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ABSTRACT To maximize the coding potential of viral genomes, internal ribosome
entry sites (IRES) can be used to bypass the traditional requirement of a 5’ cap and
some/all of the associated translation initiation factors. Although viral IRES typically
contain higher-order RNA structure, an unstructured sequence of about 84 nucleo-
tides (nt) immediately upstream of the Turnip crinkle virus (TCV) coat protein (CP)
open reading frame (ORF) has been found to promote internal expression of the CP
from the genomic RNA (gRNA) both in vitro and in vivo. An absence of extensive
RNA structure was predicted using RNA folding algorithms and confirmed by selec-
tive 2'-hydroxyl acylation analyzed by primer extension (SHAPE) RNA structure prob-
ing. Analysis of the IRES region in vitro by use of both the TCV gRNA and reporter
constructs did not reveal any sequence-specific elements but rather suggested that
an overall lack of structure was an important feature for IRES activity. The CP IRES is
A-rich, independent of orientation, and strongly conserved among viruses in the
same genus. The IRES was dependent on elF4G, but not elF4E, for activity. Low lev-
els of CP accumulated in vivo in the absence of detectable TCV subgenomic RNAs,
strongly suggesting that the IRES was active in the gRNA in vivo. Since the TCV CP
also serves as the viral silencing suppressor, early translation of the CP from the viral
gRNA s likely important for countering host defenses. Cellular mRNA IRES also lack
extensive RNA structures or sequence conservation, suggesting that this viral IRES
and cellular IRES may have similar strategies for internal translation initiation.

IMPORTANCE Cap-independent translation is a common strategy among positive-
sense, single-stranded RNA viruses for bypassing the host cell requirement of a 5’
cap structure. Viral IRES, in general, contain extensive secondary structure that is
critical for activity. In contrast, we demonstrate that a region of viral RNA devoid of
extensive secondary structure has IRES activity and produces low levels of viral coat
protein in vitro and in vivo. Our findings may be applicable to cellular mRNA IRES
that also have little or no sequences/structures in common.

KEYWORDS IRES, translation, carmovirus, cap-independent translation, Turnip crinkle
virus, unstructured RNA, internal ribosome entry site, translational control

ukaryotic mRNAs utilize a cap-dependent translation where the 40S ribosomal

subunit is recruited to a 5’ 7-methylguanosine (m”G) cap with the assistance of
eukaryotic initiation factors (elFs). Translation initiation is largely governed by elF4F,
which consists of elFAE and elF4G in plants. elF4E is responsible for binding to the 5’
cap structure, while elF4G is a scaffolding protein that interacts with elF4E and poly(A)
binding protein (PABP) bound to the 3’ poly(A) tail, thus circularizing the mRNA (1). The
43S preinitiation complex, composed of the ribosomal 40S subunit bound to elF3/elF5
and elF2-Met-tRNAiMet, is attracted to the 5’ cap via binding of elF3 to elF4G and then
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scans in the 5'-to-3’ direction until an initiation codon in good context is reached (2,
3). The 60S ribosome subunit then joins the 40S subunit with the assistance of elF5B to
form the 80S initiation complex, which is followed by polypeptide elongation and
eventual termination.

Dependence on the 5’ end for translation initiation in eukaryotes generally leads to
monocistronic translation, with a single polypeptide translated from each mRNA. To
increase the number of genes that can be expressed from a genome of limited size,
many eukaryotic RNA viruses have evolved alternative translation initiation strategies,
including leaky scanning, “stop/go” reinitiation, ribosome shunting, and internal initi-
ation (4). Such noncanonical translation allows for polycistronic translation as well as for
either effective competition with host translation or continued translation after virus-
induced shutdown of host cap-dependent translation.

Noncanonical translation initiation can be facilitated by the presence of internal
ribosome entry sites (IRES), which are segments of RNA that recruit ribosome subunits
and can be used for initiation of 5’-proximal translation in the absence of a 5" cap or
for translation of otherwise inaccessible internal open reading frames (ORFs) (4, 5).
Animal virus IRES, first discovered in picornaviruses, are often >450 nucleotides (nt)
long and are generally located immediately upstream of the translated ORF (6, 7).
Although viral IRES often lack conservation of the primary nucleotide sequence, related
IRES maintain strong conservation of secondary structure (8). An interesting trend is
that IRES with the most stable structures tend to require the fewest initiation factors (9).
For example, the dicistrovirus Cricket paralysis virus IRES is highly structured and can
directly bind ribosomes in the absence of additional factors, while the less structured
picornavirus IRES require some canonical elF proteins (e.g., elF4G, elF4A, and elF4B)
(10). To date, it is not possible to predict which initiation factors are required for a
particular IRES based on sequence or structure alone, so this must be determined
experimentally.

The largest family of RNA plant viruses, the Potyviridae, share synteny with the
Picornaviridae but differ in terms of IRES characteristics. Potyvirus IRES are much shorter
than picornavirus IRES (60 to 200 nt), and the %GC is much lower (<30% compared to
60%) (11). Using folding algorithms, potyvirus IRES are predicted to lack extensive
secondary structure, while the high GC content of picornavirus IRES results in very
stable RNA structures (11). Despite the low %GC in the Tobacco etch virus (TEV) 5’
untranslated region (UTR), three pseudoknots have been identified that play an impor-
tant role in translational enhancement (12). The 5’ UTR of the potyvirus Turnip mosaic
virus (TuMV) contains an IRES that maintains activity even when replaced by the reverse
complement sequence (13). This indicates that neither the RNA sequence nor RNA
structure is critical for the TuMV IRES. Although “true IRES” appear to function inde-
pendently in bicistronic reporter constructs and thus do not require sequences else-
where for activity, an interplay between a 5' UTR IRES and the 3’ UTR has been
demonstrated for TEV (14). Similar 5’ IRES are absent in tombusviruses and luteoviruses,
which instead contain elements in or near their 3" UTRs, known as 3’ cap-independent
translation enhancers (3’ CITEs), which enhance translation from their genomic RNA
(gRNA) 5’ ends, usually through long-distance RNA-RNA interactions with 5’-proximal
hairpins (15).

