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The Kissing-Loop T-Shaped Structure Translational Enhancer of Pea
Enation Mosaic Virus Can Bind Simultaneously to Ribosomes and a 5’
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The Pea enation mosaic virus (PEMV) 3’ translational enhancer, known as the kissing-loop T-shaped structure (kI-TSS), binds
to 40S subunits, 60S subunits, and 80S ribosomes, whereas the Turnip crinkle virus (TCV) TSS binds only to 60S subunits and
80S ribosomes. Using electrophoretic mobility gel shift assay (EMSA)-based competition assays, the kl-TSS was found to occupy
a different site in the ribosome than the P-site-binding TCV TSS, suggesting that these two TSS employ different mechanisms for
enhancing translation. The kl-TSS also engages in a stable, long-distance RNA-RNA kissing-loop interaction with a 12-bp 5'-
coding-region hairpin that does not alter the structure of the kl-TSS as revealed by molecular dynamics simulations. Addition of
the kI-TSS in trans to a luciferase reporter construct containing either wild-type or mutant 5" and 3' PEMV sequences sup-
pressed translation, suggesting that the kl-TSS is required in cis to function, and both ribosome-binding and RNA interaction
activities of the kl-TSS contributed to translational inhibition. Addition of the kl-TSS was more detrimental for translation than
an adjacent eIF4E-binding 3’ translational enhancer known as the PTE, suggesting that the PTE may support the ribosome-bind-
ing function of the kl-TSS. Results of in-line RNA structure probing, ribosome filter binding, and high-throughput selective 2'-
hydroxyl acylation analyzed by primer extension (hRSHAPE) of rRNAs within bound ribosomes suggest that kI-TSS binding to
ribosomes and binding to the 5" hairpin are compatible activities. These results suggest a model whereby posttermination ribo-
somes/ribosomal subunits bind to the kl-TSS and are delivered to the 5’ end of the genome via the associated RNA-RNA interac-

tion, which enhances the rate of translation reinitiation.

C ellular gene expression is regulated at multiple steps, includ-
ing when mRNAs are translated into proteins. Posttranscrip-
tional control of gene expression includes events that occur during
translation initiation, when the correct start codon is identified
and decoded (1, 2). Canonical translation initiation in eukaryotes
is a complex, multistep process in which the 5’ m7GpppN cap and
3" poly(A) tail cooperate to recruit translation initiation factors
and ribosomal subunits. The 5’ cap is recognized by the cap-bind-
ing protein eIF4E, which along with the scaffold protein eIF4G is
one subunit of the eukaryotic translation initiation factor complex
eIF4F (3). Simultaneous binding of eIF4G to eIF4E and poly(A)-
binding protein forms a bridge that circularizes the mRNA, which
is thought to recycle ribosomes, leading to more efficient transla-
tion (4). The 43S ribosome preinitiation complex (PIC), consist-
ing of the 40S ribosomal subunit- and Met-tRNA-containing ter-
nary complex, is recruited to the 5’ end of mRNA via the
interaction between elF4G and additional initiation factors (3, 5).
The PIC then scans the message in a 5'-to-3" direction until con-
tacting an initiation codon in the proper context. The 60S ribo-
somal subunit joins to form the 80S ribosome-mRNA complex,
and translation elongation commences with the entry of the ap-
propriate aminoacylated tRNA complex into the ribosome A site.

Nonconventional mechanisms of translation operate during
cellular stress and are also utilized by mRNAs lacking a 5’ cap
and/ora 3’ poly(A) tail (1, 6). Cap-independent ribosome entry is
frequently studied using animal RNA viruses that have replaced
the 5" cap with highly structured, cis-acting elements known as
internal ribosome entry sites (IRESs) that encompass or are near
the initiation codon (7). Attraction of the small ribosomal subunit
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to different viral IRESs usually requires a subset of initiation fac-
tors but can also occur in the absence of factors (8, 9). In contrast
with animal RNA viruses, plant RNA viruses whose genomes lack
a 5’ cap and 3’ poly(A) tail have short 5'-untranslated regions
(5"UTRs) that do not contain similar highly structured IRES ele-
ments. Translation of plant RNA viruses in the family Tombusviri-
dae requires distinctive cap-independent translation enhancers
(CITEs) located within the viral genomic RNA’s 3'UTR and
nearby coding region (10). 3'CITEs are currently divided into at
least eight classes, based mainly on their secondary structures,
including Y-shaped, I-shaped, BTE-like, and TED-like structures
(11). 3'CITEs are bound by various translation initiation factors
and are generally associated with a long-distance, kissing-loop in-
teraction that connects the 3'CITE with the 5'UTR, resulting in
genome circularization that delivers the bound factors to the viral
5" end (12-15). How and when the 3'CITE-bound factors con-
tribute to ribosome recruitment and how ribosomes are delivered
to or near the 5’ terminus before scanning to the initiation codon
(16—18) are not known.

