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Abstract

The current paradigm for assembly of single-stranded RNA viruses is based on a mechanism involving
non-sequence-specific packaging of genomic RNA driven by electrostatic interactions. Recent experiments,
however, provide compelling evidence for sequence specificity in this process both in vitro and in vivo. The
existence of multiple RNA packaging signals (PSs) within viral genomes has been proposed, which facilitates
assembly by binding coat proteins in such a way that they promote the protein—protein contacts needed to
build the capsid. The binding energy from these interactions enables the confinement or compaction of the
genomic RNAs. Identifying the nature of such PSs is crucial for a full understanding of assembly, which is an
as yet untapped potential drug target for this important class of pathogens. Here, for two related bacterial
viruses, we determine the sequences and locations of their PSs using Hamiltonian paths, a concept from
graph theory, in combination with bioinformatics and structural studies. Their PSs have a common secondary
structure motif but distinct consensus sequences and positions within the respective genomes. Despite these
differences, the distributions of PSs in both viruses imply defined conformations for the packaged RNA
genomes in contact with the protein shell in the capsid, consistent with a recent asymmetric structure
determination of the MS2 virion. The PS distributions identified moreover imply a preferred, evolutionarily
conserved assembly pathway with respect to the RNA sequence with potentially profound implications for
other single-stranded RNA viruses known to have RNA PSs, including many animal and human pathogens.

© 2013 Elsevier Ltd. All rights reserved.

related RNA phages, MS2 and GA, from the
Leviviridae family. We show that geometric con-

Introduction

Single-stranded RNA (ssRNA) viruses are one of
the largest groups of viral pathogens, yet their
assembly mechanisms are still poorly understood.
In particular, the potential roles in this process of
defined interactions between RNA segments within
their genomes and the coat proteins (CPs) that form
a protective capsid layer have largely been
neglected. This is mostly due to the difficulty in
identifying such CP—RNA contacts, called packaging
signals (PSs), in viral genomes. We introduce here a
new method for the identification of PSs in ssRNA
genomes and demonstrate its consequences for two
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straints on the positions of PSs in the viral genomes
can be formulated via a Hamiltonian path, a
geometrical concept that, in general, provides
information about connectivity between different
vertices of a graph and, here in particular, about
the graph representing the RNA density in proximity
to capsid. We demonstrate that the Hamiltonian path
concept, in combination with bioinformatics and
structural data, reveals astonishing insights into the
biology of these phages. For example, it shows that
the PS distribution in both phages must have the
same geometric organization in contact with the
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proteins of the capsid, implying that their assembly
pathways and the conformations of their packaged
genomes in the capsid must be identical.

The current paradigm of assembly assumes that
RNA packaging is not sequence-specific and driven
by electrostatic interactions.’™ This has been
reinforced by the fact that capsid-like particles can
form in vitro and, in simulations, in silico in the
presence of non-cognate RNAs, polyanions or even
nanop<a1rticles.5‘8 This mechanism of assembly,
however, fails to account for the observed encapsi-
dation specificity in most of these viruses recovered
from natural hosts.® This discrepancy has led to
proposals that there must be specialized cellular
compartments to sequester viral RNAs and CPs, or
that only nascent RNA chains are packaged. The
assumption that packaging is driven by non-specific
interactions also contradicts recent single-molecule
fluorescence correlation spectroscopy (smFCS)
assays of reassembly of two model viruses, the
plant virus, satellite tobacco necrosis virus (STNV)
and bacteriophage MS2.'%'2 These assays used
~100- to 1000-fold lower concentration of CP than in
most in vitro ensemble assembly reactions, reducing
the dominance of CPs on the reaction and perhaps
giving a more accurate reflection of in vivo condi-
tions. These assays monitored the co-assembly of
CPs onto protein-free genomic RNA under defined
conditions. For both viruses, the RNAs are initially
bound by a subset of the proteins required to form
their capsids, resulting in a sudden collapse in their
hydrodynamic radii from an ensemble of conforma-
tions that are mostly too large to fit within the
confines of the respective virions. In the collapsed
state, the RNA—CP complexes are small enough to
fit and they have the size and symmetry of partially
formed capsids, that is, they are the result of capsid
assembly rather than formation of a CP-RNA
aggregate that subsequently rearranges into a
capsid. Following the initial collapse, additional
CPs are recruited to the growing shells to complete
capsids in a second, slower stage of assembly. The
yields and fidelity of correctly assembled species
from this process are extremely high. Non-viral and
non-cognate viral RNAs also promote capsid as-
sembly under these conditions, but with dramatically
reduced efficiency and with a majority of malformed
or aggregated species and without the compaction
stage. This principal difference in assembly behavior
for cognate and non-cognate RNAs suggests that
specific RNA—-CP interactions are important for
assembly efficiency and that, therefore, the non-
specific interactions in an electrostatic model of
assembly cannot fully account for the behavior
observed in these experiments. An alternative
assembly model that explicitly takes the impact of
such disgaersed PS in the viral genomes into
account’™ demonstrates that their distribution is
crucial for assembly efficiency. This suggests that

identification of PS in ssRNA genomes is important
in order to fully understand their assembly behavior.