Internal ORFs in plant viruses can also be translated from an IRES. The coat proteins
(CPs) of many monopartite plant viruses are encoded by the 3'-terminal gene, which is
mainly translated from a subgenomic RNA (sgRNA). Some of these plant viruses contain
an IRES immediately upstream of the CP ORF that can direct translation from the gRNA.
The crucifer-infecting Tobacco mosaic virus (crTMV) contains a 148-nt IRES upstream of
the CP ORF that has activity across kingdoms in plant, yeast, and human cell-based
assays (16, 17). An IRES upstream of the CP in carmoviruses (Tombusviridae family) is
thought to exist because the CP also functions as the silencing suppressor (18, 19),
which is likely needed early in infection, prior to synthesis of high levels of sgRNA (20,
21). Based on studies with the carmovirus Turnip crinkle virus (TCV), the CP sequesters
small interfering RNAs (siRNAs) and longer double-stranded RNAs (22) to prevent
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formation of active RNA-induced silencing complexes (RISC) that consist of at least one
Argonaute protein (AGO). In addition, the CP binds to and inhibits Ago1 and/or Ago2
(23, 24), the main effector proteins that use siRNAs generated during an infection as
guides for targeting the viral gRNA (25, 26).

In the carmovirus Hibiscus chlorotic ringspot virus (HCRSV), an IRES was defined
within a 100-nt region upstream of the CP ORF that contains a critical 18-nt primary
RNA sequence (20). The secondary structure of the HCRSV IRES was not determined, but
IRES activity was enhanced by an unidentified interaction with the 3’ UTR (20). The IRES
upstream of the carmovirus Pelargonium flower break virus (PFBV) CP ORF is 80 nt long
and, when disrupted, caused a defect in virus accumulation in vivo (21). The structure
of the PFBV IRES was predicted in silico to lack extensive secondary structure, similar to
the TuMV IRES.

Studies of carmoviral IRES have mainly been performed using full-length gRNA or
reporter constructs and wheat germ extracts (WGE). IRES secondary structures, if any,
have not been defined experimentally, and evidence is lacking that CP IRES produce
low levels of CP directly from the gRNA in vivo. In addition, it is not known if expression
from the carmoviral IRES requires any eukaryotic translation initiation factors. Since TCV
is the most extensively studied carmovirus, we used this system to clarify the require-
ments for internal translation of CP. The TCV gRNA is 4,053 nt long and lacks a 5’ cap
and 3’ poly(A) tail. Cap-independent translation of the gRNA utilizes a 3" CITE that
assumes a tRNA-shaped structure and enhances translation initiation at the 5" end
through 60S ribosome recruitment in the absence of any long-distance interactions (27,
28). The five TCV gRNA overlapping ORFs encode the 5’ replicase-associated protein
p28 and its ribosomal readthrough product, p88, which is the RNA-dependent RNA
polymerase (RdRp); two movement proteins, p8 and p9, which are expressed from
sgRNA1; and the 38-kDa CP, which is expressed from sgRNA2.

In this study, we identified a region immediately upstream of the TCV CP ORF that
functions as an IRES both in vitro and in vivo. Deletion analyses indicated that no
specific sequences within this region were required for IRES activity but rather that a
stretch of about 84 A-rich unstructured bases was important. Despite a lack of sequence
conservation among carmoviruses, bioinformatic analyses suggest conservation of
A-rich regions upstream of their CP ORFs. elF4G, but not elF4E, was required for optimal
CP IRES activity. In the absence of detectable sgRNAT and sgRNA2, low levels of CP
were apparently expressed from the gRNA that were sufficient for wild-type (WT) levels
of gRNA accumulation in vivo. These results open the possibility that low-level IRES
activity mediated by unstructured regions is more widespread throughout viral and
eukaryotic genomes than previously thought.

RESULTS

Large deletions upstream of the CP ORF reduce CP synthesis in vitro. Previous
reports on HCRSV and PFBV suggested that an ~150-nt region immediately upstream
of the CP initiation codon and within the ORF for the movement protein (i.e., p9 for
TCV) had IRES activity (20, 21). These studies were unable to identify sequences/
structures important for internal translation in WGE assays, and what precisely com-
prised a carmovirus CP IRES remained unclear. The goals of the current study were to
(i) determine the location of the sequence within the TCV gRNA that permitted internal
initiation of CP translation, (ii) determine if this sequence had IRES activity defined as
functioning out of context by use of reporter constructs, (iii) identify any critical
structure or motifs within this sequence, (iv) determine whether components of elF4F
were necessary for activity, and (v) determine if CP was expressed in vivo in the absence
of sgRNA1T and sgRNA2.

