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The Panicum mosaic virus-like translation enhancer (PTE) functions as a cap-independent translation
enhancer (3'CITE) in members of several Tombusviridae genera including 7/19 carmoviruses. For nearly
all PTE, a kissing-loop connects the element with a hairpin found in several conserved locations in the
genomic RNA (5’ terminal hairpin or ~100 nt from the 5’ end) and small subgenomic RNA (~63 nt from
the 5’ end). Moving the interaction closer to the 5’ end in reporter mRNAs using Saguaro cactus virus
(SCV) sequences had either a minimal or substantial negative effect on translation. Movement of the
kissing loop from position 104 to the SCV 5’ terminal hairpin also reduced translation by 4-fold. These
results suggest that relocating the PTE kissing loop closer to the 5" end reduces PTE efficiency, in contrast
to results for the Barley yellow dwarf BTE and Tomato bushy stunt virus Y-shaped 3'CITEs, suggesting that
different 3'CITEs have different bridging requirements.
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Introduction

Viruses are obligate parasites that rely on their hosts' transla-
tional machinery for production of encoded proteins. In the host,
recruitment of the 43S ribosomal subunit complex to the 5’ end of
most cellular mRNAs requires a 5° 7 mG cap and a 3’ poly-A tail.
The 5’ cap is recognized by eukaryotic translation initiation factor
elF4E, which is a part of the elF4F complex that contains additional
translation initiation factors including the core scaffold protein
elF4G. elF4G interacts with elF3 to recruit the 43S ribosomal
subunit complex to the 5 end. The 43S complex then scans in
the 3’ direction until encountering an initiation codon in an
optimal context. After 60S subunit joining, translation elongation
commences (Aitken and Lorsch, 2012; Pestova et al., 2007).
5’ bound elF4G also interacts with poly-A binding protein, which
when bound to the 3’ poly-A tail circularizes the mRNA, which is
thought to synergistically enhance translational efficiency by
placing terminating ribosomal subunits near the 5 end for
recycling (Wells et al., 1998).

Many plant and animal viruses with RNA genomes lack a 5’ cap
and/or a 3’ poly-A tail and have evolved non-canonical mechanisms
for both attracting ribosomes and circularizing their genomes to
allow for ribosome recycling (Firth and Brierley, 2012; Walsh et al.,
2013; Walsh and Mohr, 2011). Some viruses snatch caps from
cellular mRNAs (Garcin et al,, 1995) while other viruses replace
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the cap with a viral-encoded protein that becomes covalently
attached at the 5 end and directly recruits translation initiation
factors such as elF4E and elF3 (Daughenbaugh et al., 2003;
Goodfellow et al., 2005). Many animal RNA viruses conduct cap-
independent translation by attracting ribosomes to extensive, highly
structured cis-acting RNA elements known as internal ribosome
entry sites (IRES). Viral IRES are located near, or span the initiation
codon and recruit required initiation factors or ribosomal subunits
directly (Hertz and Thompson, 2011; Martinez-Salas et al., 2012).
Plant viruses can also contain 5’ IRES, which for Tobacco etch
potyvirus recruits elFAG within the elF4F complex as well as the
40S ribosomal subunit for initiation of polyprotein translation
(Basso et al., 1994; Gallie, 2001). In the carmovirus Pelargonium
flower break virus (PFBV), an internal IRES is proposed to direct
translation of the coat protein (CP) from the genomic (g)RNA
(Fernandez-Miragall and Hernandez, 2011). This element may allow
for early translation of the CP, which serves as a suppressor of the
plant RNA silencing defense system, prior to synthesis of the
subgenomic RNA (sgRNA) that serves as the mRNA for the majority
of CP production.

Positive-sense plant viruses with no 5 cap more frequently
have critical translation enhancers near or within the 3'UTR of
their genomes (Guo et al., 2001; Miller et al., 2007; Simon and
Miller, 2013). These cis-acting, cap-independent translation ele-
ments (CITEs) have predominantly been found in viruses belong-
ing to the Tombusvirus and Luteovirus families. To date, 7 classes
of 3’CITEs have been described in 6 genera of plant viruses, with
some classes found in multiple genera (Simon and Miller, 2013).
Although 3'CITEs have diverse secondary structures, most recruit
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translation initiation factors or ribosomes in a structure and/or RNA kissing loop interactions involving hairpins in the 5'UTR

sequence dependent manner. These bound translation compo- or nearby coding region and a hairpin associated with the 3'CITE.
nents are then repositioned at the 5 end via long-distance RNA: Placement of either 3’ bound ribosomes (Gao et al., 2013;
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Gao et al., 2012) or initiation factors near the 5 end results in
ribosome entry at or near the 5 end of the genome, with
experimental evidence of ribosome scanning in the 3’ direction
to the initiation codon (Guo et al, 2001; Miller et al, 2007;
Nicholson et al., 2010; Simon and Miller, 2013).

The “PTE” class of 3'CITEs was originally identified in the
panicovirus Panicum mosaic virus (PMV) (Batten et al., 2006) and
later in the umbravirus Pea enation mosaic virus (PEMV) (Wang et
al,, 2009) and seven carmoviruses, including Saguaro cactus virus
(SCV) (Chattopadhyay et al., 2011). In PMV and PEMV, the PTE lies
fully within the 3'UTR whereas in SCV and several other carmo-
viruses, the PTE spans the junction between the CP ORF and the
3’UTR (Fig. 1B). Characteristic PTE structural components include a
lower supporting stem followed by a guanosine-rich asymmetric
loop (G-domain) and a three-way branched structure with two
hairpins (H1 and H2; Fig. 1B). In PEMV, a pseudoknot formed
between sequences in the G-domain and in the region linking the
two hairpins is the binding site for elF4E; this pseudoknot has
been proposed to be a basic feature of PTE (Wang et al.,, 2011;
Wang et al., 2009).

