the novel ssRNA bacteriophages. Secondary structure elements are represented as arrows (B strands) and cylinders (a helices). The canonical
fold of the bacteriophage MS2 CP with annotated secondary structure elements is included for comparison; for consistency, this nomenclature has been used throughout
the text regardless of the actual position of the elements in the particular novel CPs. f strands that constitute the central sheet are shown in red, C-terminal o helices in
yellow, B strands that form an N-terminal B-hairpin or an analogous structure in green, and additional secondary structure elements in blue. The different N-terminal

structures of Beihai14 quasi-equivalent CP monomers are additionally indicated.
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(fig. S1). Structures of the nine distinct CP types reveal both unsus-
pected similarities in distant ssSRNA phage lineages and unexpected
differences in close relatives.

MS2-like CPs

The majority of the currently available metagenomic ssRNA phage
CP sequences fall into a broad MS2-like supergroup, and also the
greatest percentage of the newly solved VLP structures belong to
this similarity cluster. Of the newly characterized MS2-like phages,
the Beihail9 and Beihai21 CP structure is similar to that of the pre-
viously studied phages of this group, such as MS2 and Qp; the struc-
tures from phages ESE007, ESE058, NT-214, and AVEO019 are slightly
more diverged, yet still very similar. Although the length of these
proteins varies from 123 to 146 residues, the size and position of
secondary structure elements remain virtually unchanged, and the
structural differences almost entirely arise from differently sized
loops and their relative packing. The EMS014 and ESE021 CPs are
the most diverged MS2-like CPs in our study and also the longest
(156 and 150 residues, respectively), which for the most part can be
attributed to markedly extended loops between the two C-terminal
o helices. Both CPs are relatively similar with a 27% sequence iden-
tity, and both have secondary structure elements in essentially the
same positions as in the canonical MS2 fold, but in the ESE021 CP,
the oB helices have swapped positions between the two monomers
(Fig. 2), which has never been observed in ssRNA phages before.
Together with the N-terminal B-hairpins, the extensive interhelix
loops in the EMS014 and ESE021 CPs completely wrap the helices
and almost entirely isolate them from the outside environment.
Cb5-like CPs

The AVE002 and Wenzhoul CPs in our study are most closely
related to a CP type first described in the previously studied bacte-
riophage Cb5 (10). Despite undetectable sequence similarity to the
Cb5 CP or to each other, the two proteins do not show significant
deviations in their structural organization and follow the canonical
ssRNA phage CP fold. The AVE002 CP is somewhat longer (140
residues) than that of Cb5 (122 residues), with the difference mostly
attributed to an extensive surface-exposed loop between helices 0. A
and oB, but contrary to the MS2-like EMS014 and ESE021 CPs, the
AVEO002 interhelix loops bend to the opposite direction over the
B-hairpins. The Wenzhoul CP (Fig. 3) spans only 113 residues, but
the overall size of the CP dimer is similar to that of the other Cb5-
like proteins. The savings in the Wenzhoul CP arise from a signifi-
cantly smaller N-terminal B-hairpin and a very short BD strand,
which almost reduces the central B sheet to only three strands. The
space vacated by the shrunken BD strand is partially occupied by the
C terminus, which as a result becomes buried underneath the
capsid surface.

EMS014

AP205-like CPs

The remaining group of CPs with previously determined related
structures, the AP205-like CPs (11), is represented by phages PQ-465
and ESE001 in our study. The PQ-465 CP shares 30% sequence
identity with that of AP205, and there are no noteworthy differences
in the three-dimensional structure of the two proteins. The ESE001
CP (Fig. 3) is notably more distinct and was previously recognized
as a separate CP type (16) as it could not be reliably aligned to any
other CPs. However, the three-dimensional structure of ESE001
VLPs revealed a CP fold with distinctive AP205-like features such as
a B-hairpin-like structure formed by the N and C termini, a notable gap
between o helices of the two monomers, and stabilizing disulfide
bonds between CP subunits. The AP205-like CPs also characteristically
have a very short oB helix that lies roughly perpendicular to the cA
helix and the B sheet, but in the ESE001 CP, the oB helix is completely
eliminated and the protein only has a single C-terminal helix.
Beihai32-like CPs