Typical WGE translation assays using TCV gRNA as the template yielded high levels
of p28 and trace amounts of the ribosomal readthrough product, p88 (Fig. 1B, lane 1).
Two additional bands of moderate intensity were observed between 35 and 40 kDa.
The larger product, migrating at 38 kDa, corresponded to the CP (29), and the product
at 35 kDa corresponded to translation initiating within the p88 ORF, at position 1393
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FIG 1 Deletion analysis of a region required for internal expression of the TCV CP. (A) Deletions generated in a 116-nt region immediately
upstream of the CP ORF. Deleted regions are boxed in red. Construct designations are shown to the left, and numbers of nucleotides deleted are
shown to the right. (B and C) In vitro translation of constructs 1 to 13 by use of WGE. CP-UGA contains an in-frame stop codon at position 2759
in the TCV genome. Asterisks denote locations of p9-CP fusion proteins that result from internal translation initiation at the p9 ORF for some
constructs. Data were normalized to p28 levels, and means and standard deviations are shown. Data are from at least three independent
experiments. (D) CP expression in WGE, using equimolar amounts of sgRNA2 and gRNA. (E) Analysis of RNA integrity during the WGE assay. After
90 min of incubation in WGE, the mixture was subjected to Northern blotting using a gRNA probe. Purified RNA transcripts (IVT) and the 0-min
time point were used as controls. (F) Inverse correlation between CP expression and deletion size. Normalized CP expression was plotted against
the number of nucleotides deleted for each construct in panel A. Linear regression was used to determine the goodness of fit as shown by the
R? value. (G) A-rich region upstream of the p9 and CP ORFs. Adenine residues are shown in red. Initiation codons are underlined.

(determined by altering individual AUG start codons [data not shown]). The identity of
CP was confirmed by introducing an in-frame UGA stop codon after 5 amino acids
within the CP ORF that abolished CP synthesis (Fig. 1B, lane CP-UGA). The level of CP
expression from the gRNA in vitro was 8-fold lower than the level of expression from
equimolar amounts of sgRNA2 (Fig. 1D). To rule out the possibility of RNA degradation
resulting in CP expression from cleaved RNA, Northern blotting was used to demon-
strate that the input RNA remained intact throughout the incubation period (Fig. 1E,
compare lanes for 0 min versus 90 min).

Deletion of a 116-nt region (positions 2628 to 2743) immediately upstream of the CP
ORF (construct 2) reduced CP levels by 73% (Fig. 1A and B). Deletion of nucleotides
further upstream (A2581-2627) had no effect on CP expression (data not shown). To
identify sequences/structures within the 116-nt region that were important for internal
CP translation, additional deletions were generated. Constructs 1, 3, and 7 together
deleted every portion of the 116-nt region (Fig. 1A). Constructs 1 (33 nt) and 7 (32 nt)
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maintained nearly WT levels of CP, while the largest deletion (construct 3; 52 nt)
reduced expression by 11% (Fig. 1B and Q). This result suggested either that no specific
sequence within the 116-nt region was responsible for internal CP translation or that
redundancies existed within the region that could compensate for specific deletions.

Additional deletions of different sizes were generated next to help to differentiate
between these possibilities. Construct 6, which deleted 85 of the 116 nt, reduced CP
expression by 69% (Fig. 1C). Constructs containing other large contiguous deletions
(constructs 9 [106 nt] and 10 [84 nt]) produced similar reductions in CP levels (83% and
70%, respectively). Construct 12, which deleted 84 nt in two segments, had a similar
negative effect on CP translation (74%). Deletion of the 5’ 64 nt within the 116-nt
region (construct 8) reduced CP levels by a lesser amount (54%). Deletion of 43 nt in
two segments (construct 13) reduced translation by only 18%, and deletions of <25 nt
just upstream of the CP start codon (constructs 4 and 5) enhanced CP expression by
~20%. These data suggested that primary RNA sequences (and their associated struc-
tures, if any) were not important for internal CP expression in WGE. Rather, there was
an inverse correlation (R? = 0.90) between the size of the deletion and CP expression
(Fig. 1F). These results coincide with an earlier study of an unstructured dicistrovirus
IRES that also found that larger deletions were detrimental for translation, whereas
small deletions had only modest effects (30).

Four constructs were designed such that the p9 ORF, which partially overlaps and
is out of frame with the CP ORF, was now in frame with the CP ORF. Surprisingly, strong
expression of the p9-CP fusion protein was obtained from internal initiation at the p9
start codon in each of these constructs (constructs 4, 6, 9, and 11) (Fig. 1B and C,
asterisks). The p9-CP fusion proteins migrated at their expected sizes and were ex-
pressed at levels similar to those of CP. Inspection of the sequence immediately
upstream of the CP and p9 start codons revealed that the CP 116-nt region (CP-116)
and a 113-nt region upstream of p9 (p9-113) are A-rich (33 and 40%, respectively) (Fig.
1G). Since construct 7 lacked the first 32 residues of CP-116 and maintained WT levels
of translation, the percentage of adenylates increased to 41% within this 84-nt seg-
ment, which is similar to the percentage for p9-113.

