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ABSTRACT

Alphaviruses are enveloped positive-sense RNA viruses that exhibit a wide host range consisting of vertebrate and invertebrate
species. Previously we have reported that the infectivity of Sindbis virus (SINV), the model alphavirus, was largely a function of
the cell line producing the viral particles. Mammalian-cell-derived SINV particles, on average, exhibit a higher particle-to-PFU
ratio than mosquito cell-derived SINV particles. Nevertheless, the outcome of nonproductive infection, the molecular traits that
determine particle infectivity and the biological importance of noninfectious particles were, prior to this study, unknown. Here,
we report that the incoming genomic RNAs of noninfectious SINV particles undergo rapid degradation following infection.
Moreover, these studies have led to the identification of the absence of the 5 cap structure as a primary molecular determinant
of particle infectivity. We show that the genomic RNAs of alphaviruses are not universally 5’ capped, with a significant number
of noncapped genomic RNA produced early in infection. The production of noncapped viral genomic RNAs is important to the

establishment and maintenance of alphaviral infection.

IMPORTANCE

This report is of importance to the field of virology for three reasons. First, these studies demonstrate that noncapped Sindbis
virus particles are produced as a result of viral RNA synthesis. Second, this report is, to our knowledge, the first instance of the
direct measurement of the half-life of an incoming genomic RNA from a positive-sense RNA virus. Third, these studies indicate
that alphaviral infection is likely a concerted effort of infectious and noninfectious viral particles.

Iphaviruses are enveloped, positive-sense RNA viruses that

are cyclically transmitted between sylvatic vertebrate reser-
voir hosts and a mosquito vector during the enzootic cycle. The
maintenance of this cyclical transmission is vital to viral fitness, as
prolonged serial passage within a single host results in attenuation
in the alternate host (1-4). Moreover, the ultimate outcome of
alphaviral infection differs between vertebrate and invertebrate
hosts, as infection of a vertebrate host results in acute cytolytic
infection whereas infection of invertebrate hosts often results in
persistent infection with minimal cell death (5-11). The wide-
spread geographic distribution of competent vector mosquito
species leading to contact with immunologically naive human
populations has resulted in several significant outbreaks of alpha-
viral disease (12—14). Perhaps most notable is the ongoing re-
emergence of chikungunya virus, which caused significant mor-
bidity during the height of the 2006 epidemic, with as many as
40,000 new cases per week (13).

Despite the range of diseases and morbidity associated within
the genus, the underlying molecular life cycles are highly similar
in the two hosts. Since alphaviruses are positive-sense RNA vi-
ruses, they function similarly to cellular mRNAs, relying on the
translation of the incoming viral genome to initiate viral infection.
Translation of the genomic RNA produces the viral RNA synthetic
complex that synthesizes progeny genomes through the produc-
tion and copying of a minus strand RNA replication intermediate.
The viral replicase complex consists of the four nonstructural pro-
tein products the function of which is regulated by processing of
the nonstructural polyprotein. From the minus strand RNA, the
viral subgenomic and progeny genomic RNAs are synthesized.
Translation of the subgenomic RNAs results in the expression of
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the viral structural components. The nascent genomic RNAs are
then subsequently encapsidated and released as mature viral par-
ticles (15).

Viral RNA synthesis is accomplished via the combined activi-
ties of the viral nonstructural proteins. Proteolytic processing of
the nonstructural polyprotein results in the regulation of viral
RNA synthesis at the molecular level. The nsP4 protein is the viral
RNA-dependent RNA polymerase. The alphaviral capping reac-
tion is mediated by the viral nsP1 and nsP2 proteins (16-20). The
presence of the 5" cap structure is essential for alphavirus gene
expression, as there are no internal ribosome entry site elements
present in any of the viral RNAs. During the viral capping reac-
tion, the nsP1 protein methylates GTP, subsequently resulting in
the formation of a covalent "™*GMP-nsP1 complex (21). The nas-
cent viral RNA is processed via the RNA triphosphatase activity of
nsP2 to a 5’ diphosphate moiety prior to the transfer of the
7MeGMP to the viral RNA via the guanylyltransferase activity of
nsP1 (22). The result is the formation of the viral type 0 "*GpppA
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cap, which is found on both the genomic and subgenomic RNAs.
The viral type 0 cap structure differs from the cellular type I
7MeGppp®™G structure in its lack of a second methylation event.

We have reported previously that the infectivity of a model
alphavirus, Sindbis virus (SINV), as measured by the ratio of par-
ticles to infectious units, was dependent primarily on the deriving
host cell and generally improved with respect to time (23). Addi-
tionally, SINV particles produced from mosquito cells were more
efficient, in terms of infectivity, than mammalian-cell-derived vi-
ral particles. Further characterization of SINV particles produced
in mammalian tissue culture cells revealed that SINV particles
could be physically separated into two subpopulations on the basis
of particle density (24). These viral particles, termed SINV"8" and
SINVHe* were morphologically indistinguishable and hence
exhibited differences in particle density due to their mass. Exam-
ination of the individual SINV subpopulations revealed that
SINVH®YY had host-derived ribosomal components (HDRCs) en-
capsidated alongside the viral genomic RNA. The SINV'&"* and
SINVH®Y subpopulations exhibited significant differences at the
level of particle infectivity. The SINV*¢" subpopulation was, on
average, less infectious than the SINV" Y subpopulation, exhib-
iting particle-to-PFU ratios of ~100:1 and 10:1, respectively. This
indicates that a large number of the viral particles in the SINV*€"t
subpopulation were noninfectious and incapable of initiating vi-
ral infection. The observed difference in infectivity was not a func-
tion of differential viral entry. The SINV*™ subpopulation ex-
hibited enhanced translation of the viral genomic RNAs early
during the infection of mammalian cells relative to SINV*&", A
consequence of enhanced translation of the viral genomic RNA
was increased viral RNA synthesis and accumulation early during
infection. Additionally, infections initiated with SINV™*™"Y pro-
duced less type I interferon (IFN) than those of SINVH8h indicat-
ing that the presence of the HDRCs, perhaps via enhanced viral
functionality early during infection, is a component of innate im-
mune evasion.

While the production of noninfectious viral particles, defined
above as viral particles incapable of initiating viral infection, is well
established, the role(s) of the noninfectious particles is unclear. A
primary goal of the study reported here was to identify the poten-
tial fate and function of the genomic RNA of noninfectious parti-
cles, as well as identify the molecular determinants that led to the
viral particle being noninfectious. In this work, we found that the
genomic RNAs of noninfectious particles are unstable and un-
dergo RNA decay more rapidly that RNAs from infectious parti-
cles. We determined that the genomic RNAs of alphavirus parti-
cles are not universally 5 "™GpppA capped and the absence of the
viral 5’ cap is a major determinant of particle infectivity. We re-
port that the presence of noncapped viral particles correlates with
the activation of host innate immunity, presumably because of the
presence of activating 5" RNA termini, as measured by the pro-
duction of soluble type I IFN (IFN-a/B).