The remaining VLPs in our study represent six previously unchar-
acterized ssSRNA bacteriophage CP types, and the first of those,
putatively named here Beihai32-like CPs, includes proteins from
bacteriophages Beihai32 and Wenzhou4, which have lengths of 130
and 146 residues, respectively. Previously, these CPs were included
in the MS2-like CP supergroup due to borderline sequence similarity
(16), but their three-dimensional structure suggests that these proteins
should be recognized as a separate type. Structure superposition—
based analysis hints at a remote similarity between the Beihai32 CP
and AP205-like CPs (fig. S1), and the N- and C-termini of the Beihai32
CP appear to be arranged similarly to the AP205-like proteins
(Fig. 3). The Wenzhou4 CP is closely related to the Beihai32 protein
as evidenced both by sequence identity and structure superposition
(fig. S2) but does not show notable similarity to the AP205-like
proteins. Instead, the Wenzhou4 CP has a rather distinct and
unique arrangement of its terminal regions, with the N terminus
stretching over the oA helices to the other edge of the dimer and the
proline-rich C terminus folding into an unusual A-shaped structure
that extends some 15 A above the rest of the protein (Fig. 3). While
the C termini lack any secondary structure, the N termini form a
pair of B-hairpin-resembling structures at positions analogous to
the MS2-like phages.

ESE020

The CP of bacteriophage ESE020 belongs to a distinct cluster of
approximately 155-residue-long proteins with no detectable sequence
similarity to other CPs, and the ESE020 VLP crystal structure
reveals notable differences in the CP architecture (Fig. 3). The
ESE020 CP dimer is marked by massively elongated loops connecting
B strands E and F (the EF loops), which in the particle extend to the

ESE021

Fig. 2. Swapped C-terminal a helices in the ESE021 coat protein. In the MS2 coat protein dimer, the C-terminal a helices oA and oB of one monomer (rainbow-colored)
are positioned roughly end to end to each other in a groove formed by the same helices in the other monomer (light gray). The MS2-like EMS014 and ESE021 coat proteins
are closely related, but while the fold of the EMS014 CP closely follows that of MS2, in the ESE021 CP, the aB helices are swapped between the two monomers.
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Fig. 3. Three-dimensional structure of coat protein dimers. Proteins representing different variations of the CP fold are shown with one of the monomers rainbow-
colored blue (N terminus) to red (C terminus) and the other monomer shown in light gray. All CP dimers are shown as seen from outside of the particle (top view) and in
a roughly perpendicular view looking lengthwise down the C-terminal o helices (side view).

icosahedral threefold symmetry axes where they mediate contacts with
neighboring CP molecules. Apparently, because of steric restraints,
the EF loops are disordered and not visible around the fivefold axes,
and here, analogous contacts are accomplished by the shorter loops
between P strands F and G (the FG loops). In other ssRNA phages,
interactions around both threefold and fivefold symmetry axes are
mediated solely by the FG loops, which often adopt different confor-
mations around each in response to the different spatial environments,
but the solution to use a different loop in each case is, so far, unique to
the ESE020 CP. Among other distinctive features, the ESE020 CP has
a short single-turn o helix between BG and oA, which makes it the only
currently known ssRNA phage CP with three C-terminal helices. The
N-terminal region of the protein is also different from the other CPs and
instead of a B-hairpin contains a small three-stranded B sheet in which
the extra strand originates from a curled-up extension of the BD strand.
AC-like CPs

Bacteriophage AC was among the first ssRNA bacteriophage genomes
found in RNA metagenome data, and we have determined the

Rumnieks et al., Sci. Adv. 2020; 6 : eabc0023 2 September 2020

three-dimensional structure of AC VLPs, as well as that of another
AC-like phage NT-391. The CPs within this group are relatively
short (115 and 123 residues for AC and NT-391, respectively) and
do not show sequence similarity or clear structural relatedness to
any other CP type. For the AC CP, secondary structure-based super-
position reveals faint similarity to the MS2-like phages (fig. S1), and
from the BC strand onward, the fold of the AC-like CPs closely
resembles that of MS2 (Figs. 1 and 3). However, the N-terminal
B-hairpins are completely missing in the AC-like phages, which is
probably the most minimalistic approach we have observed in the
current study; the missing hairpin is, however, partially compensated
by a rolled-up corner of the central B sheet at the respective position.
Also, contrary to most other ssRNA phages, the C termini of AC-like
CPs are positioned relatively far from the N termini, are not involved
in any interactions, and extend away from the particle.