CP-116 is mostly unstructured in TCV. The RNA secondary structure folding
algorithm tool mFold (31) predicted that the thermodynamic stability of CP-116 (AG =
—0.81 kcal/mol) was substantially less than the stability of the upstream 116 nt (AG =
—37.7 kcal/mol) and the downstream 116 nt (AG = —23.1 kcal/mol). When only the
84-nt region upstream of the CP ORF was subjected to mFold, the AG value decreased
to —0.06 kcal/mol. To determine whether the folding prediction was correct for this
region, RNA surrounding the CP translation start site was subjected to selective
2'-hydroxyl acylation analyzed by primer extension (SHAPE) RNA structure probing
using full-length TCV gRNA. SHAPE uses chemical modification to determine the
flexibility of individual nucleotides, as highly reactive residues are unstructured and
their modification impedes primer extension by reverse transcriptase. SHAPE results
indicated that over 50% of the residues in the 94-nt region immediately upstream of
the CP start codon were moderately to highly flexible, suggesting that this region has
few, if any, structured elements (Fig. 2). This highly unstructured region also extended
20 nt into the CP coding sequence.

The sequence upstream of the CP ORF is poorly conserved among carmoviruses
(data not shown). To determine if the base composition in the region is conserved,
ntdensity sliding window analysis (50-nt window size) in the MATLAB Bioinformatics
Toolbox (32) was used to analyze the base composition for 250 nt upstream and 50 nt
downstream of the CP start codon (Fig. 3). For 14 of the 15 carmoviruses, a U-rich region
(shaded purple) was followed by an A-rich region (shaded blue), with the A-rich region
located within the ~84-nt sequence suggested to be important for internal CP syn-
thesis in TCV (construct 7) (Fig. 1). In addition, within these U- and A-rich regions, the
level of guanylates was substantially reduced compared to that of cytidylates. Together,
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FIG 2 Structure of CP-116. SHAPE RNA structure probing was used to determine the flexibility of bases in and near
CP-116 in full-length TCV gRNA. Normalized SHAPE reactivities are presented, with red, orange/green, and black
representing high reactivity, moderate reactivity, and no reactivity, respectively. Band intensities from 8% dena-
turing polyacrylamide gels were determined using SAFA software (61). The highly unstructured region upstream
of the CP ORF is indicated.

these results suggest that an unstructured, A-rich, guanylate-poor region may be
responsible for internal initiation of CP synthesis from the gRNA.

CP-116 and p9-113 have IRES activity in heterologous reporter constructs. To
determine if CP-116 and p9-113 are able to independently promote internal translation
from the gRNA, CP-116 and p9-113 were inserted between Renilla (RLuc) and firefly
(FLuc) luciferase ORFs in the presence and absence of the TCV 3’ UTR to measure IRES
activity denoted by translation of FLuc (Fig. 4A). The TCV 3’ UTR was previously found
to enhance translation from the 5’ end in reporter constructs in vivo, but it had no
significant stimulatory effect in WGE (28). In contrast, the 3’ UTR of HCRSV enhanced
the efficiency of the CP IRES in vitro (20). Additional constructs included those with (i)
no insert (STOP), (ii) insertion of a 116-nt random sequence (23% A, 24% G, 26% U, and
27% C) (RANDOM), (iii) insertion of the reverse of the CP-116 sequence (REVERSE), and
(iv) insertion of the reverse complement of the CP-116 sequence (REV COMP). In
addition, the 143-nt leader sequence from Tobacco etch virus (TEV) was used as a
positive control because it possesses strong translational enhancement and IRES
activity (33, 34).

Dual-luciferase RNA transcripts were subjected to translation in WGE, and FLuc
levels were determined by both gel electrophoresis and luciferase assays. TEV gener-
ated a 17-fold increase in FLuc levels compared to those with the STOP negative control
in the gel assay, with an 11-fold increase in FLuc activity. In contrast, the 116-nt random
sequence (RANDOM) generated background levels of FLuc (Fig. 4B and C). CP-116 and
p9-113 enhanced FLuc activity 8.2- and 8.9-fold, respectively, by the gel assay and
4.5-fold by the luciferase assay (Fig. 4B and C). The presence of the TCV 3’ UTR had no
significant effect on FLuc activity in vitro, which is similar to what was previously found
when it was added to reporter constructs containing the TCV 5’ UTR and assayed in
WGE (28). The REVERSE construct, which maintained a base composition identical to
that of CP-116 but differed in its primary sequence, also generated a similar increase in
FLuc activity (Fig. 4C). Interestingly, the reverse-complement sequence of CP-116 (REV
COMP) had activity equivalent to that of the CP IRES as well. These results concur with
earlier findings with TuMV, where the IRES reverse-complement sequence maintained
activity in reporter assays (13). This suggests that an A/U-rich base composition is
favorable for internal initiation, possibly due to the inherent lack of structure associated
with A/U-rich sequences.

To determine if an accessible 5 end is required for internal initiation, a stable hairpin
was introduced immediately upstream of the RLuc ORF in the CP-116 construct. The
hairpin was designed to include an in-frame AUG. Addition of the stable hairpin
reduced RLuc expression over 20-fold while enhancing FLuc expression over 6-fold (Fig.
4D). This suggests that the CP IRES is in competition with the 5" end for the translation
machinery and does not require a free 5’ end for IRES activity. Together, these results
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(REVERSE) or the reverse complement (REV COMP). The TEV leader sequence was used as a positive control (TEV). (B) In vitro translation
of selected reporter constructs. Data are means and standard deviations and are from two independent experiments. (C) Dual-luciferase
assays were performed for at least 3 independent experiments performed in triplicate. Relative FLuc expression levels are presented as
means with standard errors. White bars indicate constructs that contained the 3’ UTR of TCV. (D) The 29-base stable hairpin shown (right),
incorporating an in-frame AUG, was introduced immediately upstream of RLuc in the CP-116 construct (5'hp+CP-116). RLuc and FLuc
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values were set at 100% for the CP-116 construct. Data are from two independent experiments with 8 replicates.

suggest that regions immediately upstream of the CP and p9 ORFs possess IRES activity
and that, at least for CP-116, the activity is independent of primary sequence and likely
dependent on a lack of structure and/or base composition.

