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ABSTRACT Weak association energy can lead to uniform
nanostructures: defects can anneal due to subunit lability. What
happens when strong association energy leads to particles where
defects are trapped? Alphaviruses are enveloped viruses whose
icosahedral nucleocapsid core can assemble independently. We used
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high affinity to form an assembly competent unit (U). Subsequently, U assembles with concentration dependence into CLPs. We determined that U—U
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DNA oligomer. We find that capsid protein binds the oligomer with

pairwise interactions are very strong (ca. —6 kcal/mol) compared to other virus assembly systems. Assembled RRV CLPs appeared morphologically uniform
and cryo-EM image reconstruction with imposed icosahedral symmetry yielded a T = 4 structure. However, 2D class averages of the CLPs show that virtually
every class had disordered regions. These results suggested that irregular cores may be present in RRV virions. To test this hypothesis, we determined 2D class
averages of RRV virions using authentic virions or only the core from intact virions isolated by computational masking. Virion-based class averages were
symmetrical, geometric, and corresponded well to projections of image reconstructions. In core-based class averages, cores and envelope proteins in many
classes were disordered. These results suggest that partly disordered components are common even in ostensibly well-ordered viruses, a biological realization

of a patchy particle. Biological advantages of partly disordered complexes may arise from their ease of dissociation and asymmetry.
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bout half of known virus families have
Aa spherical (icosahedral) capsid that

is composed of tens to thousands
of identical subunits. In most of these
viruses, subunits are arranged with a quasi-
equivalence to make a characteristic pattern
of pentamers and hexamers.'

Viruses are an example of an evolved,
optimized self-assembling nanoparticle. How-
ever, generalizations for nanoparticle assem-
bly should apply equally to viruses, other
biological complexes, and abiological nano-
particles. Numerous studies suggest that
assembly is based on weak subunit—subunit
association energy (Figure 1A).>~* Weak in-
tersubunit contacts provide the opportunity
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to thermodynamically correct mistakes to
yield a well-ordered product. The resulting
complexes, where every multivalent subunit
is maximally ligated, have a high barrier to
dissociation allowing them to persist even at
low concentration. This behavior is ideal for
viruses where capsid integrity is critical for
infection (e.g., extracellular picornaviruses
or intracellular transport of hepadnavirus
cores to the nucleus).’ Defects creep into
assembly simulations when nucleation is fast
compared to elongation or when inter-
subunit interactions are strong, resulting in
trapped intermediates (Figure 1B).*® Forma-
tion of trapped incomplete particles can be
engineered into particle assembly.” A third
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Figure 1. Models of capsid assembly and trapped assembly.
For simplicity, we consider assembly of a dodecahedron;
the first arrow indicates the rate of nucleation, the second
indicates the rate of elongation (above the arrow) and
average association energy (below the arrow).>** Changes
in assembly kinetics or thermodynamics are bolded. (A)
Assembly is robust when nucleation is relatively slow, elon-
gation fast, and association weak. In this regimen, subunits
that add with incorrect geometry readily dissociate to
eliminate defects. (B) Incomplete capsids can be trapped
when nucleation is relatively fast resulting in so many nuclei
that there is insufficient free subunit to complete the nascent
capsids. Incomplete capsids can also be trapped with high
association energy or high protein concentration. Incom-
plete capsids can slowly cure by exchange of subunits.®’ (C)
Capsids can become mosaic when association is fast enough
or strong enough to prevent dissociation of subunits with
incorrect geometry (blue subunits). Defects will be common
when there is a deep local energy minimum for an alter-
native geometry for subunit—subunit interaction.
assembly model adds low energy alternative geome-
tries for intersubunit interaction to yield mosaic lattices
that do not have quasi-equivalence (Figure 1C)2°
Examples of viruses with alternative subunit—subunit
interactions include pseudo-T = 2 bromoviruses under
aggressive assembly conditions.'®'" Immature human
immunodeficiency virus (HIV) provides an example of
assembly with numerous trapped defects.'*'