In general, PTE hairpin H1 contains a 4-6 base-pair (bp) stem
and a 5-8-nt apical loop, whereas the 3’ hairpin is heterogeneous
in length and structure (Chattopadhyay et al., 2011). With the
exception of the PEMV PTE, the apical loops of all PTE H1 have
known or putative kissing-loop interacting partners in apical loops
of hairpins positioned in several distinctive locations within the
genome. At the 5’ end of the gRNA, the partner sequence is found
in one of two locations: in PMV and three carmoviruses (Carnation
mottle virus [CarMV]; Galinsoga mosaic virus [GaMV]; and Hibiscus
chlorotic ringspot virus [HCRSV]), the proposed PTE-pairing partner
is the apical loop of a 5’ terminal hairpin (gH1), which is a general
component of most carmoviruses whether or not they contain a
3'PTE. In contrast, for carmoviruses SCV, PFBV, and Honeysuckle
ringspot virus (HnRSV), the PTE-pairing partner is in the apical loop
of a hairpin located in very similar positions within the 5’ proximal
ORF (Simon and Miller, 2013). The presence of pairing partners for
carmoviral PTE at one of two distinctive locations near the 5 end
of the gRNA suggests that proper positioning of the long-distance
interaction might be needed for appropriate function. The
sequences involved in the kissing-loop interactions are also highly
conserved (UGCCA/UGGCA), and either sequence can be located in
the 5 or 3’ position (Simon and Miller, 2013).

The PTE-containing carmovirus SCV is a single stranded, positive-
sense RNA virus lacking both a 5’ cap and 3’ poly-A tail. The compact
3859 nt SCV gRNA has a 39 nt 5’UTR followed by 4 overlapping ORFs
in addition to the 3’ proximal CP ORF (Fig. 1A). The 5 proximal ORF
encodes replication-required protein p26 and ribosomal-readthrough
product p86, which is the viral RNA-dependent RNA polymerase.
sgRNA1 encodes p6 and p9, which are presumptive movement
proteins based on sequence similarities with other carmovirus move-
ment proteins (Weng and Xiong, 1997). The 224 nt 3'UTR terminates
with a series of hairpins and one pseudoknot (H4b, H5, Pr and ¥;)
(Fig. 1B, right), with several of these elements (H5, Pr, ;) conserved
in all carmoviruses with the exception of GaMV. The SCV PTE,
which substantially enhances translation of luciferase reporter con-
structs that contain its 5’ interacting sequence, is located upstream of

these conserved elements, spanning the CP termination codon
(Chattopadhyay et al, 2011). Mutational analyses of a reporter
construct assayed in protoplasts and in-line probing RNA structure
assays indicated that the apical loop of PTE hairpin H1 participates in
an essential, long-distance RNA:RNA interaction with the apical loop of
hairpin gH3 located in the p26 ORF (Fig. 1B), and hairpin sgH1 in the
5'UTR of sgRNA2 (see Fig. 5A).

In this report, we continue our analysis of the SCV PTE to
examine the hypothesis that conserved positioning of PTE-
interacting hairpins is important for efficient PTE function as a
translation enhancer. Using reporter constructs assayed in vivo, we
determined that: (1) relocating 5 partner hairpins at least 27-nt
closer to the 5 end does not substantially reduce function,
suggesting that an alternative explanation is responsible for the
strict conservation of the kissing loop location; (2) gH1, found at
the 5 terminus of most carmoviruses, impacts translation
mediated by SCV 5’ sequences; (3) transferring the gH3 loop to
gH1 allows for translation but at a significantly reduced level;
(4) movement of sgRNA2 hairpin sgH1 36-nt closer to the 5’ end
can significantly impact translation despite only minor apparent
changes to the structure of the hairpin. These results add to our
understanding of the functioning of PTE-type translational enhan-
cers and requirements for 3’CITE kissing-loop interactions.

Results

The SCV PTE is supported by an extended base stem that is conserved
in PTE-containing carmoviruses

The structure of the SCV PTE was previously determined using
in-line structure probing of a 343-nt fragment that was co-
terminal with the 3’ end of the gRNA (Chattopadhyay et al,
2011). This fragment, when located downstream of luciferase in
a reporter construct containing the 5 125 nt of SCV, was able to
enhance translation by 75-fold compared with control constructs.
For the current study, we employed SHAPE (selective 2’ hydroxyl
acylation analyzed by primer extension) to examine the structure
of the PTE within the full-length SCV gRNA. SHAPE interrogates
the local backbone flexibility of the RNA by modifying 2’ OH
groups of unconstrained bases using the acylating agent, NMIA
(Wilkinson et al., 2006). The sites of modification are resolved by
reverse transcriptase-mediated primer extension, which is
impeded by 2’ acylated nucleotides. An RNA structural map is
generated in which flexibility of the nucleoside correlates with the
level of SHAPE modification.