tRNA-like structures that exist either internally or at the 3’
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FIG 1 The two adjacent 3’CITEs in the 3'UTR of PEMV. (Top) Genome organization of PEMV. (Bottom) Secondary structures of the 5'-terminal 89 nt (5'89)
and the kI-TSS and PTE 3'CITEs. The long-distance kissing-loop interaction between 5’89 hairpin 5H2 and kI-TSS hairpin 3H1 (dashed lines) has been
confirmed experimentally (12). The p33 initiation codon at the base of hairpin 5H1 is boxed.

termini of RNA virus genomes have a variety of functions, includ-
ing being used as 3'CITEs. Some capped, positive-strand RNA
plant viruses, including tymo-, bromo-, and tobamoviruses, con-
tain 3’-terminal tRNA-like structures that are aminoacylated by
host aminoacyl tRNA-synthetases and function in replication,
translation, packaging, and fidelity of the genome (19). The retro-
virus HIV-1 contains an internal tRNA anticodon stem-like ele-
ment that mimics the anticodon loop of tRNA™* and functions to
increase the efficiency with which tRNA"** anneals to the viral
genome during replication (20). Other examples of tRNA mim-
icry in RNA viruses include a replication enhancer in the RNA3
intergenic region of Brome mosaic virus and related cucomovi-
ruses, which is a substrate for tRNA modification enzymes in vivo
(21), and the IRES of Cricket paralysis virus, which interacts with
the ribosome’s decoding groove by mimicking the tRNA anti-
codon-mRNA codon interaction (22).

An internally located tRNA mimic that forms from three hair-
pins and two pseudoknots functions as a 3'CITE in the carmovi-
rus Turnip crinkle virus (TCV) (family Tombusviridae) (23, 24).
The TCV T-shaped structure (TSS) binds to 80S ribosomes and
60S ribosomal subunits in the vicinity of the P site (23) and is not
associated with any long-distance kissing-loop interaction.
Rather, circularization of the genome may result from 60S sub-
units bound to the 3'UTR TSS joining 40S subunits bound to a
pyrimidine-rich sequence in the 5'UTR (25). A second tRNA
mimic that functions as a 3'CITE was recently discovered in the
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3'UTR of Pea enation mosaic virus (PEMV). PEMV is a bipartite
virus with two single-stranded plus-sense RNAs that were origi-
nally independent viruses (26). PEMV RNA 2 (called PEMV
throughout this report) is classified as an umbravirus and is miss-
ing the 5" cap and poly(A) tail, similar to viruses in the Tombus-
viridae family. PEMV is a recombinant virus of 4.2 kb that encodes
a carmovirus-like RNA-dependent RNA polymerase (RdRp) and
two overlapping, movement-associated proteins (p26 and p27)
originating from a second, unknown virus (27). PEMYV replicates
independently in pea protoplasts but requires products encoded
by the associated viral RNA for encapsidation and transmission
from plant to plant (27).