GQ-907

The CP of the GQ-907 phage belongs to a small group of distinct
sequences previously recognized by us as the ESE017-like CP type
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(16). There is no detectable sequence similarity between these CPs
and other CP types, but by structure superposition, the GQ-907
shows weak resemblance to the Beihai32 CP and to some MS2-like
CPs (fig. S1). From the BC strand to the C terminus, the GQ-907 CP
fold closely resembles that of MS2 (Fig. 1), but the N termini extend
over the a helices in a somewhat similar manner to the Wenzhou4
CP (Fig. 3). The GQ-907 N termini are, however, organized in a
distinctive zigzag pattern of three consecutive two-stranded p sheets,
with the lateral structures located at the same positions as the N-terminal
B-hairpins in MS2-like phages and the central one positioned directly
above the a helices.

AVEO015-like CPs

The metagenomic data revealed a major previously unknown
ssRNA phage lineage with relatively large genomes and distinct CPs
approximately 165 residues in length, which we previously designated
the AVEOQ15-like CPs (16). We have determined VLP structures of
phages AVE015, AVE016, and GQ-112, and while the three CPs do
not share more than 20% sequence identity, their three-dimensional
structure is similar. The core fold of these proteins still consists of a
five-stranded B sheet and two C-terminal o helices, but their N-terminal
region is once again completely reorganized (Fig. 3). In a remotely
similar manner to the GQ-907 CP, the N termini of AVE015-like
CPs intertwine over the aA helices to form a two-stranded P sheet,
but a structure analogous to the N-terminal B-hairpin does not exist
in these proteins. The AVE015 and AVE016 proteins contain a
short o helix in a position roughly analogous to the BB strand, and
in all AVEQ15-like CPs, the N termini complement another short
strand to the central B sheet near the FG loop. Other remarkable
features of this CP type include notably long loops between B strands
E and F and between the C-terminal o helices; the interhelix loop
is particularly extensive in the AVE015 CP and forms a prominent
surface-exposed B-hairpin.

Beihai14

By far, the most unusual CP in our study is that of the bacteriophage
Beihail4, which spans 208 residues and is currently the longest
known ssRNA phage CP. The Beihail4 CP is a singleton with no
similar sequences found to date, and its relation to other ssRNA
phages remains obscure. The familiar CP structure in the Beihail4
protein is reduced to four central f strands and a single C-terminal
o helix, but an additional 10-residue o helix has been inserted into
the FG loop, which is the first observation in the ssRNA phages

(Fig. 4A). The 85 residues preceding the B sheet almost entirely lack
defined secondary structure but, apart from the very N termini,
adopt a well-defined conformation. Of these, residues 45 to 80 form
a giant loop distantly similar to an oversized p-hairpin of the MS2-
like phages, which contains a 10-residue o helix that packs alongside
the C-terminal 0 A helix. The 40 N-terminal residues pass under
the VLP surface and extend along the intersubunit interface to the
fivefold and threefold icosahedral symmetry axes, where they form
five-stranded B-barrels or threefold assemblies of B-hairpin-like
structures, respectively (Fig. 4B), whereas the very N termini point
toward the center of the particle and are not resolved in the struc-
ture due to disorder. The N termini in the Beihail4 CP, in a way,
resemble the flexible N-terminal arms in several plant ssRNA viruses,
where they also mediate intersubunit contacts and are ordered in
some but disordered in other CP monomers (18-20). Last, the 20
C-terminal residues of the Beihail4 CP are also unusually arranged
and constitute a short surface-exposed loop immediately following
the oA helix, after which the backbone threads underneath the
N-terminal segment and again resurfaces at the icosahedral quasi-
threefold symmetry axis.

Capsid shape and size

With two exceptions, the newly characterized ssRNA phage capsids
are of T' = 3 quasi-equivalent icosahedral symmetry and range from
28.3 to 32.5 nm in diameter (table S1). The shortest CP in our study,
Wenzhoul, forms the smallest VLPs, and the long AVE015-like and
Beihail4 CPs are the largest, but overall, the association between the
CP length and the size of the assembled particles is not particularly
strong (fig. S3). However, the CP length generally correlates with
the length of their FG loops that, in turn, determine pore sizes
around the icosahedral threefold and fivefold symmetry axes. The
size of these pores show great variation, from none at all in Beihail4
VLPs to approximately 25-A-wide openings around the icosahedral
threefold symmetry axes in GQ-907 VLPs; this raises a question of
how well the RNA genome is protected inside these particles, as a
molecule of ribonuclease would appear to be able to pass through
this pore, but apparently, this does not cause issues for the phage in
its natural environment. Like the previously studied ssRNA phages,
the majority of the novel VLPs are of a roughly spherical shape, and
only the AC, AVE015, GQ-112, and Beihail4 capsids are of notably
polyhedral appearance (fig. S4).