The SHAPE-derived structure of the PTE in the full-length gRNA
(Fig. 1B and C) was consistent with the structure previously defined
by in-line probing of the 343 nt fragment (Chattopadhyay et al.,
2011). All residues in the lower stem, including the A-A and G-A
non-Watson-Crick pairs, were inflexible using both assays, denot-
ing that a stable, paired lower stem also exists in the PTE within the
full-length gRNA. The 5 side purines in the linker sequence
between the two hairpins were flexible in both assays, whereas
the adjacent pyrimidines were inflexible. Residues on the 3’ side of
the 3-way junction region were also flexible by both procedures.

Fig. 1. Genome organization and structure of the 5" and 3’ terminal regions of SCV. (A) SCV genome organization. See text for details. (B) Secondary structure of the 5" and 3’
ends of the SCV genomic RNA. The 5’ 125 nt harbors three predicted hairpins. The initiation codon for p26 is indicated. The 3’ region of SCV contains the PTE, which starts in
the CP ORF and terminates in the 3'UTR (arrow). Residues potentially involved in a pseudoknot necessary for elF4E binding to the PEMV PTE are underlined. 3'UTR elements
H4b, H5, Pr and ¥; are conserved in most other carmoviruses. The long distance kissing-loop interaction between gH3 and PTE H1 is shown with dotted lines. The 3’
structure shown is one of the mfold-predicted structures for the PTE and surrounding region that was in agreement with the SHAPE-derived flexibility profile. Full length SCV
gRNA was modified with NMIA and sites of modified bases were revealed by primer extension of >?P-labeled oligonucleotides following denaturing polyacrylamide gel
electrophoresis. Residues in the structure corresponding to high and low reactivity to NMIA are denoted by red and green colors, respectively. ELS, elongated lower stem.
(C) Denaturing acrylamide gel showing primer extension products of the PTE and its surrounding region. N, NMIA treated RNA; D, DMSO treated RNA; U, G and C, sequencing
ladders generated by dideoxy sequencing of the RNA with the same primer used in modification lane. Positions of the 5 and 3’ sides of the ELS, and conserved features in PTE

are indicated to the right of each gel.
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Fig. 2. mfold-predicted secondary structures of the PTE region in other carmoviruses. Phylogenetic analysis revealed that the PTEs of PFBV, HnRSV and GaMV have structural
configurations similar to the PTE of SCV. All four PTEs protrude from a 3-way junction containing an elongated lower stem and a short 5’ side hairpin.

The different techniques and/or different sized templates also
revealed differences in residue flexibility in the PTE and surround-
ing sequences. For example, residues 3655-3658 in the 8-nt G
domain were sensitive to NMIA in the full-length gRNA whereas
residues 3653-3657 were susceptible to in-line cleavage within the
shorter fragment. Furthermore, in the apical loop of PTE hairpin H2,
different sets of residues were flexible in the two assays. The most
striking difference was in the apical loop of PTE hairpin H1, which
participates in the kissing-loop interaction. Five of six loop residues
were flexible in the 343-nt fragment, whereas all loop residues
were inflexible in gRNA that contains the 5’ partner sequences

located in gRNA hairpin gH3 and sgRNA hairpin sgH1 (Fig. 1B and C).
This latter result suggests that the PTE is paired with one of its
interacting sequences in the full-length gRNA.

Previous mfold computational predictions (Zuker, 2003) com-
bined with in-line RNA structure probing suggested that the PTE
was upstream of a small hairpin and long single-stranded region,
followed by conserved carmovirus hairpin H4b (Chattopadhyay
et al,, 2011). SHAPE probing of SCV gRNA did not support the
predicted structure upstream of H4b. Rather, the SHAPE flexibility
profile was consistent with the PTE branching off of a 3-way
junction, which also contains a 5’ side hairpin and an elongated
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base stem (ELS) (Fig. 1B and C). Examination of the other six PTE-
containing carmoviruses using mfold (Zuker, 2003) revealed that a
similar structural configuration was one of the predicted struc-
tures for all of these viruses (Fig. 2 and data not shown). It is
currently unknown if any of the presumptive conserved elements
adjacent to the PTE contribute to translation or other viral
function.

Efficient translation of PTE-containing reporter constructs does not
require that the 5' gRNA interacting sequence be located at a specific
position

In SCV, PFBV and HnRSV, the sequences at the 5’ end of the gRNA
that engage in the kissing-loop interaction with the PTE are similarly
positioned 100-104 nt from the 5’ end, which for these viruses lies
within their first ORF (Table 1). Pea stem necrosis virus (PSNV), which
has an extended 5'UTR compared to other carmoviruses, contains a
putative PTE-partner sequence 107 nt from the 5 end within its
5'UTR. To determine if efficient translation enhancement requires
specific positioning of the SCV PTE-interacting sequence relative to
the 5’ end of the gRNA, the location of gH3 was altered in luciferase
reporter constructs containing the 5 125 nt and 3’ 400-nt of SCV
(5'125-Fluc-3'400; Fig. 3A). The 5’ 125 nt of SCV gRNA contains the
39-nt UTR along with the beginning of the p26 coding region, which
includes gH3 (Chattopadhyay et al., 2011). Wild-type (WT) parental
and mutant constructs were co-inoculated with a control Renilla
luciferase (RLuc) construct into Arabidopsis protoplasts, and lucifer-
ase activity was measured 18-h later. Deletion of 9 nt (positions
61-69) upstream of a small hairpin (gH2) adjacent to gH3 resulted in
enhanced luciferase activity (130% of WT). Deletions of 18 and 27 nt
resulted in only moderate reductions in luciferase activity (to 78%
and 70% of WT, respectively) (Fig. 3B). This moderate loss of
luciferase activity could be accounted for by repositioning gH3 closer
to the 5 end or could be due to specific deletion of the 27 bases
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upstream of gH2. These results, however, suggest that gH3 can be
repositioned at least 27 nt closer to the 5 end in 5'125-Fluc-3'400
without a substantial loss in luciferase activity.