MATERIALS AND METHODS

Tissue culture cells. BHK-21, 293HEK, 1929, and C6/36 cells were cul-
tured in minimal essential medium (MEM; Cellgro) supplemented with
10% fetal bovine serum (Atlanta Biologicals), 1X antibiotic-antimycotic
solution (Cellgro), 1X nonessential amino acids (Cellgro), and r-glu-
tamine (Cellgro). All of the mammalian cell lines used in this study were
maintained at 37°Cin the presence of 5% CO,. The Aedes albopictus C6/36
cell line was maintained at 28°C in the presence of 5% CO,.
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Preparation and purification of SINV. Wild-type SINV Toto1101,
SINV'*™, and SINV p389, a Totol101-derived strain containing green
fluorescent protein (GFP) in frame with nsP3, Ross River virus (RRV)
strain T48, and RRV™P1S79C12241 \yere prepared by electroporation as
previously described (24). Briefly, 10 g of in vitro-transcribed RNA was
electroporated into BHK-21 cells via a single pulse from a Gene Pulser
Xecell system (Bio-Rad) at 1.5 kV, 25 mA, and 200 (). Twenty-four hours
later, the tissue culture supernatant were collected and clarified via cen-
trifugation at 8,000 X g for 10 min. The titers of the resulting P(0) stocks
were determined on BHK-21 cells, and the stocks were either used imme-
diately or stored at —80°C for later use.

SINV particles were purified via the two-step process described below.
Typically 2 X 108 BHK-21 cells were infected with SINV at a multiplicity
of infection (MOI) of 3 PFU/cell. After aspiration of the inoculum, whole
medium was added and the cells were incubated for 18 h prior to the
collection of the supernatant as described above. The viral particles were
then concentrated by pelleting through a 27% sucrose cushion prepared
in HNE buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM EDTA) by
centrifugation at 185,000 X gfor 1.5 hin a 60Ti rotor. The pelleted virions
were then suspended in HNE buffer (supplemented to 40 mM EDTA)
prior to being applied to a linear gradient of 15 to 45% (mass/vol) sucrose
in HNE. The linear gradients used in this study were prepared with a
Gradient Master Apparatus (BioComp Instruments) by using the appro-
priate preprogrammed settings. SINV particles were banded by centrifu-
gation at 250,000 X g for 2.5 h in an SW41 rotor. The SINV subpopula-
tions were collected via needle aspiration and stored either at 4°C for
short-term use or at —80°C in small-volume aliquots.

SINV'™™ was cultured under either normal conditions, as described
above, or in Dulbecco’s MEM lacking the amino acid methionine or cys-
teine for 16 h prior to harvesting, as previously described (25). Viral titer
determination was performed by using standard plaque assays on
BHK-21 cells. Quantitative assessment of the particle numbers of viral
samples was performed as previously described (23, 26). Briefly, viral
samples (100 pl) were treated with 10 pg of RNase A for 15 min at 37°C
prior to extraction with TRIzol reagent. The extracted RNAs were subse-
quently used as the template for the synthesis of cDNA via reverse tran-
scription (RT) with oligonucleotide primer SINV nsP1 (5'-AACATGAA
CTGGGTGGTG-3"). The resulting cDNAs were quantitatively assessed
by quantitative RT (qQRT)-PCR as previously described, with the following
primer set: SINV nsP1F, 5'-AAGGATCTCCGGACCGTA-3'; SINV
nsP1R, 5'-AACATGAACTGGGTGGTGTCGAAG-3'. The C; values de-
tected were then compared to internal-standard curves to determine the
number of genome equivalents (GE) present in a given sample. The de-
termination of viral infectivity is described by the ratio of total particles to
infectious units.

SINV incoming genomic RNA half-life assay. 293HEK cells, cultured
in medium supplemented with 50 WM 4-thiouridine (4SU; Sigma), were
infected at 4°C with the indicated SINVs at an MOI of 5 PFU per cell.
Infections were conducted at 4°C to block viral entry, effectively synchro-
nizing viral infection. The infected monolayers were washed with cold 1X
phosphate-buffered saline (PBS) to remove unbound viral particles and
supplemented with prewarmed medium supplemented with 50 uM 4SU.
At the postinfection times indicated, the tissue culture supernatant was
removed and the cell monolayers were washed three times with PBS prior
to TRIzol (Invitrogen) extraction. A total of 5 g of total RNA was bio-
tinylated with HPDP-Biotin (Pierce). The biotinylated RNAs were phenol
extracted prior to being bound to Ultralink streptavidin resin (Pierce) to
remove newly transcribed viral RNAs. The unbound RNAs were then
phenol extracted and ethanol precipitated prior to use as a template for
c¢DNA synthesis via RT with Random Hexamer. The resulting cDNAs
were assayed via QRT-PCR to determine the relative abundances of the
incoming SINV genomic RNAs normalized to the cellular 18S rRNA as
previously described (27, 28). RNA half-lives were calculated via nonlin-
ear regression.
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5" end characterization. Quantitative assessment of the 5" end of the
SINV genomic RNAs consisted of an enzymatic process followed by qRT-
PCR. The input RNA consisted of either genomic RNAs from viral parti-
cles (~10® PFU) or cellular RNA (1 pg) with TRIzol as previously de-
scribed (24). Input RNA samples were phosphatase treated with Antarctic
Phosphatase (NEB) for 20 min at 37°C. The reaction mixtures was heat
inactivated and split into two equal aliquots to assay the noncapped and
"meGpppA-capped genomic RNAs in parallel (referred to here as non-
capped and capped, respectively). The noncapped reaction mixtures were
then treated with T4 PNK (NEB) to produce a pool of 5'-monophosphate
and "™GpppA-capped genomic RNAs. The capped aliquot was treated
with the Nudix domain containing RppH (NEB) to decap "™GpppA-
capped genomic RNAs to generate a pool of nonphosphorylated and 5’-
monophosphate genomic RNAs (29). The noncapped and capped reac-
tion mixtures were then used in parallel as substrates for a ligation
between a 5" blocked RNA oligonucleotide (5'-12 C spacer-GUUCAGA
GUUCUACAGUCCGACCCAUC-3") and the 5’-monophosphate
genomic RNAs via T4 RNA ligase (NEB). Alternatively, the RNA samples
were treated with various combinations of the above treatments to focus
on individual 5'-terminal structures such as 5'-monophosphates and/or
5’-polyphosphates. After heat inactivation, the samples were used as sub-
strates for RT to generate cDNA specific to the viral genomic RNA (24).

Quantitative assessment of the individual RNA species was performed
as follows. The relative amounts of 5'-capped and noncapped viral
genomic RNAs was determined by comparing the relative quantities of
the linker-containing amplicon species with the total amount of viral
genomic RNA present by the AAC, method to obtain the ratios of 5'-
capped and noncapped RNAs, depending on the sample treatment, as
described above. The following oligonucleotides were used to detect the
linker-containing amplicon representing the 5" end for SINV and RRV
samples (5" Linker, 5'-GTTCAGAGTTCTACAGTCCGACCCATC-3';
SINV genomic Reverse, 5'-CGTCTACGTTTACTACTGGCTTCTCC-3';
RRV genomic Reverse, 5'-CAGCCTCAACATCTACAGTGACC-3"). The
total amount of SINV and RRV RNA present in a sample was determined
via QRT-PCR with the following primer sets (SINV nsP1F, 5'-AAGGAT
CTCCGGACCGTA-3'; SINV nsP1R, 5'-AACATGAACTGGGTGGTGT
CGAAG-3'; RRV nsP1F, 5'-GAAGGTCACTGTAGATGTGGCT-3"; RRV
nsP1R, 5'-GCTCTGGCATTAGCATGGTCATTGG-3'). The determina-
tion of specific quantities was accomplished by using internal standard
curves and subtractive analyses, as previously described (24).