Ribosome scanning in the CP IRES. To determine if the unstructured CP IRES
is used as a “landing pad” for ribosomes to enter and then scan to the CP initiation
codon, —1 frame initiation codons were generated in the CP IRES region within
full-length gRNA. The context of the —1 frame start codons (GAAAUGG) was designed
to be identical to the strong context of the CP start codon to reduce the possibility of
leaky scanning (3). Figure 5 shows that AUG-1, located 106 nt upstream of the CP start
codon, had little or no effect on CP translation, suggesting that ~98% of ribosomes
enter downstream, within the more unstructured sequence. Addition of AUG-2 73 nt
upstream of the CP start site decreased CP translation by 21%, suggesting that
approximately 21% of ribosomes enter between 73 and 100 nt upstream of the CP ORF
and then scan to the initiation codon. AUG-3, located 37 nt upstream of the initiation
codon, reduced CP translation by 61%. This suggests that around 38% of ribosomes
enter between 37 and 73 bases upstream of CP and that a similar number are recruited
within 37 nt of the start codon. It is worth noting that translation of any of the upstream
ORFs could block translation initiation within the CP IRES, making it difficult to obtain
a precise value for the amount of ribosomes recruited to a particular region.
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FIG 5 Ribosome recruitment to the CP IRES. (A) The “land and scan” model of initiation suggests that 40S ribosomal

subunits land upstream of the start codon before scanning in the 5'-to-3" direction. Three AUG codons were
individually introduced into the —1 frame upstream of the CP in full-length TCV genomic RNA. Translation initiating
ata —1 frame AUG terminates within the CP coding region (labeled “—1 STOP”"). The percentage of ribosome entry
within each region is from the data in panel B. The ORFs for expression from AUG-1 to -3 are shown. (B) In vitro

translation of AUG-1 to -3 mutants. CP expression data are shown as mean percentages of the WT
standard deviations. Data from three independent experiments were normalized to p28 levels.

CP IRES activity is enhanced by addition of elF4G. One of the 3’ CITEs of the
umbravirus Pea enation mosaic virus RNA 2 (PEMV-2) is the Panicum mosaic virus-like
translational enhancer (PTE), which is known to bind to elF4E with high affinity (35) (Fig.
6A). Addition of the PTE in trans at 10X and 20X molar ratios compared to the level of
TCV gRNA reduced CP expression by 26% and 41%, respectively (Fig. 6B). Alterations in
the PTE guanylate-rich asymmetric loop that reduced elF4E binding by >90% (PTE-m2)
(35) eliminated the negative effect of the PTE on CP IRES activity (Fig. 6B). Addition of
the PTE also reduced expression of the 5’-terminal ORF product p28.

elF4E binds to the N terminus of elF4G and is present in large excess compared to
elF4G in WGE, as assayed by Western blotting (Karen Browning, personal communica-
tion). Thus, the addition of the PTE should effectively sequester both elF4E and elF4G,
since all elF4G is assumed to be bound by elF4E (36). To determine if the reduction in
CP expression was due to PTE sequestration of elF4E and/or elF4G, recombinant
Arabidopsis thaliana elFAE and elF4G were added to TCV gRNA in WGE either alone or
in the presence of the PTE to determine the impact on translation. Addition of elF4E to
gRNA had no effect on translation of CP, whereas adding elF4G enhanced expression
of CP over WT levels by 63% (Fig. 6C). Addition of elF4G also reduced p28 synthesis by
30%, which may reflect its heterologous origin and suboptimal interactions with other
initiation factors needed for translation at the 5" end. Addition of recombinant elF4E in
the presence of the PTE had a slight positive effect on CP expression, whereas addition
of elF4G enhanced CP levels to 167% of the WT level, which is similar to the observation
for addition of elF4G in the absence of the PTE (Fig. 6C). To directly test whether elF4G
was required for efficient internal initiation, the Tobacco necrosis virus D (TNV-D)
translational enhancer (BTE), which specifically binds to elF4G (37, 38), was added to
WGE along with TCV gRNA. BTE at 10X and 20X reduced CP expression by 63% and
81%, respectively (Fig. 6D). The observed inhibition was rescued by adding recombi-
nant elF4G in trans, restoring CP expression to higher-than-WT levels. These results
strongly suggest that elF4G, not elF4E, is important for CP IRES function.

Expression of TCV CP from gRNA in vivo. Although CPs of two carmoviruses were
previously shown to be expressed from the gRNA in vitro (20, 21), no in vivo evidence
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FIG 6 The CP IRES is stimulated by elF4G. (A) The PEMV-2 PTE binds to elF4E, which interacts with elF4G when added in
trans to WGE. PTE-m2 contains two point mutations that reduce elF4E binding (35). (B) In vitro translation reactions in the
presence of the PTE. The PTE was added at a 10X or 20X molar ratio to standard WGE reaction mixtures. (C) Recombinant
elF4E and elF4G (200 pM) were added in trans in the presence or absence of 20X PTE. (D) The TNV-D BTE was added at
10X and 20X molar ratios in the absence and presence of 200 pM recombinant elF4G. All data are from at least three
independent experiments and are means and standard deviations.