Most carmovirus gRNAs, including SCV, contain 5 terminal
sequences that can fold into a stable hairpin (gH1). In GaMV, HCRSV
and Carnation mottle virus (CarMV), the PTE-complementary sequence
is located in the apical loop of gH1. To investigate the impact on
translation when gH1 of SCV is altered to contain the PTE-interacting
sequence, the apical loop of gH1 was replaced with the apical loop of
gH3 (Fig. 3B). In addition, a single point mutation (Cips to G) was
engineered in the loop of gH3 to disrupt the natural long distance
RNA:RNA interaction. This single mutation by itself reduced luciferase
activity in protoplasts to 4.1% of WT (Fig. 3B). When the construct also
contained gH1 with the apical loop of gH3, luciferase activity
improved 13-fold to 55% of WT. This suggests that moving the
interacting sequence to the 5 terminus can support the required
RNA:RNA interaction. However translation was reduced by nearly 50%
from WT levels, suggesting either that a preference exists for the WT
location of the interacting sequence, or that SCV hairpin gH1 plays a
role in translation that is disrupted when its apical loop is altered.

gH1 is required for efficient translation of the SCV reporter construct

To determine if gH1 is important for SCV translation, the entire
hairpin was deleted, producing construct AgH1. Luciferase activity
of AgH1 was 57% of WT (Fig. 4A), suggesting that the hairpin, or
24-nt in this location, improves translation. To determine the
importance of the gH1 stem, the stem was disrupted by replacing
the 5 side sequence with the 3’ side sequence (construct m1). m1
luciferase activity (56% of WT) was similar to that of AgHI,
suggesting that the hairpin is not acting as a simple spacer
element. When compensatory mutations were included in the 3’
side of gH1 to restore the stem (construct m2), luciferase activity
decreased to 24% of WT (Fig. 4A). One possibility for why the
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Fig. 3. Effect of gH3 location on translation of reporter constructs. (A) Parental reporter construct 5125-Fluc-3'400 contains firefly luciferase (Fluc) flanked by the 5 125 nt
and 3’ 400 nt of SCV gRNA. (B) The position of gH3 was altered by deletions as well as replacement of gH1 loop sequence with that of gH3. The later alteration was combined
with a single mutation in the gH3 loop (Cyo6 to G) that disrupts the natural kissing-loop interaction. Deletions are denoted by hatched lines. Experimental constructs were
assayed in Arabidopsis protoplasts co-inoculated with a control Renilla luciferase reporter construct. Levels of luciferase activity are presented as a percentage of the activity
of the parental construct. Results are from three independent experiments with standard deviations given. The initiation codon of the p26 ORF is boxed.
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restored gH1 stem in construct m2 did not re-establish efficient
translation was the inadvertent introduction of an out-of-frame
AUG codon into the gH1 stem (Fig. 4A). To determine if this
upstream AUG reduced translation initiation from the p26 initia-
tion codon, the AUG in the m2 gH1 stem was mutated to AUA
generating construct m2,ya. Eliminating the AUG in m2 increased
luciferase activity to 72% of WT, suggesting that the upstream out-
of-frame AUG is interfering with luciferase translation. This
prompted an examination of a naturally occurring out-of-frame
AUG located in WT gH1 for its effect on translation (Fig. 4A,
solid box). When the SCV gH1 AUG was altered to UUG (construct
gH1yyg), luciferase activity increased to 198% of WT, suggesting
that the gH1 AUG was negatively impacting translation. However,
a second possibility was that the alteration in the loop of gH1
affected a function associated with gH1 that was independent of
the presence of an initiation codon. To test for this possibility, the
apical loop or entire gH1 sequence was replaced with gH1
sequences from carmovirus Calibrachoa mottle virus (CbMV), gen-
erating constructs gH1cpmvar and CbMVgy, respectively. CbMV is
predicted to contain a TED-like 3'CITE that engages in a long-
distance kissing-loop interaction with the apical loop of a coding
region hairpin located in a similar ORF position as the SCV PTE-
interacting hairpin (110 nt from the 5 end; Simon and Miller,
2013). As with SCV, CbMV also contains a 5 terminal gH1 hairpin
but without an AUG (Fig. 4B). Our reasoning was that if gH1 or its
apical loop are important for translation, then the CbMV gH1 or
CbMV gH1 apical loop replacements might provide effective
substitutions. gH1cpmye and CbMVgy; increased translation to

168% and 169% of WT, respectively (Fig. 4C). These results suggest
that CbMV gH1 can functionally replace SCV gH1 in our translation
assays, and enhanced translation of constructs containing gH1yyc,
gH1cgmvi and CBMV,gy;, is due to the absence of an upstream AUG.
Since deletion of gH1 (construct AgH1) or compensatory muta-
tions in the gH1 stem (construct m2,y,a) also removed any upstream
out-of-frame initiation codons, the level of luciferase activity pro-
duced by these constructs should be more accurately compared with
that of gH1yyc. Thus AgH1 reduced translation to 28% of gH1yyg
and m2aya only restored translation to 36% of gH1yyc. In addition,
since transferring the PTE-interacting sequence to gH1 (Fig. 3) also
eliminated the gH1 AUG, the level of luciferase activity obtained by
this construct should also be compared with that of gH1yyc. Thus,
transferring the RNA:RNA interaction site to the 5 terminal hairpin
produced only 25% of the luciferase activity of gH1yyc. These results
together suggest that (1) SCV gH1 plays a role in translation; (2) the
gH1 AUG impacts translation from the in-frame AUG in 5'125-Fluc-
3'400; and (3) CbMV gH1, which shares structural but no sequence
similarity with gH1 of SCV, can functionally replace SCV gH1.