We have Previously made progress on this task
with STNV.'*"> We used in vitro RNA SELEX to
identify preferred RNA binding sequences with
affinity for the STNV CP subunit. This yielded a
series of aptamers, most of which had statistically
significant matches to regions of the STNV genome
and encompassed sequences that were able to form
stem—loops, with a loop sequence motif of -A. X.X.A-,
where X is any nucleotide. The three known STNV
strains (1, 2 and C) have genomes that could in
principle present up to 30 copies of such motifs. It is
therefore tempting to speculate that this aptamer
motif represents a consensus PS for STNV. To
examine the potential functional significance of
these PSs, we carried out in vitro reassembly assays
with the best aptamer and a variant with a -U.U.U.U-
loop motif. "> STNV CP subunits will not assemble in
vitro in the absence of RNA under these conditions.
The preferred sequence triggered formation of T = 1
VLPs more efficiently than the sequence variant, and
longer genomic fragments were more efficient than
long, non-cognate RNAs. These results support the
idea that the STNV genome contains multiple PSs
that are absent from a non-cognate RNA. The STNV
CP-aptamer VLP formed crystals, and we solved its
structure by X-ray diffraction. In the presence of
repeated copies of the preferred RNA stem—Iloop
fragment, the CP has undergone a conformational
change, compared to the virion and a VLP contain-
ing a synthetic CP mRNA."'%'” With the aptamer
present, a region of polypeptide (residues 8—11) is
visible in the electron density map that is disordered
and invisible when the genomic RNA is packaged.
The ordered region extends an N-terminal helix that
is positioned around the 3-fold axes of the T =1
particle. This extension contains a number of
positively charged amino acids (RRKS) that could
potentially prevent formation of virion 3-fold because
of electrostatic repulsion.'® Binding of the aptamer
appears to have screened this effect, identifying a
possible functional role for PSs in this case.

The similarity in behavior between STNV and MS2
in the smFCS assay suggests that there are
conserved features in the assembly mechanisms
for these viruses. To identify the PSs in MS2, we
examined its genomic sequence and that of the
evolutionarily related RNA phage GA. There is
extensive evidence that PSs exist in the RNA
phages. Firstly, there is a well-known, single-copy,
high-affinity CP binding site (TR) that acts as a
translational operator, putting the expression of the
replicase gene under the control of the CP dimer
concentration.'®'® The MS2 19-nt TR site and its
GA equivalent are also thought to be the assembly
initiation trig%ers for capsid formation both in vitro
and in vivo. '®29722 A number of studies support the
idea that additional sites within the MS2 genome
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also promote capsid assembly.?*®> We have also
shown that stem—loop binding to the CP plays a
critical role in assembly. It acts as an allosteric
regulator of CP conformation. TR binding promotes a
shift in the conformation of the CP dimer from a
symmetric (C/C-like) form (pink in Fig. 1a) to an
asymmetric (or A/B-like) form.?22426-2% Thjs “Dimer
Switching Model” (DSM)?® is one of the functional
consequences of PS—CP interactions in these
viruses. Both types of dimer are required to construct
a T =3 capsid of the correct size and symmetry.
Individually, each form, RNA-free and TR-bound, is
kinetically trapped, failing to produce capsids over
many hours or days. If both forms are mixed in
solution or if CP is in the presence of weaker binding
stem—loops, T =3 capsids rapidly self-assemble.

Crucially, the allosteric consequences of RNA stem—
loop binding are not highly sequence-specific,?® in
principle allowing many similar but non-identical
sites within the genome to play the same role.
Assembly reactions with longer RNAs show that
assembly with such molecules is highly cooperative,
consistent with this idea and the presence of multiple
PSs.?* Ideally, there would be 60 PSs in such a
system able to promote switching at the 60 required
A/B dimers, although this requirement is not absolute
since shorter RNAs can also be packaged. Presum-
ably the kinetics of capsid formation would be slower
in these cases, which would depend significantly on
CP-CP interactions alone to reach completion. Note
that, in MS2 and GA, we expect 60 PSs due to the
functional roles of the PSs in dimer switching at the
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Fig. 1. The components of MS2 and GA. (a) The MS2 capsid (T = 3; Protein Data Bank ID 1ZDH) viewed along a 2-fold
axis, shown next to a schematic indicating the locations of the 60 A/B (blue/green) and 30 C/C (pink) dimers. The structural
similarity of MS2 and GA (Protein Data Bank ID 1GAV) CPs is revealed by cartoons of the C* chains of their C/C dimers
(RMSD = 3.7 A). (b) Genetic maps of the phage genomes and alongside the secondary structures of their high-affinity
translational operators whose locations are marked in the maps by the red stripes.
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Fig. 2. Search motifs for putative PSs. (a) Sequences of high-affinity stem—loops that bind to the MS2 CP (left) and the
search motifs that capture their essential features (right). The latter also encompasses the equivalent sites for GA. 83" (x)
and (x-x) denote a nucleotide or base pair, respectively, that can be omitted, while x}, 4 » indicates a location for 0, 1 or 2
additional nucleotides. (b) and (c) show the derived recognition motifs that discriminate between MS2 and GA CP binding.
The adjacent histograms illustrate the number of occurrences of such recognition motifs in ensembles of 30,000
randomized versions of each genome. The positions of the MS2 and GA genome in this distribution are indicated explicitly.

A/B sites. In other viral systems, this number could
vary depending on the functional roles of the PSs,
but the general analysis principles adopted here
could also be applied to this more general setting.
In contrast to STNV, the PSs within the MS2 and
GA genomes cannot be identified by sequence
analysis alone. We have therefore developed a new
approach that uses Hamiltonian paths to formulate
geometric constraints on genome organization in
addition to biochemical (RNA SELEX) information
about the RNA sequence preferences of both MS2
and GA phage CP subunits.?®~3* We show that there
are characteristic stem—loop motifs with little se-

quence identity but that occur with statistically
significant frequencies in the respective genomes,
consistent with them having a functional role. These
predictions were further validated by comparison
with prior secondary structure probing of the
protein-free RNA suggesting that ~60% of these
potential PS sequences should be present in the
form of stem—loops.®*” By combining our PS
predictions with structural information from cryo-
electron microscopy (cryo-EM) studies on the
location of the genome inside the MS2 capsid and
other Leviviridae,>®2° we predict their locations
within both virions using our new graph theoretical
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approach. We show that the packaged genomes
must have a defined conformation inside each viral
particle. This is entirely consistent with the first
asymmetric structure of MS2 determined using
cryo-electron tomography and sub-tomographic av-
eraging and explains the observations reported in
that study. Such defined PS—CP interactions add a
previously unsuspected constraint on the evolution
of viral genomes and are potential targets for novel
anti-viral therapy.