Threefold symmetry axis

Fivefold symmetry axis

Fig. 4. The unusual coat protein of bacteriophage Beihai14. (A) Three-dimensional structure of the Beihai14 CP. The CP dimer is colored and shown in two different
orientations as in Fig. 3. (B) Interactions around the threefold and fivefold icosahedral symmetry axes in the assembled particle. The CP monomers with their N-terminal

extensions involved in the interactions are shown in color.
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One of the AC-like CPs in our study, NT-391, is assembled into
small ~18.3-nm particles of T = 1 symmetry. A T = 1 particle has
over five times smaller volume than a T = 3 capsid, which would
leave too little space for packaging the viral genome; hence, the
small VLPs can be safely assumed to be artifacts of the recombinant
expression system. While uncommon, T = 1 particles have been
previously observed in preparations of recombinant AP205 and
some mutant MS2 VLPs (21). In our previous studies, we found that
NC-443, another CP of the AC-like group with 24% sequence identity
to NT-391, forms T = 1 particles as judged by electron microscopy
(16); at the same time, the AC CP, which is more similar to the NT-
391 CP (35% sequence identity), formed normal T = 3 capsids. It
can be noted that both the NT-391 and NC-443, but not AC, CPs
make use of intersubunit disulfide bonds, and it cannot be excluded
that in the absence of the viral genome, the formation of covalent
bonds between CP dimers is somehow involved in triggering as-
sembly of the smaller particles.

Electron microscopy of AVE016 and, to some extent, several
other AVE015-like VLPs revealed a mixture of spherical and elongated
particles; the elongated particles, however, appeared to be a minority
fraction in all cases. While the AVEO15 and GQ-112 VLP crystal
structures revealed normal T = 3 capsids, unexpectedly, the AVE016
VLP crystals turned out to correspond to prolate particles 28.9 nm
in width and 34.6 nm in length. Geometrically, these particles
correspond to a fivefold prolate icosahedron of a T = 3, Q = 4 archi-
tecture (22) and consist of 210 CP monomers or 105 CP dimers. In
a T'= 3 particle, the CP molecules are present as three slightly differ-
ent conformers, whereas the asymmetric unit of the T=3, Q = 4
AVEO016 particle is composed of 21 CP monomers in eight major
conformations with their structural differences almost entirely lim-
ited to the EF and FG loops (Fig. 5). There have been previous
reports of elongated rod-like structures assembled from recombinant

‘ Monomer
conformations
mA E
B BF
c Bag
D BH

sSRNA phage CPs (23, 24), and it cannot be excluded that the
prolate AVEO16 VLPs likewise are artifacts of the recombinant
expression system; however, such homogeneous and well-defined
aberrant structures are uncommon and might indicate biological
relevance. An AVE(16-like phage will have to be isolated and exam-
ined in the laboratory to determine the natural virion morphology,
but it can be noted that a number of the large tailed double-stranded
DNA phages have prolate icosahedral heads (25), and several plant
viruses with multipartite genomes form bacilliform particles of
variable lengths that package genome segments of different sizes
(26). The AVEO15-like viruses appear to have large genomes that
might approach 5 kb in some cases, and emergence of elongated
capsids would be consistent with a requirement for increased genome
packaging capacity. It could then be speculated that assembly of the
elongated recombinant AVE(Q16 VLPs is triggered by a subpopula-
tion of longer bacterial RNA molecules that do not optimally fit into
T = 3 capsids.

Intersubunit interactions

Contacts between CP dimers within the assembled particles include
a wide variety of hydrophobic, stacking, polar, and electrostatic
interactions, but the number and type of contacts significantly vary
among different VLPs. The solvent-buried surface areas of CP
dimers within the capsid differ several fold, with the smallest observed
in the AC-like and Beihai32-like VLPs and the largest in capsids
formed by the Beihail4 and some of the longer MS2-like CPs (table
S1). As with the particle size, there is some, but not a very signifi-
cant, correlation between the CP length and the surface area they
bury in the capsid. Somewhat more unexpectedly, there is also not a
very strong relation between subunit interface areas and the previ-
ously determined thermal stability of the VLPs (16), suggesting that
monomer-monomer interactions, additional RNA-mediated contacts,

EF loop FG loop

Fig. 5. The elongated virus-like particle of bacteriophage AVE016. The assembled fivefold-prolate capsid (left) is shown in light gray with the asymmetric unit
of the particle, composed of 21 coat protein monomers, shown in color. When backbone atoms of individual CP monomers are superimposed (top right), eight distinct
conformations are evident, which mainly differ in positioning of the EF and FG loops (bottom right). The conformers are denoted A to H, with their coloring consistent

throughout the figure.