We chose to evaluate assembly of alphavirus capsid
protein (CP) because of the ease of controlling assembly,
the apparent lability of particles, and the ease of cor-
relating biophysical and biological observations with
this system.' ' Alphaviruses are enveloped, positive
strand RNA viruses that are cyclically transmitted be-
tween arthropod vectors and a wide range of vertebrate
hosts including humans.'”'® In both hosts, alphavirus
replication and assembly occur in the cytoplasm.
Prototype alphaviruses include Sindbis and Ross River
virus (RRV). The virion is a ~ 70 nm diameter particle
comprised of a ~ 40 nm nucleocapsid core, a lipid
bilayer, and glycoprotein spikes. The core and glycopro-
tein layers share T = 4 icosahedral symmetry.'*=2* The
nucleocapsid core consists of 240 copies of capsid
protein (CP) and the viral genome. In vivo, one mechan-
ism of alphavirus assembly has independent pathways
for core assembly and formation of envelope protein
complexes, which merge during budding from the
plasma membrane to form mature virion particles.*~2°
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Alphavirus CPs are highly conserved®” and can be
divided into the N- and C-terminal domains. The
N-terminus includes ~30 basic residues (27 in RRV)?2~3°
and an 18-amino-acid region predicted to form a coiled-
coil motif.'” The C-terminal domain has a chymotrypsin-
like domain and a hydrophobic pocket that interacts
with the cytoplasmic domain of the E2 glyco-
protein.?®3' 33 In cryo-EM structures of virions, the CP
N-terminal residues are disordered while the C-terminal
domain can be modeled into density.'9~2""%34 I vitro,
alphavirus CP requires polyanionic cargo to form core-
like particles (CLPs); the protein alone will not self-
assemble in response to ionic strength or pH at any con-
centration yet tested.'®** 39 |n vitro-assembled CLPs are
structurally and functionally similar to cores of mature
virions'*'® as they appear to have T = 4 symmetry and
are able to interact with viral glycoproteins?®*~*? to
form functional virus-like particles.*"?

Assembly of closed spherical capsids has been
characterized by weak subunit—subunit interactions
and disassembly under stringent conditions.>%43
Examples include hepatitis B virus (HBV) and cowpea
chlorotic mottle virus. However, in the present study,
we found that in vitro alphavirus core assembly follows
a different paradigm. We observed strong subunit—
subunit interactions but the resulting CLPs readily
disassembled. Consistent with these observations, we
found that most CLPs had geometric defects. We also
found evidence for “imperfect” cores in mature virions.
We propose that irregular cores may be common in
enveloped viruses where capsid structural integrity
is not critical for (and may be detrimental to) the virus
lifecycle.

RESULTS AND DISCUSSION

CP and DNA Form a Complex That Assembles into Capsids.
The goal of the initial studies was to measure CP-CP
interaction. We drove assembly with a single-stranded
27mer DNA oligonucleotide. The charge on this short
oligo is sufficient to neutralize the N-terminal basic
residues of RRV CP, but yet not long enough to cross-
link CP subunits or act as a scaffold for binding multiple
CP monomers. This system was used to allow assembly
to proceed via freely diffusing monomers. Previous
studies showed that short oligos supported assembly
though not as well as oligonucleotides that could bind
several subunits."®