Results

Identification of phage-specific recognition
motifs important for selective genome
packaging

Understanding the functional roles of PSs in MS2
and GA requires identification of both cognate stem—
loop (SL) motifs and their locations within the two
genomes. To identify putative PSs other than the
known single-copy, high-affinity ones, we applied
two minimalistic criteria. Firstly, we assumed that all
PSs are in the form of RNA stem-loops and,
secondly, that these exhibit at least some of the
recognition determinants identified (Previously for the
respective high-affinity sites.'®2°293% Since all
known high-affinity stem—loops for MS2 and GA
conform to the general search pattern shown in
Fig. 2a, we used a sliding window approach (see
Materials and Methods) to locate all such sites. This
identified the maximal number of lowest-energy,
non-overlapping stem—loops with a stem length
>5 bp. The MS2 and GA genomes contain 118
and 112 such sites, respectively. Note that the
smFCS data suggest that, in general, PSs are
already present in the secondary structure of the
RNA and are readily available for CP binding. Note
that in the case of overlapping stem-loops stability
rather than affinity has been the criterion of choice.

We then used information on the structures of RNA
aptamers selected in vitro (using RNA SELEX)3'34
as preferred binding sites for MS2 CPs, as well as
affinity measurements on sequence variants of the
equivalent GA sites, to identify a characteristic
recognition motif common to all high-affinity stem—
loops for each phage (Fig. 2). For MS2, these are
stem—loops with a loop of the form (x)xYA, and for
GA, these are stem—loops with a loop of the form (x)
XxRA, where Y and R denote pyrimidines and
purines, respectively; x and (x) denote any nucleo-
tide and a further nucleotide that could be omitted,
respectively. If such motifs are important for selec-
tive packaging, they must occur non-randomly in
their respective genomes. To test this, we created
30,000 randomized sequences with the same base
composition as each of the phage genomes and

determined the frequency of occurrence of matches
to the minimal sequence motifs in each, using the
same sliding window approach (Materials and
Methods). Consensus motifs with loops of the form
(x)xYA and (x)xRA occur with much higher frequen-
cy than would be expected by chance alone in the
MS2 and GA genomes (cf. Fig. 2b and c),
respectively, while they occur with frequencies
close to that expected by chance for the non-
cognate genomes. This strongly supports their
putative roles in assembly and selective packaging.
There are 25 and 23 such putative PS sites within
MS2 and GA, respectively.

Identification of additional PSs

In an idealized DSM, both phage genomes should
contain 60 PSs, each one promoting the conforma-
tional switching to an A/B dimer during assembly,
and the putative PSs identified above only account
for about a third of these. To determine further
potential PSs, we created a scoring matrix (see
Materials and Methods) based on previous structural
studies, RNA SELEX, and seauence/functional
group variation experiments.?** We used it to
rank all 118 {112} of the possible stable stem—loops
for their potential CP affinity and, hence, suitability as
PSs (for ease of notation, here and in the following,
figures for GA are indicated in curly brackets behind
those for MS2). They were then sorted into classes
based on their predicted binding affinity relative to
TR (Fig. 1b), assuming a dissociation constant for
TR of Kp = 1.5 nM.*° The first class contains the 25
{23} highest-affinity sites with the minimal common
recognition motif determined above (with a predicted
score of >10% of the affinity of TR, i.e., Kp up to
15 nM). Two further classes of putative PSs retain at
least partial features of this common recognition
motif. Those with the loop sub-motif (x)xxA (same
motif for both MS2 and GA) form a class predicted to
have binding affinities >1% of TR, that is, Kp up to
150 nM and those with (x)xYx {(x)xRx}, >0.1% of TR,
that is, Kp up to 1.5 pM. In total there are 53 {54}
stem—loops in these three classes (Supplementary
Figs. 1 and 2). All other potential stem—loops have
lower predicted CP affinities. We reason that, since
the 53 {54} stem—loops retain some features of the
recognition motif, their lower affinities for CP could
be compensated by their effectively high concentra-
tions within phage RNA genomes, especially if they
are suitably positioned in three dimensions to
interact productively with CPs during assembly.'®
Indeed, other SLs with lower affinity can potentially
also occur but can only be identified using further
constraints, which emerge from the Hamiltonian path
approach (see below). Before we carried out this
analysis, we compared the assigned 53 {54} SLs
with the published solution structures of the phage
genomes.
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Locating the putative PSs in the solution
structures of the genomes