Translation directed by the sgRNA2 5'UTR can be affected by altering
the location of the PTE interacting sequence

Carmoviral PTE also engage in a long-distance kissing-loop
interaction with hairpin sgH1 located in the central region of their
sgRNA2 5'UTR (Chattopadhyay et al., 2011; Fig. 5A). All sgH1
interacting sequences in PTE-containing carmoviruses are found
in the apical loops of diverse hairpins located in the center of their
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U u u u u u u u u
c G G GC GC cG
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AU uu UA: UA AU
UA A A AU; AU UA
GU uu UG} UA GU
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1-GU uu uG uG GU
gH1 AgH1 m1 m2 M2, gH1yye
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activity 100 57+1 56112 24%3 70+3 198115
B C
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gH3
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CbMV5’ 125 nt

Fig. 4. Mutational analysis of gH1. (A) Alterations were generated in 5'125-Fluc-3’400. A natural AUG located upstream and out-of-frame with the initiator AUG is boxed in a
solid line in SCV gH1 (left). An out-of-frame AUG that was introduced into the stem in construct m2 when the 3’ side sequence was replaced with the 5’ side sequence is
boxed with a dotted line. This AUG was altered to AUA in construct m2,ya. gH1yyc contains a single base change (underlined) that eliminates the AUG in SCV gH1. Luciferase
activity values were determined from three independent experiments and are presented as a percentage of the activity of the parental construct. (B) Schematic
representation showing the organization of predicted hairpins in the 5 125 nt of CbMV. CbMV contains a putative I-shaped 3'CITE capable of forming a kissing-loop
interaction with its gH3 that is very similar to the SCV kissing-loop interaction (Simon and Miller, 2013). CbMVgy; does not contain an AUG. (C) Hairpins that were
substituted for SCV gH1 in 5'125-Fluc-3'400. Results are from three independent experiments with standard deviations given.
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Fig. 5. Effect of sgH1 location on translation of reporter constructs and sgH1 structure. (A) The long distance kissing-loop interaction between sgH1 and the PTE is shown
with dotted lines. Start of the CP ORF is indicated. (B) sgRNA parental reporter construct 5137-Fluc-3'400 contains Fluc flanked by the 5'UTR (137 nt) of sgRNA2 and the 3’
400 nt. (C) Effect of deletions on translation of sgH1. Residues of sgH1 with strong or moderate reactivity to NMIA within 5'137-Fluc-3'400 transcripts are denoted by red and
green colors, respectively. The position of sgH1 was altered by deleting upstream sequence. Deletions are denoted by hatched lines. Experimental constructs were assayed in
Arabidopsis protoplasts co-inoculated with a Renilla luciferase reporter control construct. Levels of luciferase activity are presented as a percentage of the activity of the
parental construct. Results are from three independent experiments with standard deviations given. (D) SHAPE autoradiogram comparing sgH1 structure in parental WT
transcripts, and transcripts containing deletions A2507-2533 or A2489-2533. U and A, ladder lanes; N, NMIA; D, DMSO. Position of sgH1 is bracketed. Asterisks denote

residues with reproducible, slightly increased flexibility.

sgRNA2 5'UTR, with the interacting sequences occupying nearly
identical positions relative to the 5 end (62-65 nt downstream)
(Table 1). Although the sgRNA2 transcription start sites have not
been mapped for two carmoviruses (HnRSV and HCRSV), there is
strong phylogenetic conservation of sequences just upstream of
carmovirus sgRNA?2 start sites (Table 2). In addition, the 5’ terminal
sequences of carmovirus sgRNA2 contain a carmovirus consensus
sequence (G,_3 A/Us) similar or identical to the sequence found at
the 5 end of their gRNA (Guan et al., 2000).

To determine whether the location of sgH1 affects translation
directed by the sgRNA2 5'UTR, sgH1 was moved closer to the
5 end by sequentially deleting upstream sequences in a parental
luciferase construct containing the complete 5’'UTR (137 nt) and
3’ 400 nt (5'137-Fluc-3'400; Fig. 5B). Deletions of 9, 18 or 27 nt
(positions 2525-2533, 2516-2533 and 2507-2533) resulted in
80%, 121% and 94% of the WT parental luciferase activity, suggest-
ing that relocating the interacting sequences at least 27 nt closer
to the 5’ end was not detrimental to translation of the reporter
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Table 1
Location of the PTE 5’ kissing loop sequences in Carmoviruses.

Virus PTE kissing-loop Position of kissing-loop Position of kissing-loop

sequence sequence in gRNA sequence in sgRNA2
5’ region relative to 5' end
SCV CUGCCA UGGCAG AGGCAG
104 nt, in ORF 64 nt
PFBV  CUGCCA UGGCAG UGGCAG
100 nt, in ORF 63 nt
HnRSV UGGC UGGCAG UGGCAG
104 nt, in ORF 62 nt*
PSNV  UUGGCG GCCA 107 GGCCAAC
nt, in 5'UTR 65 nt
GaMV CUGCCA CGCCAA 5 CGCCAA
Terminal HP ND**
CarMV UAGCCA UGGCGG 5 GGCAG
Terminal HP 64 nt
HCRSV UGGC UGGC 5' GGCUG
Terminal HP 64 nt*

* Estimated based on phylogenetic conservation of sgRNA2 start sites shown in
Table 2.
** Start site for sgRNA2 could not be estimated.