The central region of the PEMV 3’UTR (703 nucleotides [nt])
contains a 3'CITE known as a Panicum mosaic virus (PMV)-like
enhancer, or PTE (12, 28) (Fig. 1). The PEMV PTE binds to eIF4E,
and its binding efficiency correlates with translational enhance-
ment (29, 30). Although PTEs found in the 3"UTRs of seven car-
moviruses are known or postulated to engage in long-distance
kissing-loop interactions with hairpins in the 5'UTR or nearby
coding sequences (13), the PEMV PTE relies on an adjacent, up-
stream element for relocalization of itself and bound initiation
factors to the 5" end (12). The upstream element contains a two-
hairpin, three-way branched secondary structure with the 5’-side
hairpin (3H1) participating in a kissing-loop interaction with a
12-bp hairpin (5H2) located near the 5’ end of the p33 open read-
ing frame (ORF) (Fig. 1). This 3'UTR branched element was pre-
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dicted to fold into a TSS and was therefore designated a “kissing-
loop TSS” (kI-TSS) (12). Similar to the TCV TSS, the PEMV
kI-TSS binds to 80S ribosomes and 60S ribosomal subunits; how-
ever, unlike the TCV TSS, the kI-TSS also binds to 40S subunits
(12). Since both ribosome-binding and long-distance RNA-RNA
interaction activities of the kI-TSS are important for efficient
translation, the kI-TSS has been designated a 3'CITE.

In this study, we determined that the kI-TSS inhibits transla-
tion more efficiently than the associated PTE when added to a
reporter template in frans and that both RNA-RNA interaction
and ribosome-binding activities contribute to translational inhi-
bition. In addition, we found that the kI-TSS and TCV TSS occupy
different sites in the 80S ribosome and that the kI-TSS can simul-
taneously bind to ribosomes and interact with the 5" hairpin, lead-
ing to a reevaluation of the orientation of the kl-TSS with respect
to canonical tRNAs. These results suggest that (i) the PTE may con-
tribute to kI-TSS ribosome binding and is not associated with an
independent function, (ii) RNA viruses have evolved at least two dif-
ferent mechanisms for using TSS-type 3'CITEs, and (iii) the RNA-
RNA interaction of the kI-TSS can directly place bound ribosomes/
ribosomal subunits at the 5" end for reinitiation of translation.

MATERIALS AND METHODS

Invitro translation and trans-inhibition assays. The translation reporter
construct (firefly luciferase [Fluc] flanked by the PEMV 5’ 89 nt [5'89]
and 3'UTR [703 nt]) was described previously (12). In vitro translation
using wheat germ extracts (WGE) (Promega) was performed using 3
pmol of in vitro-synthesized transcripts in a 15-p.l translation assay mix-
ture according to the manufacturer’s instructions. After incubation at
25°C for 1 h, luciferase activity was measured using a luciferase assay
reporter system (Promega) and a Modulus microplate multimode reader
(Turner BioSystems). For trans-inhibition assays, 30 pmol of competitor
RNA was added to the reaction mixture. Competitor transcripts were
synthesized from PCR fragments, using wild-type (wt) or mutated PEMV
(pUCI19-PEMV) as a template with 5" primers that contained a T7 RNA
polymerase promoter.

EMSAs. Electrophoretic mobility gel shift assays (EMSAs) were per-
formed as described previously (12). Typical reaction mixtures contained
3 pmol of in vitro-transcribed PEMV kI-TSS or TCV TSS that was labeled
at the 5" end with [y->P]ATP and polynucleotide kinase, 12 pmol of
Arabidopsis 80S ribosomes, and a 1- to 10-fold molar excess of unlabeled
competing RNA in ribosome binding buffer [80 mM HEPES, pH 7.5, 160
mM NH,CI, 11 mM Mg(CH;COO),, 6 mM B-mercaptoethanol, 0.4 mM
GTP, 2 mM spermidine, 0.4 pg/ml of poly(U)]. After incubation at 25°C
for 30 min, the reaction mixture was resolved by electrophoresis in native
composite gels [0.5% agarose and 3% acrylamide in 1X TBM bulffer,
composed of 89 mM Tris, 89 mM boric acid, and 10 mM Mg(CH,COO),]
at 4°C. After electrophoresis, gels were dried and exposed to X-ray film.