Assembly was measured by static and dynamic
light scattering. The intensity of the light scattered by
a solute (static light scattering) is proportional to the
average molecular weight of the sample. Fluctuations
of the light scattering signal (dynamic light scattering
or DLS) are proportional to the diffusion coefficient
of the solute and thus its hydrodynamic diameter.
Solutions of 1.5 uM RRV CP were titrated with the
DNA 27mer and monitored by static light scattering
and DLS (Figure 2A). Unassembled, monomeric RRV CP
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Figure 2. In vitro assembly of RRV CLPs is sensitive to ionic
strength. (A) Static light scattering measurement of titrations
of 1.5 uM RRV CP by a 27mer DNA oligo (DLS and TEM in
Figures S1—S5). Samples were at 22 °C at various ionic
strengths (red = 50 mM NaCl, green = 110 mM NaCl, cyan =
150 mM Nadl, and blue = 170 mM NaCl). Data were fit to two
straight lines. The pseudocritical concentration (X-intercept)
was determined from this linear fit. In each data set, the RRV
CP saturated at about one 27mer DNA oligo per protein. The
dotted black vertical line marks where when equimolar
amounts of RRV CP and 27mer DNA oligo are mixed. (B) CLPs
show no hysteresis. Either CLPs were assembled in increasing
concentrations of NaCl (closed squares) or preassembled
CLPs were disassembled by diluting to lower concentrations
of NaCl (open squares). The amount CLP present, measured
by light scattering as ionic strength changes, is almost
identical for assembly and disassembly.

molecules had weak static light scattering and a DLS-
estimated diameter of ~9 nm (Figure S1). The 27mer
DNA, at the concentrations used in this work, did not
detectably increase the amount of scattered light
above background. In titrations of RRV CP by 27mer,
light scattering intensity increased and DLS analysis
indicated a diameter of 40—50 nm (Figures S2—S5)
corresponding to RRV CLPs. In some DLS analyses,
large diameter peaks beyond the capsid peak were
noted, but these aggregates represented a small
amount of the total mass, were irregular in size, were
not reproducible, and made little contribution to light
scattering intensity. We confirmed the presence of CLPs
by TEM (Figure S1). The diameter of RRV CLPs, from
negative stain TEM, agrees well with RRV CLPs mea-
sured by DLS and nucleocapsid cores from intact virus
particles.14'16'19'22'44

The dependence of CLP assembly on the concen-
tration of 27mer DNA was determined by static light
scattering (Figure S2—S5) at different NaCl concentrations
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TABLE 1. Association of U to Form CLP

[Nacl] (mM) Kpapparent (nM) AGeontact  intersubunit (kcal/mol)”
50 0 tight binding
110 108 —6.25
150 186 —6.13
170 345 —5.80

“Values are from Figure 2A. For this calculation, we assume U is an asymmetric
monomer, making 3 contacts (c =3,/ =1) and forms a T = 4 capsid (N = 240)
(see eq 14.9 in ref 43).

(Figure 2A). We observed that a minimum concentration
of DNA was needed to initiate CLP assembly (the
X-intercept in Figure 2A, Table 1). Below this pseudo-
critical concentration there was no measurable CLP
(scattering intensities were at noise level and no stable
or reproducible DLS peaks were observed), and above
it CLP concentration increases linearly with input DNA
until it saturates RRV CP at equimolar. With the rising
ionic strength, the pseudocritical concentration in-
creases while the maximum CLP assembly decreases,
suggesting that it is consistent with the requirement of
anionic cargo for the formation of CLPs because the
interactions between CP-DNA complexes have electro-
static contributions.

From these data, we propose a minimal assembly
model where one RRV CP molecule binds to one 27mer
oligo to yield an assembly subunit (U), 240 of which can
go on to form a CLP. Based on the assembly maximum
atan RRV CP:DNA oligo ratio of 1:1 it appears that oligo-
binding is essentially quantitative in this concentration
range (Figure 2A).

240(CP + oligo) <= 240U < CLP (1)

This model (eq 1) is readily analyzed when 27mer
binding is quantitative and the concentration of CLP
varies as a function of the U—U association energy
as described by the mass action law for Ke,psia (€9 2).5*
Kcapsia is related to the observed pseudocritical con-
centration of assembly, Kpapparent. Physically, Kp
apparent is the equilibrium concentration where
the concentrations of free U and U in CLP are equal
(Kp apparent = [U] = 240[CLP]). Thus, at concentrations
above Kpapparent, addition of oligo results in CLP
formation until the protein concentration is saturated.