Rumnieks et al., Sci. Adv. 2020; 6 : eabc0023 2 September 2020

60of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

or other factors besides intersubunit contacts can have a significant
influence on the overall particle stability.

In several viruses, capsid-bound metal ions have been shown to
bridge negatively charged residues in neighboring subunits and
participate in other intersubunit contacts. Bound calcium ions have
been previously observed in ssRNA phages PRR1 (9) and Cb5 (10),
where they were found to significantly enhance the particle stability.
In the newly determined structures, metal ions were observed in the
AVEOQ15, AVEO19, Beihail9, Beihai32, ESE007, ESE021, and ESE058
VLPs. Except for ESE021, no metal ions were present in the crystal-
lization solution, and the bound ions were modeled as calcium; the
ESE021 was crystallized in presence of zinc acetate, and according-
ly, zinc ions were modeled in this case. In all cases, the metal ions
were located at the quasi-threefold symmetry axes like in the previ-
ous Cb5 and PRR1 structures. We also tested the contribution of the
metal ions to VLP stability by measuring their thermal denaturation
in the presence of EDTA, and with the exception of the AVE015
VLPs where the results were somewhat ambiguous, the particle
disintegration temperature of the metal ion-containing particles
was reduced by at least 5°C when the chelating agent was added
(fig. S5).

A number of ssSRNA phages such as QB (6), PP7 (8), and AP205
(11) use disulfide bonds between subunits for additional particle
stabilization. In all of the known cases, the disulfides are formed
between pairs of cysteine residues in CP FG loops, resulting in
covalently linked subunits around the icosahedral threefold and
fivefold symmetry axes. In our study, disulfide bonds were present
in VLPs formed by the AP205-like ESE001 and PQ-465 CPs, the
AC-like NT-391 CP, and the MS2-like NT-214 CP. The disulfides
are conserved in most of the known AP205-like CPs and, to some
extent, also in the AC-like phages but are not found in close
relatives of the NT-214 CP, suggesting that the disulfide bonds are
fairly easily gained and lost during evolution. The S—S bonds have
been shown to considerably increase the overall stability of the
particle, but apparently, in nature, this might only be necessary as
an adaptation to certain harsh environments and not as a general
requirement for phage survival.

RNA binding

The CPs of ssRNA phages MS2 (27), PRR1 (28), QB (29), and PP7
(30) bind a specific genomic RNA hairpin at the beginning of the
replicase gene which serves to repress translation of the enzyme late
in infection. The RNA recognition mode of the PP7 CP is very dif-
ferent from that of the other three phages, and no specific CP-RNA
binding has been observed in the distantly related phages Cb5 and
AP205, which suggests that the interaction is not universally pres-
ent in the ssSRNA bacteriophages. The interaction appears not to be
conserved even within the MS2-like group: For the respective phag-
es in our study, RNA secondary structure predictions did not reveal
convincing hairpins around the replicase initiation codon (16), and
despite the otherwise significant structural similarity, the residues
known to be involved in specific RNA binding were not conserved
in these CPs. Sequence-specific RNA interactions are evidently not
required when building the virion, and protein-RNA cross-linking
studies and asymmetric cryogenic electron microscopy reconstruc-
tions of the MS2 and Qp bacteriophages point to a model in which
the capsid assembly is instead nucleated by many surface-exposed
RNA hairpins in the folded genome that bind CP with moderate
affinity (4, 31, 32). This model is also consistent with packaging of
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unspecific bacterial RNA into recombinant VLPs, largely achieved
through electrostatic interactions between the RNA backbone and
positively charged CP residues facing the capsid interior.