Immunoprecipitation. Extracted total RNA from infected cells or UV
cross-linked SINV particles were diluted in radioimmunoprecipitation
assay buffer (50 mM Tris [pH 7.6],150 mM NaCl, 1.0% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) and bound to either anti-"™G (System
Synaptics) or anti-RPS14 (Santa Cruz) antibodies according to the man-
ufacturer’s instructions, respectively. After incubation while gently mix-
ing at 4°C for a minimum of 4 h, the lysate was clarified via centrifugation
prior to being moved to a fresh tube containing protein G Sepharose beads
that had been pretreated with 10 pg of both yeast tRNA and bovine serum
albumin. After incubation at 4°C for 1 h, the beads were collected via
centrifugation and washed six times prior to being phenol extracted and
ethanol precipitated. The resulting immunoprecipitate was used as the
template for cDNA synthesis and qRT-PCR detection as previously de-
scribed (24, 27).

Quantification of type I IFN. The production of type I IFN was as-
sayed as previously described (24). The IFN-competent L929 cell line was
infected with either infectious or UV-inactivated SINV or RRV at an MOI
of 10 PFU/cell for 1 h at room temperature. Prior to the addition of whole
medium, the inoculum was removed and the cell monolayers were
washed at least twice with 1X PBS. Twenty-four hours later, the superna-
tants were collected and clarified via centrifugation. Infectious viral par-
ticles present in the supernatants were inactivated via acidification and
UV irradiation. The inactivation of the supernatants was confirmed via
standard plaque assay. The inactivated supernatants were then diluted
1:10 in whole medium and then further serially diluted onto fresh L929
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cells plated in 96-well plates at a ratio of 1:3. Twenty-four hours later, the
treated cells were infected with a fluorescent RRV mKate strain at an MOI
of 10 PFU/cell. Viral gene expression, detected as a function of mKate
expression, was detected 24 h postchallenge via a Typhoon 9200 phos-
phorimager and analyzed via densitometry. After 72 h postinfection (hpi),
the cells were fixed with formaldehyde and examined for indications of a
cytopathic effect, namely, cell death, which was highly consistent with the
aforementioned fluorescent gene expression. Relative IFN production
was calculated as a function of the dilution required to attain a 50% re-
duction in viral gene expression.

Statistical analyses. Unless stated otherwise, the numerical data re-
ported here are the mean values of a minimum of three independent
biological replicates. Error bars indicate the standard deviation of the
mean. Where indicated, the P values associated with the individual data
sets are the result of the Student ¢ test for the corresponding data.

RESULTS

Incoming SINV genomic RNAs exhibit short half-lives. Host cell
mRNAs are highly regulated posttranscriptionally, leading to dy-
namic gene expression. Cellular transcripts that are aberrant or
undesirable are rapidly degraded by way of the host RNA decay
machinery. The genomic RNAs of infectious SINV particles are
presumed to be functionally similar to mRNAs, despite lacking
hallmarks of cellular mRNAs such as exon-junction complexes, as
the viral genomic RNA is known to be translated. Nevertheless,
what happens to the genomic RNAs of noninfectious particles,
which fail to undergo translation, is unclear. We hypothesized that
the SINV genomic RNAs from noninfectious viral particles would
be more rapidly degraded than those of infectious viral particles
early during infection. To this end, we characterized the RNA
half-lives of the SINV genomic RNAs from populations of SINV
particles with low or high particle-to-infectious-virus ratios.

Previous characterizations of viral RNA half-lives have used
either temperature-sensitive mutants or chemical inhibitors of
transcription (27, 28). Either of these options is likely to have
effects on the host cell environment that may prove detrimental to
the determination of the viral RNA half-life. We opted to use a
method developed for the global analysis of cellular RNA half-
lives via metabolic labeling (30). In this method, cotranscriptional
incorporation of 4SU may be used to selectively monitor the
abundance of RNAs via affinity purification. We adapted this
method to use 4SU incorporation as a means by which the sepa-
ration of incoming and newly transcribed viral genomic RNAs
could be attained. By performing synchronous SINV infections in
the presence of 4SU, we were able to separate the incoming viral
genomes from those produced during active viral replication/
RNA synthesis via biotinylation of the 4SU residues, followed by
streptavidin purification. This effectively removes newly synthe-
sized RNA from the sample, leaving the incoming viral genomes
and the preexisting unlabeled cellular RNAs in the unbound frac-
tion. The unbound fraction was then subsequently used to deter-
mine the half-lives of the incoming viral RNAs. The 293HEK cell
line was used for the assessment of viral RNA decay as it had been
used in previously published studies for the same purpose (28).
Use of the same cell line ensured that any observed differences in
RNA half-life were indeed genuine and not a functional difference
between cell lines.

Quantitative analysis of the input SINV genomic RNA levels
with respect to time indicated that the SINV genomic RNAs from
mammalian-cell-derived particles (which exhibit an average par-
ticle-to-PFU ratio of >100:1) exhibited a half-life of 60.2% * 15.9
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FIG 1 Comparative analysis of the half-lives of the incoming SINV genomic
RNAs. (A) Quantitative assessment of the RNA half-lives of the incoming
genomic RNAs of mammalian and mosquito-derived particles. 293HEK cells
cultured in the presence of 4SU were infected with SINV derived from either
mammalian (BHK-21) or mosquito (C6/36) tissue culture cells at an MOI of 5
PFU/cell. Viral adsorption was conducted at 4°C to synchronize viral infection.
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min, as calculated by the method described by Délken et al. (30)
(as shown in Fig. 1A). The SINV genomic RNAs from mosquito
cell-derived particles (which exhibit an average particle-to-PFU
ratio of ~5:1) exhibited a half-live, on average, of 115.6% * 15.06
min. Analysis of the tissue culture supernatants indicated that
genome loss due to particle desorption was negligible (data not
shown), indicating that the viral genomic RNAs were remaining
internalized throughout the course of the experiment.

We have previously demonstrated that SINV derived from
mammalian tissue culture cells consists of a heterogeneous popu-
lation of viral particles consisting of at least two subpopulations,
SINV" " and SINVH*, which differ biologically at the level of
infectivity and translational activity (24). As previously reported,
SINV e and SINVHe® exhibit particle-to-PFU ratios of ~60:1
and ~20:1, respectively. As shown in Fig. 1B, assessment of the
half-lives of the genomic RNAs of SINV-€"* and SINV*** exhibit
mean half-lives of 20.32% = 4.4 min and 48.75% = 10.9 min,
respectively. A graph summarizing the calculated half-lives of the
particle species used in these studies is shown in Fig. 1C.