[CLP] 1

Keapsia = [UP® ~ 240KpapparentZ? @)

Kcapsia can be deconstructed to the pairwise associa-
tion constants between individual subunits (Table 1),543
taking into account that there are 240 subunitsina T=4
capsid each making three intersubunit contacts. A
minimum of three contacts is required for forming a
2D lattice and is consistent with the structure of the
CLP." The resulting association energies between U sub-
units include contributions from protein—protein and
protein-nucleic acid interactions. The nucleic acid may
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specifically neutralize charge of one CP or may make
other contributions to CLP formation.

CLP Formation Shows No Detectable Hysteresis to Dis-
assembly. Virus capsids are closed polymers, once
complete there is no “edge” to facilitate equilibration
between free and bound subunits, which creates an
inherent hysteresis to dissociation.*> %’ Thus, a simple
test for the completeness of a capsid is to compare the
ionic strength dependence of assembly and disassem-
bly. If the curves do not overlap it is indicative of
hysteresis.

We observed that increasing ionic strength affected
CLP stability (Table 1, Figure 2B). To test for hysteresis
in RRV CLPs we examined how ionic strength
affected stability of preassembled particles compared
to spontaneous assembly at the same ionic strength
(Figure 2B). RRV CP and oligo were assembled in
buffers of varying NaCl concentrations and compared
to disassembly of preformed 1:1 RRV CP:oligo CLPs.
Within error, assembly and disassembly showed the
same sensitivity to ionic strength for samples mea-
sured with 1 h of mixing. Between 50 and 200 mM NaCl,
CLP stability decreased monotonically. The similarity
in ionic strength dependence for both assembly and
disassembly was observed regardless of initial RRV
CP starting concentration. By comparison, samples of
hepatitis B virus capsid protein can persist in the capsid
form for months under conditions where they could
not assemble.*>*®

In Vitro Assembled CLPs Are Heterogeneous. The lack of
hysteresis for disassembly suggested that our CLPs
had defects.®*>*® A 3D image reconstruction of CLPs
had previously been published'* and its low resolution
suggested inherent heterogeneity between the particles.
Our CLPs in cryo micrographs had spherical morphology
with a small number of distorted or smaller particles
(Figure 3A). Translationally aligned averaged cryo images
show the capsid has an outer diameter of about 38 nm
surrounding a weaker internal density layer (Figure 3A,
inset), similar to the nucleocapsid in intact Sindbis
virus.2%* We determined a 3D image reconstruction
of our CLPs to 17.9 A resolution, using the nucleocapsid
core from an RRV reconstruction (Figure S6) low-pass
filtered to 40 A to bootstrap particle orientation
(Figures 3B, C). This structure shows the well-organized
hexamers and pentamers connected to one-another by
weaker density as seen in other alphavirus and alphavirus
CLP structures.'*'9~3** However, 3D reconstruction im-
poses symmetry during the alignment process; it shows
the presence of a common structural lattice but neces-
sarily obscures irregularities by icosahedral averaging.

To test for particle fidelity and uniformity, we
examined the CLP images using unbiased 2D classifi-
cation. Previously, we used 2D classification to identify
incomplete kinetically trapped hepatitis B virus capsids,
where we found that incomplete particles favored
a limited number of discrete sizes.” We reasoned that
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Figure 3. The structure of Ross River virus CLPs shows
a mixture of complete and partially complete spherical
particles. (A) A cryo-micrograph of RRV CLPs shows many
spherical and some distorted particles (white arrow). A
translationally aligned averaged image (inset) shows that
the RRV CLPs have an average diameter of ~38 nm. (B) The
central section of an 17.9 A resolution 3D reconstruction of an
RRV CLP. The oval, triangle, and pentagon indicate locations
of 2-fold, 3-fold and 5-fold axes, respectively. (C) A surface-
shaded representation of the RRV CLP rendered at 10 above
the average density, viewed along the icosahedral 2-fold axis.
The CLP shows a T = 4 organization. For this reconstruction,
icosahedral symmetry was imposed. (D) Reference-free class
averages of RRV CLPs. Classes show irregularities (compare
solid and dashed lines) on the CLP surface.