of CP expression from infectious gRNA was presented. To determine if the TCV CP is
expressed from gRNA in vivo, constructs were generated to prevent synthesis of
sgRNA2 (CCS2) or sgRNA1T and sgRNA2 (CCS1+2) (Fig. 7A). CCS1+2 gRNA contained
GG2331CC and GGG2606UUC mutations in the sgRNA1T and sgRNA2 carmovirus con-
sensus sequence [G,_5(U/A);_,], which is a motif present at the 5’ termini of carmovirus
gRNAs and sgRNAs (Fig. 7A) (39). Twenty-four hours after inoculation of Arabidopsis
protoplasts, WT and CCS1+2 gRNAs accumulated to high levels, with CCS2 gRNA
accumulating to a lower level (Fig. 7B). CCS2 eliminated detection of sgRNA2, and
sgRNA1 and sgRNA2 were not detected for CCS1+2, as assayed by Northern blotting
(Fig. 7B). To ensure that trace amounts of sgRNA were not present, primer extension
reactions were also performed using total RNA from infected cells. As shown in Fig. 7C,
sgRNA primer extension products for CCS1 and CCS2 were not detected (Fig. 7C). CCS2
9gRNA expressed 43% of the WT level of CP, and CCS1+2 expressed 4% of the WT CP
level (Fig. 7D), suggesting that CP was being synthesized in vivo from both sgRNAT (if
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FIG 7 TCV CP is expressed from gRNA in vivo. (A) Genomic organization of TCV showing the locations of mutations in the
carmovirus consensus sequence. CCS1 contains a GG2331CC mutation, and CCS2 contains a GGG2606UUC mutation. (B)
Northern blot for detection of TCV gRNA and sgRNAs at 24 hpi. (C) Primer extension reaction of total RNA from
TCV-infected protoplasts. Exposing the screen for three times longer also did not reveal any products corresponding to the
sgRNAs. (D) Western blot of CP in TCV-infected protoplasts for WT and CCS mutant constructs. All images are represen-

tative of experiments performed in duplicate.

present) and the gRNA. CP expression from leaky scanning of sgRNA1 has previously
been observed for both PFBV and TNV-D (21, 40). Interestingly, gRNA accumulation was
not affected by the CCS1+2 mutations (Fig. 7B). However, when a termination codon
was introduced into the CP ORF just downstream of the initiation codon or when a
mutation was generated in the CP ORF that prevented synthesis of a functional CP,
gRNA accumulation decreased by about 60% in protoplasts (41, 42). We speculate that
the 4% CP level observed in the absence of the sgRNAs was sufficient to allow for
WT-level RNA accumulation in protoplasts.

DISCUSSION

Internal initiation of translation allows for cap-independent translation of 5'-
proximal ORFs and for translation of internal ORFs. For carmoviruses, translation of CP
from the gRNA would allow for early synthesis of the CP silencing suppressor before its
sgRNA2 template is available. We have found that a 116-nt region immediately up-
stream of the CP ORF has a low level of IRES activity that is sufficient for accumulation
of normal levels of TCV gRNA in protoplasts. Within this 116-nt region, an unstructured
sequence of about 84 nt was important for optimal IRES activity in WGE, using
full-length gRNA as the template (Fig. 1). The CP IRES was unstructured as determined
by SHAPE structure probing (Fig. 2), and it did not contain specific sequences or
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elements responsible for IRES activity. The lack of a requirement for specific sequences/
structures is based on the orientation independence of CP-116 in promoting translation
in bicistronic assays (both REVERSE and REV COMP) (Fig. 4) and on the absence of a
major effect on CP synthesis when templates contained small deletions throughout the
region. Similarly, the IRES region of TuUMV was functional when the IRES was replaced
by the reverse complement sequence (13). The high degree of conservation of A/U-rich
and G-poor sequences upstream of the CP ORF in carmoviruses (Fig. 3) suggests that
nucleotide composition may also be a factor in TCV IRES activity. However, since this
sequence is also a portion of the p9 coding region, it is currently unknown whether this
specific sequence composition reflects a codon requirement.

Earlier work using the carmovirus HCRSV showed that the 5’ and 3’ halves of the CP
IRES maintained nearly WT levels of activity (20). These results can now be explained by
our finding that unstructured regions of suitable length can function as IRES. In HCRSV,
the 3’ UTR enhanced CP IRES activity 4-fold in bicistronic assays, and this was depen-
dent on a 6-nt sequence within the 3’ UTR (20). HCRSV has a PTE-type 3' CITE (43) that
has been proposed to engage in a long-distance interaction with the 5’-end sequence
(15), and the 6-nt sequence is in the required internal asymmetric loop that binds to
elF4E. The carmovirus PFBV also has a PTE-type 3’ CITE (43); however, there was no
effect of the PFBV 3’ UTR on CP IRES activity in vitro (21). Since 3’ CITEs may not
function out of context in reporter assays in vitro, despite having demonstrated
importance in vivo (44), lack of involvement of the 3’ UTR in vitro does not necessarily
reflect a lack of importance in vivo. In the present study, the TCV 3’ UTR also had no
synergistic effect on CP IRES activity in reporter assays. Interestingly, the same CP IRES
sequence within an sgNRA2 template had synergistic interactions with the 3" UTR (45).
However, we observed a lack of interplay between the TCV gRNA 5’ UTR and 3" UTR
when we used luciferase reporter constructs in WGE (28). Thus, it remains open whether
the TCV 3’ UTR has a beneficial effect on the CP IRES in vivo.