In the VLP structures, we generally observed fragmented and
uninterpretable RNA density below the capsid surface, with a single
notable exception of the Wenzhoul VLPs, which revealed prominent
electron density of double-stranded RNA (dsRNA) at the icosahe-
dral twofold symmetry axes (Fig. 6A). The electron density in this
case was interpretable as an A-form RNA double helix, which for
simplicity was modeled as 10 A-U base pairs, although due to crys-
tal averaging, no particular RNA bases could be distinguished. The
resolution of the Wenzhoul VLP structure was not sufficiently high
for a detailed analysis of the CP-RNA interaction, although the CP
side chains involved in binding the RNA backbone could be recog-
nized (Fig. 6B). The structure does not indicate any potential
sequence-specific interactions and suggests that the Wenzhoul CP
dimer is adapted for nonspecifically binding a double-stranded re-
gion of RNA. The RNA density was observed only under CP “CC”
dimers, where both monomers are in the quasi-equivalent C con-
formation, but not around the fivefold axes, where the they adopt
the asymmetric “AB” conformation. The structural basis for this
discrimination is not entirely clear as the RNA binding surface in
both CP dimer conformations is virtually identical, but superposi-
tion of an RNA-bound CC dimer on top of an RNA-free AB dimer
inside the particle suggests that spatial constraints around the icosa-
hedral fivefold symmetry axes force the EF loops to be positioned
relatively closer to each other, which in turn makes RNA binding to
AB dimers unfavorable due to a steric clash between the RNA
backbone and the EF loop of a neighboring dimer (Fig. 6C). The
observed RNA binding pattern in the Wenzoul VLPs could be of
biological significance and might hint that the native genome contains
many dsRNA segments positioned at favorable places for binding to
CP CC dimers, which would accomplish a similar function in rec-
ognition and packaging of the viral genome as RNA hairpins do in
the MS2 and QP phages. Wenzhoul is distantly related to the bacte-
riophage Cb5, the structure of which revealed intercalated RNA
bases between CP subunits with a presumed role in particle stability
(10). While no directly analogous interactions were detected in the
Wenzhoul VLPs, it can be envisioned that branched RNA second-
ary structures could bind to two or more adjacent CP CC dimers in
the assembled particle and serve a functionally similar role. The ob-
servation of bound RNA in two different Cb5-like phages might
suggest that in this group of viruses, RNA generally plays a more
important structural role than in the other ssRNA phage lineages. It
might also explain the stability issues of many of the Cb5-like VLPs
that we have observed, as random bacterial RNA might not always
be a sufficiently good substitute for the complex folded genome for
holding the particle together.

In the context of RNA binding, it is interesting to also note
the Beihail4 CP, which has its N termini exposed to the interior of
the particle. The N termini, which were disordered and not visible
in the electron density, contain a string of positively charged and
polar residues, which is consistent with their role in binding RNA. It
can be envisioned that in the Beihail4 virus, the CP N termini are
extended into the folded genome in a functionally similar manner
as several ribosomal proteins have long extensions that penetrate
into the organelle to organize and stabilize the RNA structure
(33). It can be noted that several plant and animal ssRNA viruses
have positively charged N-terminal CP extensions, which are involved
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Threefold

Fivefold

Fig. 6. dsRNA binding of the Wenzhou1 coat protein. (A) Overview of the protein-RNA interaction. A Wenzhou1 CP dimer is colored yellow-orange and purple as per
each monomer and shown bound to a 10-base pair dsRNA fragment colored in teal and pale green as per each strand. An icosahedrally averaged F,-F. omit map
contoured at 3 ¢ is presented to illustrate the observed RNA density inside the particle. (B) Detailed view of the protein-RNA interface. The side chains involved in RNA
binding are shown in stick representation. (C) Discrimination of dsRNA binding between CP AB and CC dimers. The EF loop (yellow) of a neighboring CP CC dimer around
an icosahedral threefold symmetry axis allows unrestricted binding of the RNA helix (top), while the same loop at the fivefold symmetry axis appears to cause a steric clash

that prevents RNA binding (bottom).

in RNA binding (34); hence, the Beihail4 phage represents an inter-
esting case of convergent evolution between two unrelated protein
families.

Evolution of the CP fold

RNA viruses are the fastest-evolving life forms on Earth, which
makes untangling their evolutionary past a nontrivial task. All RNA
viruses are believed to be monophyletic and descended from an
ancestral RdRp (2), which is also the only universally conserved
protein in all RNA virus lineages. Compared to most other viral
proteins, the capsid proteins are also fairly well conserved, and
those of the single jelly roll architecture are ubiquitously found in
plant, animal, and fungal RNA viruses (35). The ssRNA phage
lineage, however, is believed to have separated very early from the
other RNA viruses and evolved their own unique type of CP not
found in any other modern viruses. The 22 novel ssRNA phage VLP
structures now provide a window to the results of probably billions-
of-years-long independent evolution of these proteins.