reference-free 2D classification would allow CLP defects,
not necessarily visible in the raw data, to align.” Class
averaging also allows us to overcome some of the
noise inherent in cryo-microscopy at the expense
of averaging away some dissimilarities within a class,
understating the actual differences. Nonetheless, we
observed that a large fraction of particles had partially
disordered regions evident in class averages by diffuse
density at the capsid surface while the other regions
were well demarcated indicating structural order
(Figure 3D). This indicates a heterogeneous population
of CLPs containing partially organized RRV CP subunits,
providing a basis for the lack of hysteresis and fragility
observed here and previously.'*

Nucleocapsid Cores in Virions Share Properties with in Vitro
Assembled (LPs. We hypothesized that high association
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Figure 4. Selected virion class averages show evidence of core disorder. A group of 6560 images of freshly prepared RRV
virions were grouped into 12 classes (see Figure S7 for the complete set) and compared with a 3D model. (A) Experimental
core-based class averages used only the core for the class averaging. The schematic of a virion (left most column) shows the
glycoprotein masked out (gray area). (B) The nucleocapsid density from a 3D reconstruction of RRV was isolated
computationally (white area of cartoon) and projections were calculated to best match the class averages in row A. (C)
Experimental class averages of RRV virions, classified and aligned based on their cores from row A, but including the
glycoprotein layer. The hashed outer ring in the cartoon indicates that the glycoprotein layer is shown in the images to the
right but not used for classification. In several classes the envelope is regular and geometric (e.g., column 1). In others, it is
misaligned resulting in concentric circles (e.g., column 2). (D) To mimic the images in row C, projections were calculated using
the entire RRV image reconstruction and the orientations from row B. In these projections, the glycoprotein envelopes are
distinctly geometric, even in cases where row C showed an irregular core. (E and F) In control experiments, classification of
RRV based on the entire virion (E) generally shows a well-organized periphery (i.e., the glycoprotein layer) and matches well
with corresponding projections of the RRV image reconstruction (F). The core region of E generally appears to be well-

organized. However, here are some classes that appear poorly organized (e.g., column 5).

energy between subunits would lead to a propensity
for CLP defects and this was experimentally supported
by observations (Figure 2B, 3). Previous work has
demonstrated that CLPs interact with glycoproteins
and these particles function like mature virions.?%*'42
If cores with defects are the standard, then similar
defects seen in CLP particles should be observed in
virions. Indeed, while the envelope proteins may cause
some rearrangement of the CP during budding,?*>° if
the defects seen in the CLPs are observed in virions, then
envelope proteins do not completely reorganize the
core particle. Because the inner core and outer glyco-
protein layers of alphaviruses are aligned,’®2"233* we
reasoned that class averages based on virion cores
should yield the same results as class averages based
on the whole virus if, and only if, the cores provided
sufficient signal and were organized. If the class
averages were different between the cores and the
entire particle, then the cores are either not intact
or have a different organization compared to the
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glycoprotein spikes. Because of the lack of regularity
of anticipated defects, this test will undercount partially
disorganized cores.

To focus on the core and minimize contribution of
the glycoprotein envelope, reference free class averages
were determined by limiting the data used in classifica-
tion to a radius of <22 nm (Figure 4A). 6560 cryo-EM
images of virions were separated into 12 classes. Class
averages of the core region compared to varying
degrees with projections of core density (from a 15 A
resolution RRV image reconstruction (Figure S6B)) were
aligned to achieve the best match (Figures 4B and S7).
Most of the class averages (Figure 4A) and projections
(Figure 4B) showed matching geometrical features but
a substantial fraction did not.