For HCRSV and PFBY, small segments of RNA primary sequence were important for
CP IRES activity. In HCRSV, an 18-nt sequence in a predicted stem-loop within the 5’ half
of the CP IRES was required for maximum activity, as substitutions (including compen-
satory mutations) resulted in a 5-fold decrease in CP expression (20). Base substitutions
within a small hairpin in the computer-predicted structure of the PFBV CP IRES reduced
CP levels by 35% and also were not compensatory, leading the authors to suggest that
the primary sequence was important for activity (21). In contrast, every residue of the
CP-116 sequence could be deleted, with small deletions (<52 nt) causing a <11% drop
in CP expression. The CP-116 sequence could also be reversed or reverse comple-
mented and retain WT levels of activity, confirming that the primary sequence is not
important. Since no specific sequence is required for CP IRES activity, there is no pairing
with 18S rRNA through a Shine-Dalgarno-like sequence as has been suggested for some
picornaviral IRES (46). Our results strongly suggest that the CP IRES functions by
maintaining unstructured regions of RNA that can initiate low levels of translation
by acting as a landing pad for ribosomes followed by scanning to the initiation
codon (Fig. 5).

When present in modified gRNA dual-reporter constructs, HCRSV and PFBV CP IRES
were active in mammalian cells and when agroinfiltrated into plants, respectively, as
deletions within the IRES led to reduced expression of the 3’-proximal reporter gene.
Conservative substitutions within the CP IRES in PFBV also led to a 20-fold reduction in
lesions on inoculated leaves, suggesting that the IRES is required for optimal infectivity
in vivo and highlighting the biological significance of low-level IRES activity (21). In the
current study, the carmovirus consensus sequence for both sgRNAs was mutated such
that no detectable sgRNA1 or sgRNA2 was observed during infection. Thus, the small
amount of CP present (4% of the WT level) was likely expressed from the gRNA (Fig. 7).
Interestingly, despite only 4% expression of CP, TCV gRNA accumulated to WT levels,
suggesting that WT-level gRNA accumulation is possible when a low level of CP is
expressed from the gRNA. TCV gRNA normally accumulates to rRNA levels after 24 h
postinoculation (hpi). Thus, 4% expression of CP from the extraordinary amount of
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gRNA results in high levels of CP even in the absence of sgRNAs. Altering only sgRNA2
(CCS2) led to increased synthesis of sgRNA1, as found previously (47). Whether this
increase was responsible for the decrease in TCV accumulation that was observed in
protoplasts is not known.

The short, unstructured CP IRES of TCV shares characteristics with some potyviral
IRES located at the 5" end of the gRNA. For example, the TEV leader is 143 nt long and
A-rich, and it lacks substantial amounts of guanylates (43% A and 8% G). The TCV CP
IRES shares similar attributes, with a length of ~84 nt (from construct 7) (Fig. 1) and a
base composition of 41% A and 10% G. The TEV leader has a weak predicted secondary
structure (AG = —5.69 kcal/mol), as does the 84-nt TCV region (—0.06 kcal/mol). It is
interesting that the TCV CP IRES serves a triple function that also includes being a
portion of the leader sequence for sgRNA2 and the coding sequence for p9.

Internal initiation of translation was also observed for the p9 movement protein in
vitro, and the 113-nt region upstream of p9 possessed IRES activity in bicistronic
reporter assays. The TCV p9 IRES lies within the coding region for the upstream p8
movement protein, and p9 is thought to be expressed only by leaky scanning of
sgRNA1 when the start codon of p8 is bypassed (48). It is possible that internal initiation
of p9 may complement leaky scanning in the context of either gRNA or sgRNA1.

The roles of any initiation factors in CP IRES activity had not previously been defined.
In this study, the roles of elF4E and elF4G were examined. elF4G was necessary for
high-level expression, since CP levels were reduced by over 80% in the presence of the
elF4G-sequestering BTE from TNV-D (Fig. 6). These results support earlier findings
showing that TCV replication was inefficient in Arabidopsis protoplasts lacking elF4G,
potentially due to the observed decrease in CP production (49). elF4E was dispensable,
as the PEMV-2 PTE added in trans was deleterious for translation only in the absence of
added elF4G (Fig. 6). Similarly, elF4G binds to the TEV leader and is the only elF required
for translation of the TEV genome (50, 51). There are two isoforms of elF4G in plants,
and while the second isoform, elFiso4G, was not tested, previous studies have shown
that elFiso4G preferentially enhances translation of capped mRNAs and is not involved
in noncanonical translation initiation (50, 52). Further studies using depleted extracts
will be required to determine the role of additional initiation factors in CP IRES activity.

The short, unstructured IRES characterized in this study may represent a cross-
kingdom mechanism for low-level translation initiation. IRES-directed translation is an
alternative strategy used by some cellular mRNAs during stress or cell cycle progres-
sion, albeit at <2% activity compared to that of cap-dependent translation (53, 54). As
with the CP IRES, cellular mRNA IRES are generally short and unstructured (55) and
serve as the leader sequence of the mRNA, much like the CP IRES is the leader of
sgRNAZ2. In support of this, the crTMV CP IRES displayed cross-kingdom activity in plant,
yeast, and human cell-based assays (16).

In conclusion, we have characterized the CP IRES of TCV and found a remarkable lack
of sequence and structural requirements for activity. Interestingly, a recent analysis
of >100 positive-sense single-stranded RNA virus gRNAs found short sequences (174
nt) with IRES activity throughout the coding regions of uncapped viruses (56). Thus,
simple, unstructured IRES have the potential to add an additional level of translational
control for viral genomes that are hampered by limited coding potential.