The secondary structures of the MS2 and GA
genomes have been mapped using a combination of
phylogenetic analysis and experimental structure
probing.%*” Of the putative PSs that we have
identified, 35 {39}, that is, 58% {65%}, are reported to
be present in the solution conformations of the
genomic RNAs, ready to interact with phage CPs
during assembly. Seven of these have been
previously identified as potential CP binding
sites.*’ This is good evidence that we have identified
PSs. The PSs present in the solution structure
include 14 {15} of the 25 {23} highest-affinity classes
of stem—loop motifs identified above, as well as 21
{24} of the additional PS that were identified using
the scoring matrix. There is evidence from assembly
assays with MS2 that RNA conformational changes
occur during encapsidation, '°** opening the possi-
bility that the remaining 18 {15} of the total 53 {54}
putative PSs could also occur after minor local
refolding. We estimated from Mfold (cf. Ref. 42) the
free-energy difference between the reported solution
structure and the refolded structure exhibiting these
remaining PSs. For all these additional stem—loops,
the cost of local refolding was <10 kcal/mol,
comparable to the binding free energy of isolated
TR stem—loops to MS2 CP (~12 kcal/mol).*° This
suggests that these additional PSs are likely to occur
if the additional favorable contributions resulting from
CP-CP interactions within the protein shell facilitat-
ed by PS binding are taken into account. The smFCS
data'® suggest that MS2 RNA exists as an
ensemble of structures in solution, a result observed
for other long RNAs.**** These ensembles could
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represent altered tertiary structures with similar
secondary structures or molecules differing at both
tertiary and secondary structure levels. The solution
structure probing data for several RNA phages favor
the former explanation, but the sensitivity and time
resolution of such techniques cannot exclude the
presence of minor conformers presenting the addi-
tional PSs.

Assuming that localized RNA refolding occurs in
response to CP binding, our analysis has identified
53 {54}, that is, ~90%, of the potential PSs in both
phages needed by the DSM. The locations of these
PSs are shown as dots, color-coded according to
predicted CP affinity, in cartoon drawings of the
secondary structures of MS2 (Fig. 3) and GA
(Supplementary Fig. 3). The majority of these
putative PSs (49 {46}) lie within coding regions
(Fig. 3 and Supplementary Fig. 3). The presence of
such functional structures within open reading
frames contrasts with the results of structure probing
of the human immunodeficiency virus genome,
which suggested that coding regions were relatively
unstructured. *>*¢ Regulatory RNA structures within
the RNA phage coding regions are, however, well
known.®>~3" Our analysis suggests that, for the RNA
phages, each gene contains putative PSs.

Predicting the three-dimensional layout of the
RNA PSs in the virion

In order to do this, we introduce here a new
method for the localization of individual PSs in the
tertiary structure of packaged genomes. It is appli-
cable to any ssRNA virus with a monopartite
genome for which the icosahedrally averaged
cryo-EM density shows a polyhedral organization
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Fig. 3. Locations of the putative MS2 PSs. The 53 putative MS2 PSs are shown as green, blue and red bars on the
genetic map, color-coded according to their predicted affinities for CP (green, highest affinity; blue, intermediate affinity;
red, lowest affinity), alongside cartoons of regions of the solution structure.®*3” Colored dots in loops indicate the 35
putative PSs that are present in the absence of CP, while the smaller ones on stems indicate the positions of the 18 PSs
that would require local refolding. Black dots represent 7 further potential stem—loops that have positions that are
consistent with the identified Hamiltonian path and that could be used to obtain the 60 PSs needed in an idealized DSM.
PS locations are numbered increasing in the 5'-to-3' direction, preceded by the genetic locus, that is, 5’UTR (unfranslated
region) (5U#), A protein (A#), CP (C#), replicase (R#) and 3'UTR (3U#).
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(a)

Fig. 4. Localizing PSs in the tertiary structures of packaged RNA genomes using the Hamiltonian path method. (a) The
icosahedrally averaged cryo-EM electron density for genomic MS2 RNA g)urgple) in the virion in contact with capsid protein,
viewed from the center of a half-capsid along the central 5-fold axis.“®3° (b) The density from (a) represented as a
polyhedron with 60 vertices. (c) A close-up view of the vertices (circled) around a 5-fold axis that would contact A/B dimers
in the DSM. (d) A Hamiltonian path is a path on the polyhedron in (b) that contacts each of its 60 vertices precisely once.
Each of the >40,000 possible such paths is characterized by a series of short (yellow) and long (orange) segments. In the
RNA phages, single-copy maturation proteins are known to bind close to the ends of the genomic RNA effectively
circularizing it.?® Only 66 Hamiltonian paths have the property of being circular. One such path is shown in (d). Assembly of
phages with RNAs following all 66 possible paths or icosahedral averaging of phages encompassing just one of these
paths will generate the polyhedron of density seen in (a). (€) A Hamiltonian path encodes the relative positions of PSs in

contact with the 60 A/B dimers. Such interactions are shown schematically here for a section of the path in (d).

of the RNA in proximity to the capsid and for which
the functional roles of the PS suggest the contact
points between PS and CP. Previous intermediate
resolution cryo-EM structures of both MS2 and GA®°
suggest that the density in proximity to the capsid
(Fig. 4a) is organized as a polyhedron (Fig. 4b).
Since the vertices of the polyhedron in Fig. 4b are
located underneath the A/B dimers, this is consistent
with the contact sites between PSs and CP being at
those vertices, indicated by the circles shown in
Fig. 4c for 5 of the 60 vertices in a magnified version
of the polyhedron. In the idealized assembly case,
the RNA genome would contact each A/B dimer
within the capsid, and the RNA would visit each of
these vertices by extending a stem—loop to the CP
layer. However, there is no requirement that the C/C
positions be visited, and they would only be
occupied when the RNA transits from an A/B dimer

around one 5-fold vertex to an A/B dimer around a
different vertex. Thus, the binding of RNA at A/B and
C/C dimer positions is functionally distinct, and this
should be reflected in the density for bound RNA at
these positions in cryo-EM structures. Indeed, in a
previous sub-nanometer cryo-EM structure of MS2,
the density does appear slightly different underneath
A/B and C/C dimers, consistent with this expectation
from the DSM.