Taken together, these data strongly suggest that the incoming
viral genomic RNAs experience turnover following infection and
that the SINV genomes of mosquito cell-derived particles are in-
herently more stable than those of mammalian-cell-derived
particles. Moreover, the rate of decay associated with SINV"i"
relative to either the SINV' ™ subpopulation or the parental het-
erogeneous mammalian population, indicates that the genomic
RNAs of SINV"&" particles are exceptionally unstable early dur-
ing infection. The half-lives of mammalian-cell-derived SINV and
SINVH®Y are remarkably similar. This is interesting because the
SINV"&" subpopulation is the predominant particle species pres-
ent in mammalian-cell-derived SINV particles. While the precise
reasons for this are unclear, a direct comparison of the two may be
inappropriate. The individual SINV subpopulations may exhibit
different behavior when apart from one another. For instance,
perhaps the SINV?®Y component of the mixed population is
capable of preventing the active degradation of the accompanying
SINV"&" particles. Regardless, we observe distinct differences be-
tween the RNA half-lives of mammalian-cell- and mosquito cell-
derived SINV genomic RNAs, and SINV“&" and SINVHe
genomic RNAs, indicating that the stability of the incoming
genomic RNAs is derivation and particle specific.

Noncapped SINV genomic RNAs are encapsidated into par-
ticles. The relatively short observed half-lives of the entering SINV
genomic RNAs, in particular, the genomic RNAs of SINV " par-
ticles, suggested that the RNA substrates were not stabilized or
protected from degradation. Previous studies have indicated that
SINV RNAs are highly resistant to deadenylation in vitro and in

At the postinfection times indicated, the total RNA was extracted, biotinylated,
and fractionated into the incoming and newly transcribed viral RNAs. The
unbound RNAs, consisting of the incoming viral genomic RNAs and unla-
beled cellular transcripts, were used to synthesize cDNAs, which were assayed
via qRT-PCR to determine the relative abundance of the incoming SINV
genomic RNA with respect to time. (B) Essentially identical to that described
for panel A, with the exception that the inoculum consisted of the mammalian-
cell-derived SINVeh or SINVH®Y subpopulation. (C) Graphic representa-
tion of the mean half-lives calculated as described by Délken et al. (30). All
graphical data shown are the mean values of a minimum of three independent
biological replicates. The error bars represent the standard deviation of the
mean. The upper and lower limits of range of the nonlinear regressions shown
in panels A and B are represented by the dashed horizontal lines.
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vivo (27, 28). The observed instability of the incoming viral
genomic RNAs combined with the previously reported SINV in-
hibition of the 3'-to-5" cellular RNA decay pathway (via the asso-
ciation of the host HuR protein) led to the hypothesis that the 5’
cap structure may be absent from many of the incoming viral
genomic RNAs. Hence, we focused our attention on the 5’ end of
the SINV genome as a cause of the RNA instability, as a transcript
lacking a 5" cap is often a substrate for rapid turnover.

To quantitatively determine whether the 5’ cap was present on
or absent from the SINV genome, we developed an enzymatic
assay capable of differentiating 5'-capped and noncapped RNAs
from encapsidated SINV genomes (Fig. 2A). Prior to treatment,
the SINV samples were incubated with RNase A to degrade any
extraparticle RNAs. The detection of viral noncapped and capped
genomic RNAs consisted of two parallel reaction mixtures in-
tended to determine the noncapped and capped RNAs individu-
ally. After extraction but prior to splitting of the sample into two
aliquots, the RNAs were phosphatase treated to remove any 5'-
phosphates. Following inactivation of the enzyme, the reaction
mixtures were treated with polynucleotide kinase to generate a
mixture of 5'-monophosphate and "™ GpppA-capped RNAs.
These RNAs were then used as substrates for an RNA ligation
reaction to a 5'-blocked adaptor RNA oligonucleotide. Detection
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of 5 "™ GpppA-capped viral genomic RNAs consisted of an ap-
proach similar to that described above. The primary difference
between the detection schemes was the use of a decapping enzyme,
instead of treatment by polynucleotide kinase, to generate the
5'-monophosphate RNAs for subsequent ligation. Regardless,
the result was the specific modification of either noncapped or
’meGpppA-capped viral RNAs with a 5" adaptor sequence. The
modified RNAs were then used as templates for the synthesis of
c¢DNA via RT. The abundances of noncapped and capped viral
genomic RNAs were determined via quantitative PCR. The
AAC; method was used for quantitative analysis of the abun-
dance of an amplicon specific to the 5" adaptor sequence and
the 5" end of the genomic RNA normalized to an amplicon
internal to the genomic RNA.

As shown in Fig. 2B, noncapped SINV genomic RNAs were
detected in mammalian-cell- and mosquito cell-derived particles.
The overall ratio of noncapped to capped genomic RNAs differed
between SINV particles derived from a mammalian host cell and
those derived from a mosquito host cell. Only 15% % 7% of mam-
malian-cell-derived particles, in contrast to 43% * 14% of mos-
quito cell-derived SINV particles, contained a "™ GpppA-capped
genomic RNA (Fig. 2B). Similar levels of capping were observed in
both the Toto1101 and AR86 strains of SINV (data not shown).
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This approach was validated by using an immunoprecipitation
approach to select for 5'-capped RNAs. SINV genomic RNAs ex-
tracted from tissue culture cells were immunoprecipitated with
anti-"™°G antibodies prior to processing and quantitative analysis
as described above. As shown in Fig. 2C, anti-7meG immunopre-
cipitation of the intracellular RNAs present at 12 hpi resulted in a
population that was 97% * 3% 5’ "™GpppA capped. This result
indicates that the quantitative assay described above is highly se-
lective and specific.

The genomic RNAs of SINV'#" are predominantly non-
capped. As shown in Fig. 1, the genomic RNAs of the SINV*i&ht
subpopulation, which consists primarily of noninfectious parti-
cles, exhibited a half-life shorter than that of the genomic RNAs of
the SINV™ ™ subpopulation. Additionally, as shown in Fig. 2, a
significant number of SINV particles derived from mammalian
tissue culture cells lack the viral 5’ cap structure. It was also nota-
ble that the percentage of 5'-capped particles was similar to the
overall number of SINVH* particles within the mixed popula-
tion. Collectively, these observations led us to hypothesize that the
genomic RNAs of the SINV*" subpopulation were predomi-
nantly noncapped, thereby resulting in the short RNA half-lives
and inability to cause infection associated with SINV€™_To this
end, we assayed the genomic RNAs of SINV " and SINVHe
with the enzymatic assay described above.