Table 2
Estimating sgRNA2 start sites for HnRSV and HCRSV.

Virus Known or putative (*) sgRNA2 5 start site gRNA 5 end
scv cccec Acu 'G_GTJAA GGGUAA
CarMV cceee Guu '&:GUAA GGGUAA
PFBV cceec ucu '&TJAAA GGGAUA
PSNV ccecce A'E(‘:GAU GGGGAU
T™v ccce GU [E(:GUAAU GGUAAU
HnRSV CCCCC GGU 'E:UUUU* GGGGUUUU
HCRSV cce uce IE(;;AAA GGGAAA

construct in vivo. In contrast, deletion of an additional 9 or 18 nt
(positions 2489-2533 and 2498-2533) reduced luciferase activity
by 4-5-fold. Deleting all upstream sequences (thus placing the
kissing-loop hairpin at the 5 terminus) resulted in a further
decrease in translation to 9% of WT luciferase levels (Fig. 5C).

The nearly 4-fold reduction in translation that occurred when
constructs contained a 36-nt deletion compared with a 27-nt
deletion could reflect either a positional requirement for sgH1 or
the loss of a required element or both. To help determine if the
decrease in luciferase activity was caused by disruption of a
required element, a construct was generated that contained only
the 9-nt deletion between positions 2498 and 2506 (Fig. 5C). This
9-nt deletion caused a 32% loss in translation activity. Randomiz-
ing the entire sequence between the 5 end and sgH1 resulted in a
similar loss of luciferase activity (33%). These results suggest that
the 4-fold reduction in translation due to deletion of positions
2498-2533 could be due to a combination of effects: loss of an
element that contributes to translation as well as an additional
effect caused by the 36-nt deletion.

To determine if the 36-nt deletion caused an alteration in the
structure of sgH1 (i.e., the deletion resulted in the loss of exposure
of the sgH1 apical loop), RNA transcripts derived from parental
construct 5137-Fluc-3'400, and deletion constructs 5137A27-

Fluc-3'400 (deletion of positions 2507-2533) and 5'137A36-
Fluc-3'400 (deletion of positions 2498-2533) were subjected to
SHAPE analysis in the vicinity of sgH1. The pattern of residues
susceptible to NMIA in sgH1 in the WT luciferase construct
(Fig. 5D, left) was mainly consistent with the hairpin structure
previously proposed using in-line probing (Chattopadhyay et al.,
2011). Residues in the apical loop participating in the kissing-loop
interaction were more weakly modified by NMIA than the adjacent
loop residues, suggesting that the long-distance interaction was
present in a portion of the transcripts. The bulged cytidylate at
position 2540 was flexible according to SHAPE, whereas the U-U
non-Watson Crick pair near the base of the stem was inflexible,
suggesting that this nucleotide pair is forming non-canonical
hydrogen bonds. The residues in the upper portion of the 5 side
stem were also weakly modified.

The susceptibility to NMIA of sgH1 residues in RNA transcripts
of parental construct 5137-Fluc-3'400 and 5'137A27-Fluc-3'400
was indistinguishable (Fig. 5D). Residue flexibility of sgH1 in
5137A36-Fluc-3'400 was also very similar with two exceptions.
Two residues, the bulged uridylate at position 2536 and the
adjacent cytidylate at position 2535, showed a reproducible low
level of modification by NMIA (Fig. 5D, asterisks). The lack of
discernible difference in residue flexibility in the sgH1 apical loop
suggests that the kissing-loop interaction with the PTE would still
be available. Thus an alternative explanation, such as a positional
effect, likely accounts for the reduced translational activity of
5137 A36-Fluc-3'400.

Discussion

At least four classes of 3'CITEs (PTE, TSS, ISS, and TED-like) have
been found associated with viruses in the carmovirus genus, with the
PTE being the most common (Simon and Miller, 2013). The best
studied PTE is the element associated with umbravirus PEMV (Wang
et al, 2011; Wang et al., 2009). However, this PTE is exceptional in
not being directly involved in a long-distance interaction. Thus, to
better understand how PTE function in general, analyses of more
canonical PTE are required. To this end, we examined the conforma-
tion of the SCV PTE and surrounding sequences within a full-length
gRNA transcript and the consequences of altering the conserved
placement of 5 sequences that interact with the PTE and bridge
the 5" and 3’ ends, thereby circularizing the translated RNAs.