To examine how well the glycoprotein envelopes
were aligned with cores, images in the core-based class
averages (Figure 4A) and model projections (Figure 4B)
were expanded to include the glycoprotein layers
(Figure 4C, D). In the projections, the highly geometric
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features of the glycoprotein layer were unambiguous
(Figure 4D). The similarities and differences between
the class averages and the projections were striking
(Compare Figure 4C and 4D). For example, in the class
shown in column 1, the correspondence between the
project and class average were good for both the core
(rows A and B) and the whole virus (rows C and D).
On the other hand, column 2 tells a different story: the
class average and the core projection appear consis-
tent (compare rows A and B), but the glycoprotein
layer, averaged over the class, is so misaligned that
it is reduced to featureless concentric circles. We see
evidence of this disconnect in 40% of the particles,
based on class averages (classes 2,4,5,8,11,and 12 in
Figure S7). To examine the organization of the whole
virion for comparison to the core-based averages, the
same images were sorted into classes using a cutoff
radius of 37 nm to include the envelope with minimal
background (Figure 4E). Most, but not all, of these
averages (accounting for 88% of the images) show
detailed geometrical features at high radius consistent
with a well-ordered glycoprotein layer. The geometrical
averages correspond extremely well with projections
(Figure 4F).

Strikingly, in some cases, the core in the core-
based class average (column 4, rows A—D) matches
very well with the core in the glycoprotein-based
class (column 4, rows E—F). However, the glycoprotein
layer for the core-based averages is poorly ordered
(row Q).

Taken together, it appears that virion-based class
averages, dominated by the glycoprotein layer, gen-
erally yield ordered results. A small fraction of viruses
(12%) were in virion-based class averages that had
featureless glycoprotein layers, suggestive of irregular
particles. A larger fraction of core-based class averages
showed weak alignment of the glycoprotein layers.
To the best of our knowledge, this is the first example
where masked 2D class averages have been used to
look for defective virus components. This result sug-
gests that cores in particular, as well as some viruses,
have a heterogeneity of organization inconsistent with
icosahedral symmetry. It is not clear how symmetry
correlates with infectivity. For RRV from BHK cells,
the ratio of particles to plaque forming units is any-
where from 100 to 500. We cannot distinguish whether
infectivity is attributable to a particular subset of
asymmetric particles, the rare symmetrical particles,
or particles that have some specific feature not readily
obvious from this analysis.>’

Context for a High-Error Assembly Model. In summary,
we quantitatively described alphavirus CLP assembly
and disassembly with a minimal system composed
of RRV CP and a short DNA oligomer, where the DNA
had sufficient charge to neutralize the RRV CP RNA-
binding domain;>>~>* in addition to nucleotide bind-
ing, RRV CLP assembly appears to include attractive
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electrostatic interactions (Table 1). We determined
that RRV CP-DNA subunits had a pairwise association
energy of approximately —6 kcal/mol per pairwise
contact (Table 1), much stronger than the typical value
of —3 to —4 kcal/mol observed for other viruses.>®
We observed no evidence of hysteresis between as-
sembly and disassembly (Figure 2B). While assembled
CLPs had T = 4 organization (Figure 3), we discovered
many had defects or disordered regions. We found
evidence that a fraction of RRV virions also have
irregular cores, correlating our biophysical study with
biology (Figure 4).

All of our results are consistent with a CLP that has
flaws in its geometry. We suggest that these arise from
subunits assembling incorrectly due to strong associa-
tion energy between subunits. In simulations, when
individual interactions between capsid subunits are
weak, “incorrect” subunits can dissociate and reassociate
correctly (thermodynamic editing); conversely, when
association energy is strong, defects in the packing
of subunits are anticipated because subunits become
trapped and the growing complex cannot self-repair
(Figure 1C).54%>> Conceptually, this can create a mosaic
capsid, a capsid with defects, regions of order and
disorder, and even alternative lattices. We observe
evidence that many RRV CLPs and cores do not form
an ideal shell (Figures 3D, 4A, and C). The icosahedral
averaging used to determine structures can disguise
these geometric flaws, giving an impression of perfect
symmetry.