Analysis of the purified mammalian-cell-derived SINV"i"
and SINV™™ subpopulations with the enzymatic assay de-
scribed above revealed that the individual subpopulations differed
from one another on the basis of the magnitude of noncapped to
"meGpppA-capped viral genomic RNAs. As shown in Fig. 3A, on
average, 30% *+ 10% of the genomic RNAs of the SINV"&"* sub-
population were "™GpppA capped. In contrast, 79% * 9% of the
genomic RNAs of the SINV™*™Y subpopulation were "™ GpppA
capped. These results indicated a correlation between the presence
of noncapped genomic RNAs and noninfectious particles. Specif-
ically, SINV"" had significantly more noncapped genomic RNAs
than SINV™**, which consisted of predominantly 5'-capped
genomic RNAs. Interestingly, the individual ratios of noncapped
and capped viral genomic RNAs appear to be incongruous with
that observed for the unpurified mixture of particles produced
during mammalian infection (as shown in Fig. 2B). We can readily
detect, albeit at relatively low levels, genomic RNA outside the
banding zones for SINV"8" and SINV***" These genomic RNAs
are not associated with infectious particles but are a component of
the parental mixture and therefore likely contribute to the abun-
dance of the noncapped component in that mixture.

As previously reported, SINVZ™Y and SINV derived from
mosquito cells contained encapsidated HDRCs (24). Neverthe-
less, the determinants leading to encapsidation of the HDRCs into
alphaviral particles are unknown, but the observation that a sig-
nificant proportion of SINV"&" which lacks HDRCs, were non-
capped led us to hypothesize that the viral 5’ cap structure may be
a determinant of HDRC incorporation. Thus, we used immuno-
precipitation of a component of the HDRCs, RPS14 from a mam-
malian-cell-derived mixed viral population, to determine the
relationship of the viral “™GpppA cap with the encapsidated
HDRGCs.

Mammalian-cell-derived SINV particles were cross-linked via
UV irradiation and, following detergent-mediated disruption,
immunoprecipitated with antibodies specific to RPS14. The im-
munoprecipitated RNAs were then used as substrates for the en-
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FIG 3 The viral 5 cap structure correlates with HDRC encapsidation. (A)
Quantitative assessment of the 5’ terminus of the mammalian-cell-derived
SINVYieht and SINVHYY subpopulations purified as described in Materials
and Methods. (B) Quantitative assessment of input and anti-RPS14 antibody-
immunoprecipitated, UV cross-linked mammalian-cell-derived, SINV parti-
cles. The values shown are the means of a minimum of three independent
replicates. Error bars represent the standard deviation of the mean.

zymatic 5’ characterization described above. Analysis of the
RPS14 immunoprecipitate indicated that, on average, 73% % 3%
of the RPS14:SINV genomic RNA complexes were "*GpppA
capped (Fig. 3B). Interestingly, this value closely resembled what
was observed for the HDRC-containing SINV**"Y subpopula-
tion, which was 79% "™ GpppA capped. Taken together, these
data suggest that the encapsidation of HDRCs correlates with the
presence of the "™GpppA cap structure.

Noncapped SINV particles are synthesized and packaged
early during infection. The data reported in Fig. 2 and 3 indicate
that a significant number of noncapped genomic RNAs are pack-
aged into alphaviral particles during the infection of mammalian
tissue culture cells. Nonetheless, when during viral replication the
synthesis of noncapped viral genomic RNAs occurs and to what
levels they accumulate were unclear. We have previously reported
that the infectivity of SINV, as measured by the ratio of particles to
infectious units, improves with time in tissue culture systems (23).
Since the ratios of noncapped to "™GpppA-capped SINV
genomic RNAs were highly similar to the ratios of particles to
infectious units observed for mammalian-cell- and mosquito cell-
derived SINV particles, we hypothesized that the number of non-
capped particles (viral particles that contain a noncapped genomic
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RNA) would decrease, while the number of "GpppA-capped
particles would increase, with time.

Initially, we sought to determine when the noncapped viral
genomic RNAs were being produced during infection. To this
end, we infected 293HEK cells with SINV at an MOI of 5 PFU/cell
and, at the postinfection times indicated, pulsed the cells with the
4SU nucleoside analogue to specifically label the viral RNAs ac-
tively being transcribed. After 3-h pulses of 4SU labeling, the total
RNA was extracted from the infected tissue culture cells, biotinyl-
ated, and then fractionated on the basis of 4SU incorporation to
separate the nascent viral transcripts. The bound fraction was then
analyzed as described above to quantitatively assess the 5" end of
the viral genomic RNAs. As shown in Fig. 4A, noncapped viral
genomic RNAs are predominantly synthesized early during viral
infection. At 9 and 12 hpi, capped and noncapped genomic RNAs
are produced in roughly equivalent amounts. Quantitative exam-
ination of the entire population of viral RNAs present in the ex-
tracted total RNA pool, as shown in Fig. 4B, revealed a similar
profile of noncapped RNAs relative to both extracellular particles
and ongoing viral RNA synthesis.

To determine if the ratio of noncapped to capped viral particles
varied with respect to time, we collected the supernatant of in-
fected tissue culture cells at regular intervals and assayed for viral
infectivity and the presence of capped genomic RNA as described
above. Temporal quantitative examination of the 5’ terminus of
the encapsidated viral genomes indicated that the majority of par-
ticles produced early during infection contained noncapped
genomic RNAs. Specifically, at 3 and 6 hpi, less than a quarter of
the SINV genomic RNAs were "™*GpppA capped. However, by 9
and 12 hpi, the proportion of "™*GpppA-capped genomic RNAs
increased to nearly a 1:1 ratio (Fig. 4C). Notably, the profile of
noncapped RNA synthesis was highly similar to that observed in
released particles at the times assayed during infection. Moreover,
these data closely matched the basal level of infectivity of the sam-
ple. As shown in Fig. 4D, the infectivity of SINV particles derived
from mammalian cells improved as infection progressed. Impor-
tantly, the improvement of infectivity (as measured by the parti-
cle-to-infectious-unit ratio) was due primarily to an increase in
the production of infectious particles rather than a net decrease in
particle production (data not shown).

Together, these observations indicate that noncapped genomic
RNAs are produced predominantly early during infection; yet, by
an unknown mechanism, at later stages of viral infection, the pro-
duction of 5" "™ GpppA-capped genomic RNAs increases. This
observation is puzzling because alphaviruses express their own
viral capping machinery, consisting of the RNA triphosphatase
activities of nsP2 and the methyltransferase and guanylyltrans-

FIG 4 Temporal analysis of the 5" terminus of the SINV genomic RNA. (A)
Quantitative assessment of the rate of noncapped and capped viral genomic
RNA synthesis. (B) Quantitative assessment of the intracellular accumulation
of noncapped and capped SINV genomic RNAs during the aforementioned
infections. (C) Quantitative assessment of the encapsidated SINV genomic
RNAs from particles produced in the mammalian 293HEK tissue culture cell
line. (D) Determination of the infectivity with respect to time, reported as the
ratio of particles to infectious units, of 293HEK-derived SINV. Analysis was
performed as previously reported (Fig. 2). Samples were paired with those
analyzed as described in panel C. The values shown are the means of a mini-
mum of three independent replicates. Error bars represent the standard devi-
ation of the mean.
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ferase activities of nsP1. Interestingly, there is no apparent prefer-
ence to packaging of either 5’-capped or noncapped viral genomes
throughout the infection of mammalian cells, as the synthesis and
intracellular accumulations (Fig. 4A and B, respectively) of non-
capped viral genomes closely mirror what is observed in extracel-
lular particles (Fig. 4C).