The present study has revealed that the structural diversity of the
ssRNA phages extends significantly beyond the canonical MS2-like
CP fold and redefines the core ssRNA phage CP architecture as only
a four-stranded central p sheet and a single C-terminal o helix. Both
elements make up the hydrophobic core of the CP dimer; the cen-
tral B sheet additionally forms an RNA binding surface, and the o
helices are important for dimerization. Evidently, any significant
modification to these structures is so detrimental to the virus that
none are observed even in the most highly diverged CPs. These
constraints are not nearly as strict in the CP terminal regions, partic-
ularly in the N termini, where the high mutation rate of the ssRNA
phages can be observed in full strength. The canonical MS2 CP fold
topologically corresponds to an a-B sandwich, but a repeatedly
observed theme in the novel VLP structures is a three-layered config-
uration where the C-terminal o helices are covered either by the N
termini, like in the Wenzhou4, GQ-907, and AVE015-like CPs, or
by long loops, as evidenced in some of the MS2-like proteins. However,
these proteins otherwise do not appear to be closely related, which
hints of convergence to this particular architecture from different
starting points. Conversely, sequence alignment and structural
superposition point to a recently shared evolutionary history of the
EMS014 and ESE021 as well as the Beihai32 and Wenzhou4 CPs,
and the prominent changes in the CP fold (swapped oB helices and
rearranged N and C termini, respectively) appear to be relatively
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new acquisitions. It can be presumed that similar CP reorganiza-
tions with a certain regularity happen in all ssRNA phage lineages,
which in turn suggests for some caution when trying to infer the
evolutionary past of the ssRNA phages based solely on their capsid
structure.

A recent phylogenetic reconstruction of ssRNA phages suggests
of an ancient split into two lineages, of which the first is represented
by the extant Cb5-like and AVEO15-like viruses, while the other com-
prises the rest of the currently known ssRNA phages including MS2
(15). The phylogenetic analysis places the MS2-like and Cb5-like phage
lineages at the opposite ends of the tree, but somewhat strikingly,
their CPs follow the same canonical fold and their structures can be
reasonably well superimposed (fig. S1). At the same time, some
supposedly more closely related (e.g., ESE020-like and MS2-like,
or AVEO015-like and Cb5-like) phages present considerably larger
structural differences in their CPs. A possible model to explain the
current results would be to assume that before the ancient split into
the two lineages, the ancestral ssRNA phage CP had a structure re-
sembling the “canonical” CP fold with the N-terminal B-hairpin
and that this architecture has survived relatively unchanged in the
MS2-like, ESE020-like, and Cb5-like lineages. In the lineage leading
to the GQ-907 phage, the AB loop of the ancestral CP can be envi-
sioned to have increasingly extended to a point where it allowed the
BA strand of one CP molecule to pair with the BB strand of the oth-
er monomer while maintaining essentially the same B-hairpin-like
structure. Conversely, the AC-like phages might have emerged
when the CP N terminus in a particular lineage started to become
shorter, first losing the BA and then the BB strand, while the central
B sheet simultaneously compensated the loss by gradually extend-
ing upward. In the lineages leading to the modern Beihai32-like and
AP205-like phages, the CP C terminus might have started to extend
and at some point could have substituted the BA strand, which
became redundant and got lost, resulting in the observed circular
permutation. The Beihail4 CP has diverged the most from others,
but the long loop preceding the central B sheet still occupies broadly
the same position as the N-terminal B-hairpin in MS2-like phages,
suggesting that it too evolved from an ancestral MS2-like fold. Last,
the AVEO15-like CPs are the only proteins without a structure
analogous to the N-terminal B-hairpin, but their N-terminal config-
uration might have emerged when the original B-hairpins unfolded
and then rearranged with the BA strand switched to pair with the
nearby BF strand.

80of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS AND METHODS

VLP production and purification

CP expression and VLP production and purification were done
essentially as previously described (16). Briefly, CP coding sequences
in pET24 bacterial expression vectors were obtained by gene syn-
thesis, the constructs were transformed in Escherichia coli strain
BL21(DE3), and the CP expression was done for 4 hours at 37°C or
for 20 hours at 15°C. Cells were harvested by centrifugation, resus-
pended in lysis buffer [50 mM tris-HCI (pH 8.0), 150 mM NaCl,
0.1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride] in a
wet cell weight/buffer volume ratio of 1:4, lysed by sonication, and
centrifuged for 30 min at 13,000g. The clarified lysate was loaded on
a Sepharose 4 FF column (GE Healthcare) equilibrated with phos-
phate-buffered saline (PBS), the VLP-containing fractions were
pooled and applied to a Fractogel DEAE (M) (Merck Millipore) ion
exchange column, and the bound proteins were eluted with a linear
10 column volume gradient to PBS containing 1 M NaCl. The purest
VLP-containing fractions were pooled and used for crystallization.