Since the vertices of the polyhedron in Fig. 4b are
located underneath the A/B dimers, this is consistent
with the contact sites between PSs and CP being at
those vertices, indicated by the circles shown in
Fig. 4c. In the idealized assembly case, the RNA
genome would contact each A/B dimer within the
capsid, and the RNA would visit each of these
vertices by extending a stem—loop to the CP layer.
Since only one contact per A/B dimer is possible due
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to steric constraints, the RNA must be positioned
asymmetrically in the polyhedron in such a way that
it contacts each vertex precisely once. Mathemati-
cally, this implies a scenario describable as a
Hamiltonian path on the polyhedron representing
the averaged density, that is, a connected path that
visits every vertex precisely once.*” There are
40,6782® such paths for this polyhedron, and an
example is shown in Fig. 4d, but only 66 of these are
circular and hence consistent with the fact that both
5" and 3' ends of the genomic RNA are in contact
with the single copy of the phage maturation protein.
From a topological point of view, this circularizes the
RNA, and it is reasonable to assume that the
maturation protein in GA plays a similar role (amino
acid sequence identity between the MS2 and GA
maturation proteins is 46.7%). The Hamiltonian
paths for this polyhedron are characterized by a
unique sequence of long (orange) and short (yellow)
edges (see Fig. 4d). Each such scenario encodes a
possible organization of the RNA, consistent with
both the cryo-EM density and the functional roles of
the PSs in dimer switching at the A/B sites. The
importance of this result is that it provides a finite
number of options for the ways in which the putative
PSs can be mapped into the cryo-EM density. In
particular, the problem of mapping PSs into the
cryo-EM density is now translated into the problem of
checking which (if any) of these Hamiltonian path
organizations is consistent with (appropriate subsets
of) the ensemble of 53 {54} PS candidates deter-
mined earlier.

If the putative PSs identified above do describe a
Hamiltonian path for the genome, then their
distribution must reflect this characteristic pattern
of short and long edges. Short edges represent
distances between the PSs in contact with A/B
dimers around the same 5-fold vertex and long
edges between those at adjacent 5-fold (which
traverse the C/C dimer at a 2-fold position). Using
the crystal structure of an MS2 capsid containing
multiple copies of TR bound at every CP dimer
(Protein Data Bank ID 1ZDH), we estimate that a
spacer of at least 15 nt between two PSs is required
for them to be able to contact A/B dimers at different
5-fold axes. This structural constraint allows us to
identify clusters of adjacent PSs that must be
located at the same 5-fold axis, that is, those
separated in the sequence by fewer nucleotides
than this. A direct comparison of all these clusters
with all the possible 66 circular Hamiltonian paths is
not possible for the following reasons: (i) PSs
separated by more than 15 nt could potentially
merge into larger clusters, that is, be bound at the
same 5-fold, if the RNA sequences between them
extend into the interior of the capsid, contributing to
the inner shell of RNA observed by cgyo-EM that
encompasses ~35% of the genome®®; (i) other
stem—loops from the set of 118 {112} could

potentially occupy the remaining 7 {6} unidentified
PS sites in contact with the vertices.

As a necessary condition for a match between
Hamiltonian path organization and SL distribution,
we tested the alignment of a specific connected
genome fragment (nucleotides 156—1746 in the MS2
genome) containing few unassigned PSs (i.e., PS
from the set of 118 possible, excluding the 53
previously assigned SLs) to fragments of all 66
Hamiltonian paths. For this comparison, it was
necessary to group the PSs into clusters of 2, 3
and 5 SLs. This is because all the circular
Hamiltonian paths have two, three or five consecu-
tive vertices separated by short edges and hence
only such groupings of PS clusters can match to a
Hamiltonian path, see Fig. 5a. For the genome
fragment under consideration, we determined all
possible groupings of PSs such that all assigned
PSs form part of a cluster, while any number of the
unassigned ones may be contained in a cluster. As
illustrated in Supplementary Fig. 4 (Supplementary
Fig. 5 for GA), there are 126 {63} options for the
clustering of these 25 predicted PSs and the 3
potential additional stem—loops in this region. Two
examples are illustrated schematically in Fig. 5b,
with broken lines indicating the positions of the three
possible additional stem—loops. Stem—loops indicat-
ed in the black box in the middle represent the data
before clustering, with red boxes identifying stem-—
loops that must belong to a cluster due to their
proximity. Two examples (out of the 126 possible
ones) of grouping these further into clusters of 2, 3
and 5 are shown above and below the black box in
Fig. 5b. We compared all 126 options numerically
with all subsets of all 66 Hamiltonian paths.
Strikingly, only the solution shown above the box in
Fig. 5 showed a match, implying that there is a single
Hamiltonian path that is compatible with the loca-
tions of these putative PSs. We checked that this
solution is also consistent with the PS clustering
across the remainder of the genome and found that it
is (see Fig. 3 and Supplementary Fig. 3). A similar
analysis for GA PSs reveals exactly the same
Hamiltonian path as the unique solution consistent
with their distribution, even though their locations
within the primary sequence of the GA genome differ
significantly from their MS2 equivalents.