An intact core is not actually necessary for the
construction of an alphavirus-like particle. This was
demonstrated with a Semliki Forest virus mutant
that carried a capsid protein with defects in protein—
protein interaction.>® The mutant virus formed an
enveloped nucleoprotein complex in which the glyco-
protein envelope was nearly identical to that of
wild type virion and the core was largely disordered
although the virus-like particles had the correct stoi-
chiometry of components. Similar organized glyco-
protein layers and disorganized cores are seen in
flaviviruses (e.g., West Nile and Dengue).>’® High-
resolution icosahedrally averaged structures are avail-
able for two alphaviruses, Chikungunya virus®> and
Venezuelan Equine Encephalitis virus.'® As with lower
resolution virion structures, intracapsomer contacts
(5-fold and quasi-6-fold complexes) were more appar-
ent than intercapsomer contacts. Well-defined inter-
actions were also found between the core and the
cytoplasmic domain of glycoprotein E2, suggesting
an ordering influence.?3?334° |n the Chikungunya
virus structure the core density is weaker than that
of the glycoprotein and the first ~115 residues are dis-
ordered. Indeed, they have been suggested to form
a nonicosahedral internal scaffold.”

Closed, spherical capsids may be advantage-
ous when the capsid is exposed to destabilizing
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environments, e.g., during transmission (Figure 1A).
We suggest that capsid integrity correlates with particle
persistence. For viruses that rely on their envelope for
stability and envelope proteins for the transmission,
a different assembly mechanism (Figure 1C) may be
advantageous. We speculate that there is a biological
advantage to RRV capsids with structural defects.
In the virion, the nucleocapsid core appears to be a
well-ordered, closed shell. Indeed, interaction with well-
ordered glycoprotein may correct the misassembled
capsids.>® However, once the nucleocapsid core is
released into the cytoplasm a flawed capsid can readily

METHODS

Expression and Purification of Ross River Capsid Protein (RRV CP).
Ross River virus capsid protein (RRV CP) was cloned into a
pPET29b, expressed in Rosetta 2 cells (Novagen, EMD Chemical
Inc. Gobbstown, NJ) and purified as described previously
(Figure 58).3°*2 For the protein samples used in the dissociation
experiments, the lysis, loading, and elution buffer at pH 6.8
rather than pH 7.5 were subsequently concentrated and
exchanged into 20 mM HEPES, pH = 7.4, 150 mM NadCl, and
0.1 mM EDTA using Vivaspin 2 filters with a 10 kDa cut of filter
(Vivaproducts, Inc., Littleton, MA). The protein concentration
was determined by absorbance using an extinction coefficient
of 39670 M~ cm™" at 280 nm. Concentrated protein was
aliquoted and stored at 4 °C or —20 °C; frozen aliquots were
not thawed more than twice.

Core-like Particle (CLP) Formation. For assembly titrations, CP at
a final concentration of 1.5 M was mixed with 27mer single-
stranded DNA oligo (5'-TAC CCA CGC TCT CGC AGT CAT AAT
TCG). For these reactions, the NaCl concentration was varied as
described in text. For comparisons of assembly and disassem-
bly, CLPs were assembled by adding 1—3 uM of RRV CP to DNA
oligo in the appropriate ionic strength. In disassembly reactions,
CLPs were assembled at 0 mM NaCl and aliquots diluted into
buffer containing NaCl. The extent of assembly was determined
by static light scattering, dynamic light scattering, and transmis-
sion electron microscopy.

Light Scattering and Dynamic Light Scattering (DLS). Light scatter-
ing and DLS experiments were performed with Malvern Zeta-
sizer Nano ZS ZEN3600 at 22 °C using the manufacturer's quartz
cuvette, ZEN2112. Light scattering is reported as “raw” counts
from this instrument. Particle size information was determined
using the manufacturer's software. Each measurement con-
sisted of at least 10 measurements and triplicate samples. Each
experiment was reproduced using at least two different protein
preparations.