The SHAPE-derived structure of the SCV PTE within full-length
gRNA (Fig. 1B) was consistent with the 3-way branched structure
previously predicted by in-line structure probing of a shorter 3’
terminal 343-nt fragment (Chattopadhyay et al, 2011) and by
SHAPE probing of a short fragment centered on the PTE (Wang et
al.,, 2011). The major difference between the current and previous
structures was the inflexibility of the 3H1 apical loop in the
full-length structure. This finding strongly suggests that these
residues in full-length transcripts are inflexible due to their
base-pairing with one of the pairing partners (gH1 and sgH1). In
the full-length fragment, the SHAPE flexibility profile of the
surrounding sequences was most consistent with the PTE jutting
out of a 3-way junction, which also contains a lower stem and
short 5’ side hairpin. The 10 lowest free energy mfold-generated
structures of the 3’ 800 nt of SCV also contained a similar
conformation, although the PTE portion of the structure was not
correctly folded (data not shown). Similar structures in this region
were predicted for all PTE-containing carmoviruses, suggesting
that this RNA conformation is phylogenetically conserved. How-
ever, it is not likely that this overall conformation is required for
PTE function as the PTE region in panicovirus PMV is not predicted
to adopt a similar structure (data not shown). In addition, the
PEMV PTE is known to be just downstream of a second 3'CITE, the
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KI-TSS ribosome-binding translation enhancer, and thus this
region in PEMV also does not adopt a similar conformation.
However, the PEMV PTE differs from carmovirus PTE in that it
does not participate in a long distance interaction, a function
associated with the adjacent kI-TSS (Gao et al., 2012).

For several carmovirus gRNAs, the PTE-interacting sequences are
found either in the loop of 5’ terminal hairpin gH1 or 100-107 nt from
the 5’ end also in the apical loop of a hairpin. In sgRNA2, the location
of the interacting sequence is even more precise: 62-65 nt from the 5
end of sgRNA2 in the apical loop of a hairpin (sgH1 in SCV). The PMV
5 sequence that is complementary with its PTE is also located in loop
of a 5’ terminal hairpin (Batten et al., 2006) as are the sequences that
form kissing-loops with a number of other 3'CITEs in the Luteoviridae
and Tombusviridae (Guo et al., 2001; Miller and White, 2006; Shen and
Miller, 2004). Based on the strict positional conservation of 5
sequences that partner with PTE in the critical long-distance kissing-
loop interaction, our original hypothesis was that the position of the 5
partner sequences relative to the 5 end of the translated RNA was
associated with PTE function as a translation enhancer. However,
moving SCV gH3 or sgH1 27 nt closer to the 5" end of their respective
reporter transcripts produced either only a modest 30% reduction in
luciferase activity (gH3; Fig. 3B), or had a negligible effect (sgH1;
Fig. 5C). This suggests that the strict conservation of PTE-interacting
sequences may be either (1) an evolutionary remnant; (2) necessary
for a function not directly connected with PTE-mediated translation;
or (3) necessary for translation of the viral RNA and not the reporter
construct. Interestingly, extending the 27-nt deletion to 36 nt by
deleting positions 2498-2506 reduced translation mediated by the
sgRNA2 5'UTR by 4-fold. Deletion of positions 2498-2506 alone also
reduced translation, but by only 32%, suggesting that the 4-fold
reduction in translation resulting from the 36-nt deletion was not
due simply to alteration of an important element in the region. The
36-nt deletion only slightly affected the structure near the base of
sgH1 and did not alter the weak flexibility of the apical loop residues,
indicating that the kissing-loop interaction involving these residues
was likely still present. The 4-fold decrease in translation that occurred
using the construct containing the 36-nt deletion thus may be, at
least in part, a consequence of the altered position of sgH1 relative to
the 5 end.

When the entire sequence upstream of sgH1 was randomized,
translation was reduced by a similar level as with the deletion of
positions 2498-2506, suggesting that an element contributing to
translation may reside in that location. The 9-nt sequence contains
a portion of a CA-rich sequence (AACAAAUCA) and similar CA-rich
motifs are found in 5’'UTRs of both gRNAs and sgRNAs of TCV and
tombusvirus Tomato bushy stunt virus (TBSV) and in the 5'UTRs of
CarMV and Cardamine chlorotic fleck virus (CCFV) sgRNA2 (Qu and
Morris, 2000). This single-stranded region has been postulated to
provide a suitable landing site for ribosome docking with the
viral mRNA (Qu and Morris, 2000). SHAPE structure probing of
5137-Fluc-3'400 transcripts also indicated that this sequence is
single-stranded (Fig. 5B).

All carmoviruses, with the exception of the two viruses
with ribosome-binding 3’CITEs (TCV and CCFV), have a predicted
hairpin (gH1) at the 5 end of their gRNAs. A subset of the
PTE-containing carmoviruses have the kissing-loop sequence within
the apical loop of this hairpin, as does TGP-carmo isolate 1, which is
predicted to have a TED-like 3’CITE (Simon and Miller, 2013).
Transposition of the SCV PTE-interacting sequence from its distal
location to the loop of gH1 resulted in significantly reduced transla-
tion, despite removal of an upstream out-of-frame AUG residing
partially within the gH1 loop that reduced translation of the
parental reporter construct by ~50% (Fig. 3B). This result suggests
that gH1 in at least some carmoviruses may have a function in
translation other than simply as a potential scaffold for the long-
distance interaction. A separate role for SCV gH1 in translation is

suggested by the inefficient translation that resulted when the stem
of gH1 was disrupted, which was only partially restored by com-
pensatory mutations and only when an inadvertent potential initia-
tion codon within the stem was mutated. Although this result
suggests a sequence-specific requirement for proper gH1 function,
CbMV gH1 was able to effectively substitute for SCV gH1, despite
having only limited sequence similarity. These results for the PTE
differ from results obtained using similar reporter constructs and
UTR sequences from Barley yellow dwarf luteovirus (BYDV). The
BYDV BTE 3'CITE also engages in a kissing-loop interaction with 5
sequences, which for the gRNA are located 104 nt from the 5 end
and for sgRNA1 are located in a 5’ terminal hairpin. In this system,
relocating the gRNA 5’ interacting sequences to a 5’ terminal hairpin
had only a limited 26% decrease in translation efficiency
(Rakotondrafara et al, 2006). A similar study in TBSV, which
contains a Y-shaped 3'CITE, also indicated that repositioning the 5’
interacting sequence relative to either the 5 terminus or the
initiation codon in an experimental mRNA did not substantially
affect translation efficiency (Fabian and White, 2006).