The identification of a single Hamiltonian path as a
match for the PS distributions is consistent with our
previous modeling of the kinetics of assembly of
MS2 with RNA fragments encompassing PSs.?® We
examined the statistical significance of this result by
assessing the likelihood that 28 PSs randomly
clustered in groups of 2, 3 and 5 match a single
Hamiltonian path. In order to be consistent with the
above analysis, we randomly picked 126 different
such combinations of clusters (out of the total 7713
different ways in which 28 PSs could potentially be
arranged in terms of clusters of 2, 3 and 5) and
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assessed the fit of these 126 options with the  randomly chosen combinations of 126 cluster
possible MS2 Hamiltonian paths. This procedure sequences, to obtain the likelihood that a random
was repeated a million times, that is, for a million configuration of 28 PS clusters would fit to a unique
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Fig. 5. Prediction of genome organization. Combining the locations of the putative PSs with all possible Hamiltonian path
organizations for the RNA in contact with capsid proteins predict the layout of the genome within the virion. (a) The
Hamiltonian paths encode the different ways in which the polyhedral outer shell of RNA density seen in icosahedrally
averaged cryo-EM reconstructions (purple polyhedron, left) can be realized asymmetrically by the RNA molecule (1 of the
40,678 possibilities is shown, together with the location of the TR PS). In a circular Hamiltonian path arrangement, the 60 PS
are located in groups of 2, 3 or 5 around the particle 5-fold axes, and an example of each is shown in (a). (b) Combinatorial
analysis of 25 out of 53 MS2 PSs, color-coded by their predicted CP affinity (black box, middle): PSs separated by <15 nt
must be restricted to the same 5-fold vertex (red boxes) and can be grouped into clusters of 2, 3 and 5 stem—loops (black
underlines and numbers) allowing 126 different combinations. Two of these are shown above and below the black box; the
top one is the only combination consistent with a circular Hamiltonian path. (c) The location of this unique path with respect
to a net representing the capsid organization (shown as one of the two possible equivalent representations). The
Hamiltonian path predicts the locations of individual PSs in contact with A/B CP dimers. Numbering (0) starts at the
assembly initiation site TR, with positive and negative numbers indicating PSs toward the 3" and 5’ ends, respectively.
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Hamiltonian path. A match to a unique Hamiltonian
path occurs only 0.8% of the time, with the
overwhelming majority of clustering sequences
fitting to more than one path. Given that both MS2
and GA exhibit the same Hamiltonian path organi-
zation, we moreover computed the likelihood that
two sets of 126 cluster sequences, representing two
different PS configurations, would both match to a
single identical path. Remarkably, out of the million
PS configurations sampled, none were found that
matched only a single path, implying that the match
of the predicted PSs for two phage genomes is
highly significant. This suggests that the identified
stem—loops are functionally important and that this
analysis has provided novel insights into the
assembly of these virions.

Discussion

PSs can play important cooperative roles in
ssRNA virus assembly, and it is therefore important
to develop methods that allow identification of them.
The Hamiltonian path method presented here is
applicable to all ssRNA viruses for which information
on the structure of the RNA density in proximity to
capsid is known, for example, from cryo-EM, and for
which information regarding RNA-CP affinities is
available, for example, via SELEX. We have
demonstrated this method here explicitly for two
viruses, MS2 and GA, and have illustrated that the
nature of the PS distribution provides important
insights into the assembly of these particles.

The nature and roles of genomic RNA PSs

Many ssRNA viral capsids and nucleocapsids have
been shown to assemble spontaneously in vitro into
structures resembling the virions recovered from host
cells. In the presence of RNA, these reactions occur
despite the fact that the RNA requires confinement to
a high packing density.*® Favorable interactions
between viral CPs and between CPs and the RNA
must enable this entropically costly confinement. In
principle, this could arise via a purely electrostatic
mechanism, but this cannot account for the two-stage
assembly mechanism seen for two wruses from
bacterial and plant hosts in smFCS assays.'® One
of those viruses, STNV, has a CP that encompasses a
positively charged N-terminal arm, a common feature
in many viruses, which has been assumed to interact
non-sequence-specifically with RNAs. STNV behaves
similarly to MS2, where it is known that, for the
interaction with the highest-affinity PS to form a TR:
CP, complex, over 80% of the binding energy is
non-electrostatic.*® PSs composed of multiple
sequence/structure motifs throughout a viral genome
making favorable contacts to the RNA are an
alternative mechanism to regulating assembly. Model-

ing the consequences of CP—PS interactions '® shows
that RNAs presenting PSs of differing affinity for CP do
better in capsid assembly reactions than do polymers
that contain PSs of a uniform affinity. Such a difference
would be seized upon by evolution to improve the
efficiency of viral life cycles by stabilizing sequences
that act as PSs. Appropriate positioning of PSs
throughout a genome could then be used to facilitate
the correct protein—protein interactions required to
form capsids at the low concentrations of viral CP
found in v1vodur|n8; the early stages of the formation of
progeny viruses.