The noncapped RNAs are predominantly 5'-monophos-
phate RNAs. The data described above indicated that a significant
number of encapsidated viral genomic RNAs lacked the canonical
type 0 viral " GpppA cap structure, but the precise nature of the
5" terminus of the noncapped viral RNAs was unknown. The 5’
end of RNAs is a known target for host surveillance, as several
notable pathogen-associated molecular patterns (PAMPs) may be
present. Since the 5" end of the noncapped viral RNAs were per-
missive to ligation following phosphatase and kinase treatment we
hypothesized that the 5" end was likely a phosphate moiety. This is
significant because 5’ tri- and diphosphate moieties are recog-
nized by cellular innate immune receptors such as RIG-I and the
RIG-I-like receptors (RLRs) (31, 32). Recognition of these PAMPs
leads to the activation of a robust innate immune response, such as
the production and release of IFN. Given our success with an
enzymatic approach, as demonstrated above, we restructured our
assays to determine the molecular nature of the 5" end of the
noncapped viral genomic RNAs.

Following RNA extraction, the viral RNAs from purified viral
particles were split into a series of parallel reaction mixtures and
processed enzymatically, as described below, to determine the
overall composition of the 5’ moiety. The abundance of viral
capped and noncapped genomic RNA extracted from mammalian
viral particles was determined as previously described. The direct
detection of a 5'-monophosphate RNA species was the simplest,
in terms of enzymatic treatment and analysis, as it involved the
direct use of the extracted RNAs as a substrate for adaptor ligation.
RNAs lacking a 5'-monophosphate, for instance, those without a
phosphate or with a di- or triphosphate, cannot function as sub-
strates for T4 RNA ligase and are not modified via addition of the
5" adaptor instilling a high degree of selectivity to the assay. The
abundance of nonphosphate RNA was determined via kinase
treatment to generate a 5'-monophosphate and subsequent adap-
tor ligation. It is of note that the RNA populations detected during
the above-described approach consist of signals from both the
enzymatically generated and native 5'-monophosphate RNAs
originally present in the sample; however, via subtractive analysis,
the portion pertaining to the nonphosphate RNAs can be deter-
mined. Similarly, the presence of a 5" diphosphate cannot be de-
tected directly but rather is inferred from the relative abundances
of the other 5" moieties.

Unexpectedly, as shown in Fig. 5, the noncapped viral genomic
RNAs of mammalian-cell-derived particles were predominantly
monophosphate RNAs. Nonetheless, enzymatic analysis of the 5’
end of mammalian-cell-derived SINV particles revealed that a sig-
nificant proportion of the noncapped viral genomic RNAs had tri-
and diphosphate species. Non-phosphate-containing RNAs were
the minor species of the encapsidated SINV particles derived from
either host. The mechanism by which each RNA species is formed,
in particular, the 5'-monophosphate, remains unclear.

Mutation of nsP1 modulates the production of noncapped
viral particles. Since the viral nsP1 protein is the alphaviral cap-
ping protein, we focused our attention on nsP1 mutants with the
intention of identifying alphaviruses that exhibited different cap-
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FIG 5 Composition of the 5’ terminus of the noncapped viral genomic RNA.
Quantitative assessment of the 5’ terminus of mammalian-cell-derived SINV
particles to determine the presence of 5’ tri-, di-, and monophosphates as
described in Materials and Methods. The values shown are representative of
two independent biological replicates. Error bars represent the variation be-
tween multiple technical replicates.

ping activities. Previous studies have identified a number of alpha-
viral nsP1 capping mutants of SINV, RRV, and Semliki Forest
virus (16, 18, 25, 33-35). Of particular interest were a set of nsP1
mutants, the SINV nsP1"™ mutant that has been previously re-
ported to be resistant to methionine deprivation and the similar
RRVS7SL224L phytant (25, 34). We hypothesized that the nsP1"™
mutant SINV (for simplicity, SINV'™) would exhibit increased
levels of 5" "™*GpppA-capped viral genomic RNAs relative to
wild-type SINV due to the function of methionine as a component
of the methylation reaction. To our surprise, SINV'"™ produced
noncapped viral genomic RNA containing particles at levels sim-
ilar to those of wild-type SINV when cultured in the presence of
methionine. In contrast, SINV'™ cultured in the absence of me-
thionine produced, on average, 4-fold more 5’ "™*GpppA-capped
viral particles than those cultured in the presence of methionine
(Fig. 6A). Similarly, the RRV nsP1 mutant RRVS7°“1224 exhibited
similar behavior in terms of viral capping. As shown in Fig. 6B,
RRVS72S12241 produced, on average, 4.5-fold more capped viral
particles than wild-type RRV. Taken together, these data indicated
that production of noncapped viral RNAs could be modulated via
the mutation of nsP1.

SINV particles containing noncapped viral genomic RNAs
activate the production of type I IFN. Since the noncapped viral
RNAs were produced at high levels during the infection of mam-
malian cells, we next sought to determine if there were biological
consequences to their presence. While the majority of the non-
capped viral genomes had a 5'-monophosphate, as shown in Fig.
5, approximately 20% had either 5 tri- and diphosphate moieties.
Cellular RNA sensors, in particular, RIG-I and the RLRs, are ca-
pable of recognizing tri- and diphosphate RNAs, thereby activat-
ing an antiviral host response (31, 32). It was unclear if the pres-
ence of the immune system-activating 5'-phosphate groups were
sufficient to activate an antiviral response. Therefore, we next
sought to determine if the level of noncapped viral particles cor-
related with the activation of a host innate immune response
known to be activated by RIG-I, specifically, the secretion of sol-
uble type I IEN. We hypothesized that alphavirus populations that
contain fewer viral particles with noncapped genome, such as
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FIG 6 Alphavirus nsP1 mutants modulate the production of noncapped viral
RNAs. (A) Quantitative assessment of SINV'*™ particles produced from mam-
malian tissue culture cells under high- or low-methionine conditions. (B)
Quantitative analysis of RRVS?<2"! particles produced from mammalian
cells. For both panels, the viral samples were collected at 18 hpi and treated as
described in Materials and Methods. The values shown are the means of several
biological replicates. Error bars represent the standard deviation of the mean.

SINVHe™ SINV'™, and the RRV®7?<1224 mutants, would induce
less of an IFN response during infection. To this end, we examined
these viruses for their induction of a type I IFN response in vitro.

Confluent monolayers of L929 cells were infected with either
SINVight or SINVHY, After overnight incubation, the superna-
tants from the infected cells were harvested and any progeny vi-
ruses were inactivated as described in Materials and Methods. The
resulting samples were then serially diluted onto fresh 1929
cells and 24 h later challenged with a fluorescent RRV. The pres-
ence of IFN was detected via viral gene expression, as a function of
fluorescence, or cell death. As shown in Fig. 7A, infection with
SINV"ih_ at either equivalent numbers of PFU per cell or equal
numbers of GE per cell, resulted in the production of ~2-fold
more soluble type I TFN than infection with SINV"*"Y, Together,
these data strongly suggest that particle quality, not the sheer
number of particles, is responsible for the induction of a type ITFN
response.