It has been proposed that the kissing-loop interactions that
connect 3'CITEs to the 5 ends of their translated mRNAs function
more efficiently when the 5’ sequences are located proximal to the
5 end. This proximity is proposed to assist ribosomes in using the
translation factor-bound 3'CITEs to dock with the template and
finding the 5’ terminus of the mRNA prior to scanning to the
initiation codon (Rakotondrafara et al., 2006). This hypothesis was
based partially on finding that increasing the distance of the
kissing-loop interacting sequence relative to the 5 end in BYDV
reduced translation efficiency. Our results for the SCV PTE kissing-
loop interaction do not currently support this hypothesis. With
one exception (9-nt deletion in the gRNA), all deletions that
repositioned the kissing-loop sequence closer to the 5 end had
either a limited effect on translation or a strong negative effect on
translation. In addition, sgRNA2 in PTE-containing carmoviruses
must express the CP at high levels despite having the interacting
sequence at least 63-nt distal to the 5’ end. Movement of sgRNA2
sgH1 to the 5’ end by deleting intervening sequences (which when
randomized only reduced translation by 33%) reduced translation
by over 10-fold (Fig. 5C). Furthermore carmoviruses that have the
gRNA kissing-loop sequence at the 5’ end in gH1 or at least 100-nt
distal to the 5 end in a downstream hairpin likely require
synthesis of comparable levels of their replication proteins. It
seems likely that additional factors also dictate the evolutionary
placement of the 5’ kissing-loop interacting sequences for 3'CITEs.

Material and methods
Generation of constructs

Previously described single luciferase reporter constructs 5125-
Fluc-3'400 and 5'137-Fluc-3'400 were the parental constructs used
for the alterations generated (Chattopadhyay et al., 2011). The 5’ end
of the reporter constructs contain either the 5 125 nt of the SCV
gRNA or the 5'UTR of SCV sgRNA2 (137 nt) upstream of the firefly
luciferase (Fluc) gene. The 3’ end contains the 3’ 400 nt of SCV.
Oligonucleotide-mediated site-directed mutagenesis was used to
generate specific mutations in the 5 125 nt and the 5’ 137 nt regions
(oligonucleotide sequences available upon request). All mutations
were verified by sequencing. Plasmids were linearized with Sspl and
used as templates for in vitro transcription using T7 RNA polymerase.

in vivo translation in protoplasts

Protoplasts were generated from callus cultures of Arabidopsis
thaliana ecotype col-0, using cellulase and pectinase to remove the
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cell wall as previously described (Zhang et al., 2006). Uncapped,
in vitro transcribed RNA (30 pg) was inoculated into 5 x 10°
protoplasts using 50% poly-ethylene glycol (PEG) along with 10 pg
of uncapped in vitro transcripts containing a Renilla luciferase
(RLuc) reporter as an internal control. Protoplasts were harvested
at 18 hpi, cells were lysed using 1 x passive lysis buffer (Promega)
and luciferase activity was measured using a Modulus™ Microplate
Multimode Reader (Turner Biosystem).

SHAPE structure probing

Full-length SCV gRNA transcripts were used as templates to
assay RNA structure in the PTE and surrounding region. Transcripts
synthesized from 5'137-Fluc-3'400, 5'137A27-Fluc-3’400 and
5137 A36-Fluc-3'400 were used to assay the structure of sgH1.
Six pmoles of in vitro transcribed RNAs were heated at 65 °C for
5 min and snap-cooled on ice for 2 min. Transcripts were folded in
SHAPE Folding Buffer-2 (80 mM Tris-HCI pH 8, 11 mM Mg
(CH3C00),, 160 mM NH4Cl) for 20 min at 37 °C. Three pmoles of
the folded RNA was combined with either N-methylisatoic anhy-
dride (NMIA) or DMSO at a final concentration of 15 mM. RNA
reaction mixtures were incubated for 35 min at 37 °C (5 half-lives
of NMIA) followed by phenol extraction and ethanol precipitation.
Oligonucleotides were 5 end radiolabeled using y-[>*P]-ATP and
polynucleotide kinase and primer extension reactions performed
using Superscript III reverse transcriptase (Invitrogen) as pre-
viously described (Wilkinson et al., 2006). For SCV gRNAs, oligo-
nucleotides used were complementary to positions 3826-3851
and 3715-3738. For 5'137-Fluc-3’400 and derivatives, the oligo-
nucleotide (5-GTTTTTGGCGTCTTCCATGAGC-3’) was complemen-
tary to sequence in the Fluc coding region. RNA products of the
reverse transcription reactions were re-suspended in 8 pl of 0.5 x
TE buffer and subjected to electrophoresis through 8% denaturing
polyacrylamide gels and radioactive bands visualized using a
phosphorimager. Sequencing ladders were generated by Sanger
sequencing methods using unmodified RNA (2 pmoles), Super-
script Il reverse transcriptase, and the same 5’-end labeled
oligonucleotides as used for the modified RNA. RNA secondary
structural maps were generated from structure probing results
and best fitted mfold predictions.
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