MATERIALS AND METHODS

Plasmids and site-directed mutagenesis. All TCV constructs used in this study were derived from
pTCV66, which contains a cDNA copy of the TCVm isolate downstream of a T7 promoter (57). Site-
directed mutagenesis was performed using Q5 DNA polymerase (New England BioLabs) and partially
overlapping primers as previously described (58). All constructs were propagated in Escherichia coli
DH5a, and all mutations were confirmed by sequencing.

In vitro translation using WGE. RNA was synthesized from Smal-linearized TCV plasmids by use of
bacteriophage T7 RNA polymerase. Five microliters of WGE (Promega) was programmed with 1 ug of in
vitro-synthesized RNA in a 10-ul reaction volume. After 90 min, translation reaction mixtures were
resolved by 10% SDS-PAGE. Gels were dried and exposed to a phosphor screen, and [*°S]Met-labeled
proteins were visualized by autoradiography. CP band intensities were quantified using Multi Gauge
software (Fujifilm) and normalized to the levels of p28, unless noted otherwise.
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Dual-luciferase assays. The construct p2Luc, which contains a multiple-cloning site between
Renilla and firefly luciferase genes, has been described previously (59). For all constructs, the
corresponding IRES region was amplified by PCR and cloned into Sall and BamH]I restriction sites
located between the two luciferase reporter ORFs. The TCV 3’ UTR was amplified by PCR and inserted
immediately downstream of the firefly luciferase gene by use of Pmll and Eagl restriction sites. The
REVERSE and REV COMP sequences of CP-116 (engineered to lack start codons) were synthesized
commercially (Integrated DNA Technologies) and inserted into the Sall and BamHI restriction sites
of p2Luc. Plasmids lacking the TCV 3’ UTR were linearized with Pmll, and plasmids containing the
3" UTR were linearized with Eagl. All constructs were confirmed by sequencing of the region of
interest. For each assay, in vitro translation reactions were performed as described above, and the
reaction mixtures were diluted 1:20 in 1X phosphate-buffered saline (PBS) after 90 min. Twenty
microliters of each reaction mixture was analyzed by using a dual-luciferase assay system (Promega)
following the manufacturer’s protocol and a Modulus microplate multimode reader (Turner Biosys-
tems).

SHAPE RNA structure probing. Selective 2’-hydroxyl acylation analyzed by primer extension

(SHAPE) was performed using previously described methods (60). Briefly, full-length TCV RNA transcripts
were modified with either dimethyl sulfoxide (DMSO) (negative control) or N-methylisatoic anhydride
(NMIA) for 40 min and then subjected to reverse transcription using Superscript Ill (Invitrogen) and
32P-labeled oligonucleotides complementary to TCV positions 2819 to 2842 and 2753 to 2775. Primer
extension products were resolved by 8% denaturing PAGE and visualized using a Typhoon phosphor-
imager (GE Healthcare). Band intensities were determined using semiautomated footprinting analysis
(SAFA) software (61). For each position, the signal of the DMSO reaction was subtracted from that of the
NMIA reaction, and net reactivities were ranked. The top 1% were discarded as outliers, and the net
reactivity was normalized to the top 10% of highest-intensity values. Bases covered by both oligonu-
cleotides differed by <0.2 SHAPE reactivity units.

Transfection of Arabidopsis protoplasts and blotting. Protoplasts derived from Arabidopsis thali-

ana (Col-0 strain) calluses were used for transfections as previously described (62). Briefly, 15 ng of TCV
gRNA was transfected into 7 X 10° cells in a 60-mm petri dish by use of polyethylene glycol. Samples
were placed in the dark at 22°C for 24 h and then divided for Northern and Western blotting. Total RNA
was isolated using RNA extraction buffer (50 mM Tris-HCI [pH 7.5], 5 mM EDTA [pH 8.0], 100 mM Nacl,
1% SDS), followed by phenol-chloroform extraction and ethanol precipitation. For Northern blotting, 1
g of total RNA was resolved in a 1.2% nondenaturing agarose gel and transferred to a nylon membrane
by capillary transfer. Three different [a-32P]dCTP-labeled DNA probes targeting the subgenomic portion
of the TCV genome were used for hybridization at 50°C. Primer extension reactions were performed using
SuperScript lll (Invitrogen) and 1 ug of total RNA with a reverse primer binding at position 2711 of the
TCV genome. Blots were imaged using a FLA-5100 fluorescence image analyzer (Fujifilm). For Western
blotting, total protein lysates were isolated by resuspending 3.5 X 106 cells in protein analysis buffer (30
mM Tris-HCI [pH 6.8], 5% glycerol, 2.5% B-mercaptoethanol, 1.5% SDS). Lysates were resolved by 10%
SDS-PAGE. A semidry transfer method was used to transfer proteins to a 0.45-um nitrocellulose
membrane by use of a Trans-Blot SD apparatus (Bio-Rad Laboratories). Total protein was stained using
0.2% (wt/vol) Ponceau S and imaged for loading controls. After blocking, a primary polyclonal antibody
(rabbit anti-CP) was used at a 1:2,000 dilution. A horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG secondary antibody was used at a 1:10,000 dilution. Enhanced chemiluminescence was
detected using the SuperSignal West Pico substrate (Thermo Scientific).
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