We next sought to determine whether the observed difference
in the induction of soluble type I IFN was an intrinsic difference
between SINV'&" and SINVH™"Y or due to the presence of in-
creased numbers of noncapped viral genomic RNAs. As shown in
Fig. 7B, SINV"™ particles produced under high-methionine con-
ditions, which contain predominantly noncapped genome, led to
the production of approximately 2-fold more soluble IFN relative
to SINV'™ cultured under low-methionine conditions. Addition-
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ally, as shown in Fig. 7C, the RRV®”?S2*l mutant induced, on
average, 4.5-fold less IFN than wild-type RRV in our in vitro
model system. Taken together, these data indicate that the pres-
ence of noncapped genome in SINV and RRV viral particles cor-
relates with the induction of a type I IFN response.

Despite having similar noncapped-to-capped genomic RNA
ratios, low-methionine SINV*™ exhibited a smaller reduction in
the amount of IFN than that observed with RRVS72%122* (2- and
4.5-fold, respectively). A plausible explanation for this is that nas-
cent RNA synthesis was diminishing the relative effects of the in-
coming viral particles. As shown in Fig. 5C, a significant amount
of noncapped viral RNAs is produced during the early stages of
alphaviral infection. Furthermore, as shown in Fig. 6A, SINV'™,
when cultured under high-methionine conditions, produces
wild-type levels of noncapped viral RNAs. Therefore, the produc-
tion of increased levels of IFN observed may be causally linked to
the synthesis of new noncapped viral RNAs rather than solely the
incoming genomes. To determine if nascent synthesis of non-
capped SINV RNAs was, in fact, confounding the above analyses,
we used UV inactivation to prevent viral RNA synthesis. As shown
in Fig. 7D, UV-inactivated SINV"™ cultured under high-methio-
nine conditions activated the production of soluble IFN approxi-
mately 4-fold more than SINV'™ cultured under low-methionine
conditions. It should be noted that the inactivation of the viral
particles did, in fact, result in a net decrease in soluble-IFN levels
(data not shown).

Taken together, these data indicate that the 5" modification of
the incoming genomic RNA influences the activation of host in-
nate immunity. Specifically, viral populations that contain high
proportions of noncapped, presumably 5’ tri- and diphosphate
genomic RNAs activate the production of type I IFN in the ab-
sence of viral RNA synthesis. Moreover, these data indicate that
the induction of IFN is additionally exacerbated by early viral
RNA synthesis.

DISCUSSION

The data presented here indicate that the genomic RNAs packaged
into SINV particles are inherently unstable early during infection
and are not, as previously believed, universally 5’ capped with the
viral type 0 "™“GpppA cap structure. The presence of noncapped
genomic RNA containing SINV particles inversely correlates with
the basal infectivity of a sample, indicating that the 5’ cap is a
primary determinant of viral infectivity. Furthermore, the non-
capped SINV genomic RNA species correlated with the activation
of an innate immune response, suggesting that the level of non-
capped genomic RNAs may potentially influence viral transmis-
sion. Taken together, these observations represent a novel contri-
bution to the field and expand our fundamental understanding of
alphaviral infection at both the cellular and molecular levels, fur-
ther underscoring the complexity of alphaviral infection.
Incoming SINV genomic RNAs are unstable and exhibit bi-
phasic decay. The data shown in Fig. 1 indicate that the half-lives
of the incoming SINV genomic RNAs are, relative to most cellular
RNAs, comparatively short. This ultimately may not be surpris-
ing, as the viral RNA following disassembly of the nucleocapsid
core lacks the host factors that regulate the function of the viral
transcript and thus the transcript likely appears foreign to the host
cell. The half-lives associated with the incoming viral genomic
RNA are relatively short and are reminiscent of those of mRNAs
involved in immune responses or cytokine production, which re-
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quire fine-tuned posttranscriptional control to provide adaptabil-
ity to the cellular environment in response to stress or other stim-
uli (44). Interestingly, the decay of the incoming viral genomic
RNA species appears to be biphasic regardless of derivation, start-
ing with a period of rapid decay for the first 30 min of infection,
followed by a prolonged period of relative stability. This phenom-
enon might be indicative of a period where the viral RNAs are
initially unprotected prior to the formation of the functional viral
messenger ribonucleoprotein (mRNP) complexes, resulting in
decay. Characterization of the root causes of this observed bipha-
sic decay pattern is an ongoing research focus.

At first glance, these findings appear to be contradictory to the
RNA half-lives previously reported for the alphavirus RNA spe-
cies; however, a fundamental difference between the two studies
exists (23, 28). This study evaluated the half-lives of the incoming
viral genomic RNA immediately after viral infection, whereas the
previous studies evaluated viral RNA stability later during infec-
tion. It can be safely presumed that the cellular environment has
been altered as a result of viral infection, leading to a change in
RNA stability. For this reason, we assert that the differences in
half-life reported between the two studies are not contradictory.
Moreover, the studies reported here for the first time, to our
knowledge, directly measured the half-life of an incoming viral
genomic RNA.

SINV particles contain noncapped and SINV genomic RNAs.
Further characterization of the genomic RNAs themselves with
the aim of identifying why the RNAs were unstable led to an un-
expected realization. The observation that noncapped viral
genomic RNAs are encapsidated and released in mature viral par-
ticles is novel to the field, as prior reports have indicated that the
viral genomic RNA is universally capped. The data described in
Fig. 2 through 5 indicate that a significant number of viral particles
lack the type 0 "*GpppA cap structure. In our experience, non-
capped in vitro-transcribed viral genomic RNAs are incapable of
initiating viral infection via either electroporation or lipid trans-
fection methods. Additionally, nsP1 mutants that lack guanylyl-
transferase activity are noninfectious (data not shown). Nonethe-
less, noncapped viral RNAs have been shown to be infectious,
albeit at a significantly lower level than capped viral RNAs (36).
Therefore, the viral particles containing noncapped genomic
RNAs are likely noninfectious and incapable of initiating viral
infection; however, their underlying function during viral infec-
tion remains to be seen. The presence of noncapped viral genomic
RNA was likely obscured during the early studies of the alphavirus
genomic 5’ terminus, which relied on the identification of radio-
labeled methyl residues (37-39). Comparison of mammalian-
cell- and mosquito cell-derived particles indicated that the overall
composition of the viral particle populations differed between the
two host species. Mammalian-cell-derived particles consist of a
greater number of noninfectious particles than mosquito cell-de-

type I IFNs during the infection of 1929 cells with infectious SINV*™
cultured under either high- or low-methionine conditions, as indicated on
the right. (C) Relative production of soluble type I IFN during the infection
of 1929 cells with either wild-type RRV or RRV®7%12241 a5 indicated on
the x axis. (D) The relative production of soluble type I IFNs during the
infection of 1929 cells with UV-inactivated SINV'"™ cultured under either
high- or low-methionine conditions, as indicated on the right. The values
shown are the means of a minimum of three biological replicates. Error
bars represent the standard deviation of the mean.
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rived particles, which consisted of roughly equal amounts of non-
capped and capped viral particles. The data shown in Fig. 5 indi-
cate that a determinant of the basal level of infectivity of a viral
particle is the 5 cap structure. Moreover, the rate of synthesis and
accumulation of intracellular noncapped viral genomic RNAs in
mammalian cells indicates that there is no preferential packaging
of either 5'-capped or noncapped genomic RNA during infection.