Crystallization and structure determination

Using Amicon Ultra 100K centrifugal filter units (Merck Millipore),
the purified VLPs were transferred to a 20 mM tris-HCI (pH 8.0)
buffer and concentrated to approximately 10 mg/ml with an as-
sumption that A, (absorbance at 260 nm) of 8.0 corresponds to a
VLP concentration of 1 mg/ml. Initial crystallization trials were
done with commercial or in-house formulated screens in 0.4-ul
sitting drops using a Tecan EVO 75 liquid handling robot, with
further optimization of crystal growth conditions as necessary. The
final crystallization conditions of all VLPs are provided in table S2.
Crystals were flash frozen in liquid nitrogen, cryoprotected with
30% glycerol if necessary, and x-ray diffraction data were collected
at MAX-lab (Lund, Sweden) beamline 1911-3, BESSY II (Berlin,
Germany) beamline 14.1, or MAX IV (Lund, Sweden) beamline
BioMAX. We were unable to solve the Beihail4 VLP structure using
frozen crystals, and in this case, several datasets were collected from
a single ~1.5-mm crystal mounted inside a capillary at room tem-
perature and subsequently merged together. Diffraction data were
scaled and merged using Mosflm (36) and Scala (37) from the CCP4
software suite (38) or using XDS (39) through the XDSAPP graphi-
cal user interface (40). VLP orientation in the unit cell with respect
to the standard icosahedral orientation was determined using the
locked self-rotation function in GLRF (41). The crystallographic
asymmetric unit was deduced from the crystal symmetry and unit
cell parameters and prepared from a model of bacteriophage MS2
[Protein Data Bank (PDB) ID: 2MS2]. The VLP position in the unit
cell was either obvious from crystal symmetry or was determined by
additional translation search. In case of a one-dimensional search,
the VLP model was systematically translated along the axis of interest,
an initial map calculated (see below) at each location and selected for
the position with the lowest R factor. Two- and three-dimensional
translation searches were performed in Phaser (42). A correctly
oriented and positioned MS2 model was placed in the unit cell and
examined for crystal contacts, followed by adjustment of the VLP
diameter, if necessary. The placed MS2 model was then used for
calculating Fyc to 10-A resolution with the program SFALL from
the CCP4 software suite, and a 5-A mask around the icosahedral
asymmetric unit was generated using the program MAMA (43).
The CCP4 program SIGMAA (44) was used to calculate weighted
Fourier coefficients, which were used for calculating a map with the
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CCP4 program FFT. The map was averaged in the program AVE
(45) using noncrystallographic symmetry and the previously pre-
pared mask, and F,. structure factors from the averaged map were
calculated with SFALL. The new F,. set was again used as an input
for SIGMAA, and the averaging procedure was repeated for 10
more cycles. Fit of the averaged map to experimental data was mon-
itored with the CCP4 program RSTATS at the end of each cycle.
The final set of Fc structure factors was used as an input for
phase extension. The procedure followed the same 10-cycle averag-
ing protocol as described above, but after the end of the last cycle,
higher-resolution data corresponding to a shell of one Miller index
along the longest cell axis was added to the input data, followed by
another 10 cycles of averaging; the procedure was repeated until all
data to the resolution of the crystal had been included. The final ico-
sahedrally averaged map was used for manual model building in
COOT (46). The EMS014 subunit structure was solved by mo-
lecular replacement using the program PHASER with a polyalanine
model of the ESE021 CP dimer as the search model. Refinement
was done in PHENIX (47), and the model was validated using the
tools provided in COOT and the MolProbity server (48).

Determination of VLP thermal stability

VLP samples at a concentration of 1 mg/ml in PBS buffer with or
without 20 mM EDTA were heated for 15 min in a Veriti thermal
cycler (Applied Biosystems) in a 5°C-increment step gradient and
then loaded on an ethidium bromide containing 1% agarose gel.
Electrophoresis was performed in 1x TAE buffer, after which the
RNA was visualized under ultraviolet light and protein with sub-
sequent staining with Coomassie blue. The thermal stability was
defined as the highest temperature at which the VLP band was still
detectable.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabc0023/DC1

View/request a protocol for this paper from Bio-protocol.
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