One outcome of the evolutionary constraint
implied by PSs is that viral genomes might have
simple repeated sequence motifs. This is obviously
not the case, but the efficiency of assembly is just
one of many selective pressures on a viral genome.
The gene products must also be encoded, and
regulatory regions for ribosome and replicase
binding must also be formed. As a result, the PS
motifs are likely to be quite short, reducing their
uniqueness. This would not matter if the PSs act
collectively; for example, many cellular RNAs could
present single copies of a particular PS, but CPs
would not bind stably to such sites unlike on
cognate viral RNAs where they would be rapidly
incorporated into larger complexes via additional
contacts between CPs. The presence of multiple
CP-PS complexes in virions might also be seen in
their structures. Satellite tobacco mosaic virus is a
virus in the same class as STNV. It is notable
because X-ray structures reveal that large fractions
of its packaged genome exist as stem-— Ioops
positioned along the T = 1 capsid's 2-fold axes.”
This has lead to attempts to identify which genomic
sequences form these stem—loops (=PSs) using
structure probing,®' and a molecular model of the
virus has been built based on these predictions.>?
That is, the assumption has been made that the
encapsidated RNA has a defined structure. The
X-ray structure of the comovirus bean pod mottle
virus also reveals an icosahedrally ordered short
segment of ssRNA in the electron density map.>
This again implies that a significant fraction of the
viral genome is in contact with the protein shell in
every viral particle. Similarly, in Pariacoto virus,
substantial sections of the genomic RNA are
icosahedrally ordered, forming a dodecahedral
cage within the icosahedral protein shell.*%¢
Such highly ordered RNA conformatlons within
virions are relatively rare®® since most X-ray
structures do not show density for the genome,
but a large number of cryo-EM reconstructions of
ssRNA viruses that do show layers of RNA adjacent
to the inner surfaces of protein capsids are now
available.®”*® (Note that the different results from
X-ray and cryo-EM reflect the differing amounts of
data at different resolutions that each technique
records and uses for structure determination.®°)
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These results can all be interpreted in terms of the
PS hypothesis. It has been explicitly suggested for
satellite tobacco mosaic virus that the sections of
ordered RNA visible in the electron density map play
roles as PSs, although in that case, it has not been
possible to demonstrate this directly.®® For STNV
and the RNA phages, in vitro reassembly assays
with RNA fragments encompassing the respective
putative PSs have shown that they will preferentially
trigger assembly. The molecular mechanisms of
these effects differ in the different viral types. For
STNV, the PSs appear to overcome electrostatic
repulsion between CP monomers,'® whereas in
MS2 and presumably GA, the PSs determine the
locations of the A/B dimers within capsids.??2%26
PSs might therefore be a common solution that
viruses have found to the generic problem of
ensuring that they preferentially package their
genomes in the presence of competing cellular
RNAs.®" Animal viruses that package only nascent
genomes, such as poliovirus® or assemble adja-
cent to the RNA-dependent RNA polymerase, could
also use PSs, but ones that only form through kinetic
folding of the RNA transcript. The precise molecular
effects of CP—PS interaction may differ in each case,
dependent on the CP architecture and the se-
quence/structure of the PS, but have the common
outcome of promoting faithful capsid assembly. For
the large number of viruses, including viruses
infecting plants, animals and humans,®*°° with
known high-affinity CP binding sites (PSs), lower-
affinity variants of such sites are also likely to exist
within their genomes. Such high-affinity sites would
not be required in a purely electrostatic mechanism
of assembly, but once they are present, the selective
advantages in favor of multiple sites may render their
functioning in this way unavoidable.

Even though many of the PSs identified for MS2
and GA are predicted to have low intrinsic affinities
for their respective CPs, they may still be significant
in context of the genomes displaying suitably
disposed high-affinity sites due to their locally high
concentration and the further binding energy from
formation of CP-CP contacts. For MS2 at least,
there is good evidence that sites other than TR can
influence/promote assembly. Mutation of the stem—
loop binding site within the phage CP leads to
non-assembling phenotypes in vivo, but mutants of
the TR site yield normal levels of phage.?® The
effects on reassembly efficiency of RNAs carrying
multiple copies of TR show that additional sites
increase assembly rates and yields,?°" as does the
use of fragments encompassing natural extensions
to the TR site itself.?® For reassembly with longer
RNAs, it has been shown that TR is important to
ensure assembly around shorter fragments but
becomes progressively less vital as the size of the
RNA to be packaged increases.?®?" This is consis-
tent with the idea that many stem—loops can behave

as PSs and is the only conclusion possible from the
smFCS assays showing that genomic fragments
and the MS2 genome undergo hydrodynamic
collapse in the first stage of assembly. RNA collapse
can also be induced by addition of multivalent
cations, but such RNAs are poor substrates for
assembly, implying that cation- and CP-induced
collapses are not the same process, the latter bein%
dependent on the RNA sequence, that is, on PSs.®

PSs and the conformation of genomes in virions

For MS2 and GA, PSs fall into two groups: those
predicted to have relatively high affinities for their
respective CPs, and those whose affinities are
predicted to be extremely low in isolation but would
likely be bound in the context of the packaged
genome. Many of the cognate high-affinity class of
PSs have been reported to be present in the solution
structures of MS2 and GA RNA. This is consistent
with the results of smFCS experiments, '° in partic-
ular, the speed of the first stage collapse is in line
with CP binding to preexisting PSs. For PS not
present in solution, we have checked that the cost of
local refolding is small compared with the binding
energy from PS—-CP contact, making PS-mediated
compaction a distinct possibility.

For MS2, formation of a capsid of the correct size
and symmetry requires the ordered switching from
symmetric to asymmetric protein dimers, triggered
via binding of the RNA PSs. The clustering of PSs
detected for both MS2 and GA enable us to show
that only 1 of the possible 66 circular Hamiltonian
paths is compatible with the data despite the fact that
the sequences and locations of the PSs are different
for these two viruses. This result implies evolutionary
conservation of the overall assembly mechanism
because a Hamiltonian path defines the nature of the
assembly pathwag and of the assembly intermedi-
ates and kinetics.“® The fact that a unique pathway
is selected in both cases must mean that this
pathway is advantageous to these viruses. Inspec-
tion of the geometry of the assembly intermediates
on this pathway shows that, after assembly initiation
at TR, which is located roughly in the middle of the
genome, assembly proceeds so that the 5" and 3
ends of the RNA build up two hemispheres of the
particle independently,?® hence avoiding steric
clashes of both ends during assembly. Indeed,
both ends of the RNA bind to the single copy of
maturation protein and so never come into direct
contact with each other. We have shown by
modeling that PS—CP interactions contribute favor-
ably to efficient build-up of a viral capsids. '® Viruses
face the problem of having a plethora of options to
assemble their capsid proteins and exploring all of
these would slow down the assembly process
dramatically, akin to Levinthal's paradox in protein
folding.®” PS—CP interactions are one way of
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avoiding this problem and biasing assembly to a
specific pathway, hence gaining a vital advantage
over the host's anti-viral defenses by speeding up
assembly.