Virus Purification. RRV was generated by electroporating BHK
cells with T48 strain of Ross River virus as described previously.®’
24 hours post electroporation the media was collected and cell
debris was removed by centrifugation. The media was spun at
5000g overnight at 4 °C. The media was removed and the pellet
was resuspended in 20 mM HEPES, pH 7.4, 150 mM NaCl, and
0.1 mM EDTA. When necessary, virions were concentrated using
Vivaspin 6 100 kDa filters at 50009 at 4 °C.

Transmission Electron Microscopy (TEM). For negative stained EM,
sample was applied to a hydrophilic glow-discharged carbon-
coated 300-mesh copper grid and stained with 2% uranyl
acetate. Images were acquired on an 80 kV JEOL-1010 transmis-
sion electron microscopy equipped with a Gatan 4 k x 4 k CCD
camera.

For cryo-EM, sample was applied to glow-discharged 300-mesh
copper grids and plunge-frozen using an FEI Vitrobot. Cryo-
images were collected using a 300 kV JEOL-3200FS electron
microscope with an in-column energy filter at a nominal magni-
fication of 60000x (equal to 1.84 A per pixel at the specimen
space). Exposure was less than 25 e /A2 to avoid beam-induced
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disassemble. A virus would not survive if being “sloppy”
did not provide an evolutionary advantage.

Assembly of virus capsids is not restricted to weak
interactions. However, when viruses use strong inter-
actions we find the irregularity predicted from
models 36846475960 |reqularity is not necessarily a
bad thing. Models based on cones, irregular structures,
and spheres show that novel interactions will be
accommodated.®®*° Biology clearly accommodates
defects.'®~"® Advantages of a mosaic particle include
responsiveness to a destabilizing environment and also
provide a basis for asymmetry from a symmetric lattice.

damage. Images with minimal specimen drift and astigmatism
were selected for further analysis. Reconstructions were calcu-
lated using EMAN2 and AUTO3DEM software as previously
described.®>~®* For RRV virion, 6829 particles were initially
selected and the initial model was built de novo. The final 3D
reconstruction, computed from 6146 particles, was estimated to
15 A in resolution using a Fourier Shell Correlation (FSC) of 0.5.
For the RRV CLP (Figure 3B, C), the initial model was based on the
nucleocapsid layer (radii of 12—22 nm) of the cryo-EM density
map of the RRV virus low pass filtered to 40 A. In total, 4124
particles were selected and 3713 particles were used in the final
3D reconstruction. The resolution was estimated to be 17.9 A
based on a FSC of 0.5. The 3D reconstructions were rendered
and visualized using RobEM® and UCSF Chimera.®® The 2D
reference-free classification was computed using XMIPP.%” The
glycoprotein layer of the 3D model of RRV virus was masked
by using PCUT program to remove the density beyond radius of
22 nm. To mask the glycoprotein layer of the 2D images of RRV
virus, the particle images were first centered using Cenalignint®®
and then masked by xmipp_transform_mask to remove the
density beyond 22 nm in radius. The correlation coefficient
between model projections and class averages were calculated
using Parallel Polar Fourier Transform (PPFT) program, part of the
AUTO3DEM software.

The masked particles allowed us to make predictions
for different scenarios. If the particles were well-ordered, we
would see well-defined arrangement of density. If the particles
had defects with a specific geometric relationship to the under-
lying icosahedral symmetry, we would expect to see partially
organized and partially smeared density. If the particles had
random defects we would expect classification to fail com-
pletely resulting in a smeared ring. We have used this method
to identify incomplete particles in kinetically trapped HBV
capsid assembly reactions. For ordered virions consistent with
symmetrized reconstructions, we expected both glycan and
core layers to show order in common orientations. Whereas
cores with defects would have a tendency to allow alternative
orientations for the glycan layer, resulting in disordered core or
glycan layers.

The cryo-EM density maps reported in this paper have been
deposited in the EMDataBank database. The accession number
for RRV CLP is EMD-2964 and for RRV virion is EMD-2965.
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