Precisely why there are differences in the ratios of noncapped
to capped genomic RNAs released in particles between the host
species is unclear. It is well known that the outcome of infection is
fundamentally different between the two hosts, as mammalian
infection is acute whereas arthropod infection creates a persistent
infection (5, 6, 8-10, 40—42). Perhaps these differences between
the host species, for instance, the shutoff of host macromolecular
synthesis, are a determinant of noncapped viral RNA production.
Another possibility is that the formation of the noncapped alpha-
viral genomic RNAs is linked to the processing of the nonstruc-
tural polyprotein during infection. Alternatively, perhaps the
greater proportion of capped viral particles observed with mos-
quito cell-derived particles is due to viral RNA synthesis and pack-
aging being slower in mosquito cells, providing more time for
capping to occur. The impetus behind the formation of non-
capped viral particles and the apparent differences in production
between vertebrate and invertebrate cells are ongoing research
focuses.

The precise biochemical events leading to the formation of
noncapped viral genomic RNAs are similarly uncertain. As stated
in the introduction, the alphaviral capping reaction is a complex
process mediated by the viral nsP1 and nsP2 proteins (16, 21, 22).
The detection of a significant amount of 5'-monophosphate RNA
is puzzling, as it should not be formed as a result of viral replica-
tion. Perhaps rapid RNA triphosphatase activity, as a result of
differences in the kinetic rates of 5" processing, results in the for-
mation of 5’-monophosphate viral RNAs which are incapable of
acting as substrates for the guanylyltransferase activity of nsP1
during viral RNA synthesis. Interestingly, as shown in Fig. 6, sev-
eral mutant forms of nsP1, in at least two biologically distinct
alphaviruses, SINV and RRYV, are capable of altering the ratio of
noncapped to capped RNAs. This indicates that the production of
noncapped viral genomic RNAs may be modulated, at least in
part, by sequence polymorphisms in nsP1.

The encapsidation of HDRCs is not dependent on the 5’ cap
structure. Initially, we had hypothesized that, in addition to being
abasal determinant of viral infectivity and genomic RNA stability,
the 5 viral cap structure was a key determinant leading to the
encapsidation of HDRCs into viral particles. The data presented in
Fig. 3 indicate that the inclusion of HDRCs correlates with the
presence of the viral 5" cap. It is perhaps unsurprising that the
inclusion of host factors involved in translation would correlate
with the intrinsic ability to be translated. Nonetheless, we have
also observed noncapped viral genomic RNAs in association with
HDRC-containing particles. Whether the noncapped viral RNAs
observed as described above are an inherent contaminant in our
assays is unclear. It is possible, and indeed likely, that SINV parti-
cles lacking HDRCs are present in the SINV**Y subpopulation as
a consequence of cross contamination during purification. De-
spite this possibility, the observation of a similar profile of RNAs
by an alternative approach, immunoprecipitation of RPS14, indi-
cates that the presence of noncapped viral RNAs in contact with
HDRC:s is indeed genuine, but at a significantly lower level than
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for capped viral RNA. Therefore, these observations are insuffi-
cient to conclude that the "*GpppA cap is a necessary or suffi-
cient determinant of HDRC incorporation, but a correlation be-
tween the two exists.

Noncapped viral particles activate the cellular innate im-
mune response. Regardless of how the viral noncapped RNAs are
synthesized, they influence viral infection, as the presence of non-
capped genomic RNAs in noninfectious particles correlates with
the expression of type I IEN. As shown in Fig. 7, the presence of
noncapped viral particles correlated with the activation of a type I
IEN response in vitro. Moreover, the ongoing synthesis of non-
capped genomic RNAs likely exacerbates the innate immune re-
sponse early during infection. Collectively, these results provide a
potential molecular mechanism responsible for the differences in
IEN elicitation by the infection of mosquito cell-derived versus
mammalian-cell-derived particles (43). In addition, these data
suggest that during alphaviral infection a significant number of
noninfectious innate-immunity-enhancing viral particles are re-
leased prior to the exponential growth of infectious particles. The
precise effects of this phenomenon on alphaviral biology are un-
clear; however, the RRVS"“M2*T mytant has been previously
shown to exhibit attenuation in terms of viral titer and tissue clear-
ance and increased sensitivity to IFN in mouse models of alpha-
viral infection (34). This is highly interesting, as it links viral RNA
capping efficiency to viral fitness within a mammalian host. Fur-
thermore, this is highly suggestive that the production of non-
capped viral RNAs, and the release of noncapped viral particles, is
functionally important to the replication and maintenance of viral
infection within the vertebrate host, leading to pathology.

Atfirst glance, it appears contrary to conventional wisdom that
the production of noncapped viral RNAs, and hence the induction
of an increased type I IFN response, would be beneficial to viral
infection. At the organismal level, the production of noncapped
viral RNAs, and hence viral particles, correlates with increased
severity of disease (34). The cause of this phenomenon is un-
known and represents an active area of interest; perhaps the acti-
vation of a local immune response is important for dissemination
within the host. Another possibility is that the noncapped viral
RNAs function to regulate the host cellular and local environment
via an unknown molecular mechanism to an end that enhances
viral infection. Nonetheless, the data presented here show that the
production of noncapped viral RNAs is common to two evolu-
tionarily divergent alphaviruses, observed in both invertebrate
and vertebrate hosts, temporally regulated during infection, and
biologically significant to the establishment and outcome of al-
phaviral infection.

A new molecular model of alphaviral infection. Genuine al-
phaviral infection consists, at its basis, of the exposure of a per-
missive host cell to a mixture of infectious and noninfectious viral
particles. Upon entry into the host cell cytoplasm, the genomic
RNAs of infectious and noninfectious viral particles exhibit differ-
ent biological activities. The genomic RNAs of noninfectious par-
ticles, which are noncapped, undergo rapid turnover following
nucleocapsid disassembly and genome release. Nevertheless, a
fraction of the noninfectious viral genomic RNAs attain stability
via an unknown mechanism, perhaps as a result of host cell factors
associating with the viral RNA. Given that the noncapped and
capped viral RNAs exhibit different functions, at the very least on
the basis of translation, during infection, in all likelihood, the
mRNP complexes of the incoming noncapped and capped viral
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genomic RNAs are different. Regardless, the incoming noncapped
viral genomic RNAs, as well as those produced early during infec-
tion, potentiate an innate immune response. Infectious particles
with translationally capable genomic RNAs also exhibit RNA de-
cay, albeit at a significantly lower rate than those of noninfectious
particles. We postulate that this may be due to the time necessary
to assemble the proper viral mRNP complex leading to viral gene
expression. Viral particles that contain HDRCs may be able to
more rapidly assemble the functional mRNP complex, as shown
by the enhanced rate of translation exhibited by this subclass of
particles. Collectively, the establishment of a productive alphavi-
ral infection is the sum of all of the above processes.
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