A specific assembly pathway, however, in turn
implies that the conformation of the genomic RNA
within every virus particle must be the same. This is at
first glance surprising, given that a unique conforma-
tion of the RNA in contact with the CP layer is
entropically costly, and must therefore be compen-
sated for in another way. However, the advantage of
overcoming the virus assembly analog of Levinthal's
paradox as explained above is a clear advantage that
would certainly outweigh this cost. Moreover, a
PS-mediated mechanism provides an added benefit
in the initiation phase by defining the starting point of
assembly at the PS with highest affinity to capsid
protein. The PS with the highest affinity for CP in MS2
(TR) has about double the affinity of the next highest
site, which is bound by the adjacent dimer in the
preferred assembly pathway. This is also true for GA
although the affinity difference has not been deter-
mined. In both cases, this combination of PSs marks
the starting point of the assembly process. Such
precise control of assembly initiation is not achievable
in an electrostatic assembly mechanism because it
relies on stochastic initiation. In contrast, PS—CP
contacts define the pathways of assembly, ensuring
the most efficient build-up of the container via
cooperative RNA-CP contacts, akin to crystallization.
The great fidelity of in vivo capsid assembly® would
emerge naturally from such a mechanism.

These conclusions are corroborated by the recently
determined asymmetric structure of MS2 bound to its
normal cellular receptor, the bacterial pilus.®® In this
study, pilus fragments were used to bind MS2 virions
via their unique maturation proteins. This creates an
asymmetric complex, a pilus decorated along its sides
with phage that can be used for a tomographic
reconstruction without symmetry averaging. Individual
tomograms have too small a signal-to-noise ratio to
interpret directly; thus, several thousand particles
were averaged via sub-tomographic averaging. Note
that this is an averaging of many asymmetric
structures and not an imposition of an assumed
symmetry. Although the resulting asymmetric struc-
ture is at moderate resolution (~39 A), the capsid
component is clearly mostly icosahedral, allowing
higher-resolution data to be used in its interpretation.
There is defined density within the protein shell that
must belong to the phage RNA and would not be
visible without its conformation being identical, at this
resolution, in every particle in the data set. Icosahedral
averaging of the tomogram RNA density reproduces
the concentric double shell of density seen in
averaged cryo-EM reconstructions, suggesting that
the asymmetric structure is a true image of the phage
particle. The work described above on the identifica-
tion of PSs and their implications for RNA structure

within virions via the DSM and Hamiltonian path neatly
explains this independently derived structure. None of
these observations means that RNA-free CP assem-
bly, assembly with sub-genomic or non-cognate RNA
fragments will not occur. At artificially high CP
concentrations, all these reactions will occur, but
without the accuracy and speed of the pathway based
on PSs.

The conserved assembly mechanisms described
here for two RNA phages and their implications for
the structure of their virions open up radically new
insights into ssRNA virus biology. PS-dependent
assembly mechanisms may be much more common
than widely realized as the work described here
suggests. Revealing these mechanisms has only
been possible via a unique interaction of theory with
experimental observation, and similar approaches to
other viral systems may yet uncover even more
similarities, making the roles of putative PSs in
assisting virion assembly in vivo tangible novel
anti-viral drug targets.??

Materials and Methods

Computational identification of stem—loops
potentially able to bind CP

We determined the locations of all nucleotide sequences
in the phage genomes consistent with formation of stem—
loops with a 3- or 4-nt loop motif corresponding to the
search pattern shown in Fig. 2a. To do this, a window of 3
or 4 ntis slid across the genomic sequence in increments
of 1 nt, testing in each case whether the flanking
nucleotides can (Watson—Crick) base pair. From the list
of 2087 stem-loops determined in this way, we have
retained those that are predicted to be stable using
UNAFold,* resulting in a pruned list of 623 stem—loops.
As these contain overlapping stem—loops, this list was
further pruned to identify the most stable, non-overlapping
stem—loops with a minimum of 5 bp and a maximum of
7 bp. The 7-bp cutoff reflects the length of the 19-nt-long
fragment TR, the known high-affinity site in the MS2
genome. As experiments with extensions of TR by 2 bp (cf.
the TR-clamp in Ref. 27) show, longer fragments may lead
to steric clashes. This resulted in a total of 118 stem—loops
for MS2 and 112 stem—loops for GA.

Construction of the scoring matrix

The scoring matrix in Table 1 was constructed using
measurements of the binding] affinities of a variety of TR
stem—loops to MS2202":29-3% and GA CP'® based on
single-nucleotide variations. Binding affinities were mea-
sured in terms of the association constant K, using
filter-binding assays and stopped-flow kinetics. We nor-
malized these K, values to that of the wild-type TR and
rounded to nearest powers of 10. Values of 1 in the table
hence correspond to mutants with affinities similar to TR.
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Table 1. The scoring matrix

A G C U
-7 1 0.1 0.1 0.1
-6 1 1 1 1
-5 0.01 0.01 6 1
-4 1 0.001 0.001 0.001

The scoring matrix provides a qualitative ranking of the binding
affinities of the stem—loops to capsid protein relative to the
highest-affinity stem—loop in the genomic sequences, for example,
in MS2, the PS TR (here normalized to 1). The values in this matrix
are based on the effects of single-nucleotide variations in the TR
sequence on the CP affinity.'®2°=3* These incorporate the effects
of individual nucleotides at positions —4 to —7 in the stem—loops.
Note that the effects of many multiple nucleotide changes within
TR have not been determined experimentally. Here, the effects of
single substitutions are assumed to be multiplicative on the overall
affinity. A similar matrix for GA'® can be derived from the MS2
matrix above by swapping the scores between A and C and
between G and U in the -5 row.

We have checked that the values in this table qualitatively
reproduce the critical recognition features (the adenosine
in position —4 and pyrimidine in position —5; cf. Fig. 2b) and
hence provide a suitable representation of the affinity of a
general stem—loop relative to wild-type TR.
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jmb.2013.06.005
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