Purification of 80S ribosomes and 40S/60S ribosomal subunits from
Arabidopsis thaliana protoplasts. Plant ribosomes and ribosomal sub-
units were isolated as recently described (32). Briefly, Arabidopsis proto-
plasts prepared from callus cultures were lysed in buffer A (250 mM su-
crose, 200 mM Tris-HCI, pH 8.8, 30 mM MgCl,, 50 mM KCI, 1 mM
dithiothreitol [DTT], 1 mg/ml heparin) by gently shaking for 15 min on
ice. The lysate was subjected to centrifugation at 10,000 X g for 1 min. The
resulting supernatant was loaded into a 25% glycerol cushion for centrif-
ugation at 4°C for 3 h at 50,000 rpm, using an MLS-50 rotor (Beckman).
Ribosome pellets were washed and resuspended in storage buffer [50 mM
HEPES-KOH, pH 7.6, 5 mM Mg(CH,COO),, 50 mM NH,Cl, 25% glyc-
erol, 1 mM DTT]. Ribosomes were salt washed to remove any associated
tRNAs and translation factors as described previously for yeast ribosomes
(23). For purification of plant 40S and 60S ribosomal subunits, purified
80S ribosomes were subjected to sucrose gradient centrifugation, and 40S-
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or 60S-containing fractions were applied to an Amicon Ultra 100K col-
umn (Millipore) to exchange the buffer for storage buffer (23). Ribosomes
(2 to 10 pmol/pl) were stored at —80°C.

Ribosome purification from Saccharomyces cerevisiae. Saccharomy-
ces cerevisiae strain JD1370 (MATa trpl ura3 leu2 PEP4:HIS3 NUCI:
LEU2) was used for purification of yeast ribosomes for high-throughput
selective 2'-hydroxyl acylation analyzed by primer extension (hRSHAPE).
Ribosome purification was performed as previously described (33), fol-
lowed by puromycin treatment to remove tRNAs (34). In brief, yeast cells
were grown to an optical density at 595 nm (ODsy5) of 1.0 in 500 ml of
yeast extract-peptone-adenine-dextrose (YPAD). Cells were broken using
0.5-mm zirconia-silica beads at 4°C, using a Biospec Mini bead beater.
Cellular debris was removed by centrifugation at 30,000 X g for 30 min in
a Beckman-Coulter Optima Max E ultracentrifuge. Ribosomes in the super-
natant were purified using Sulfolink resin (Pierce). After elution from the
column, ribosomes were treated with I mM GTP and 1 mM puromycin (pH
7.0) at 30°C for 30 min. After overnight centrifugation in a 25% glycerol
cushion with a high salt concentration at 100,000 X g, the ribosome pellets
were collected, quantified spectrophotometrically, and stored at —80°C.

In-line RNA structure probing. In-line probing was performed as
previously described (35). Briefly, kI-TSS and 5’89 transcripts were 5'-end
labeled with [y-**P]ATP and polynucleotide kinase and purified by elec-
trophoresis through 5% denaturing polyacrylamide gels. After heating the
RNA to 75°C and slow cooling to room temperature, 5 pmol of RNA,
either alone or in the presence of a 10-fold molar excess of unlabeled partner
RNA and/or 10 pmol of Arabidopsis 80S ribosomes or 40S/60S ribosomal
subunits, was allowed to self-cleave in 50 mM Tris-HCl (pH 8.5), 20 mM
MgCl, at 25°C for 14 h. Atleast three independent in-line probing assays were
performed, and only reproducible differences are described.

hSHAPE analysis of rRNAs within 80S ribosomes. hSHAPE experi-
ments were conducted using either the kI-TSS alone (250 pmol) or a
mixture of kI-TSS (250 pmol) and 5’89 (750 pmol) preincubated together
at 30°C for 25 min in SHAPE ribosome buffer (80 mM HEPES, pH 7.5, 50
mM NaCl, 5 mM MgOAc, 6 mM B-mercaptoethanol). Yeast 80S ribo-
somes (50 pmol) were added to the RNAs and incubated together at 30°C
for 30 min. Ribosome-RNA mixtures were divided into two aliquots, and
75 wl of SHAPE ribosome buffer was added to each tube, along with either
12.5 pl of dimethyl sulfoxide (DMSO) or 12.5 pl of 60 mM 1-methyl-7-
nitroisatoic anhydride (1M7) (supplied by Kevin Weeks, University of
North Carolina). After 10 min of incubation at 30°C, the ribosome-RNA
mixture was precipitated overnight in 70% ethanol and 300 mM sodium
acetate. Following centrifugation, rRNAs were purified using an RNaque-
ous Micro kit (Ambion), and concentrations were determined using a
Nanodrop 1000 spectrophotometer.

Primer extension reactions were performed as previously described
(33). Coverage of the entire 18S and 25S rRNAs was achieved using 20
fluorescently labeled primers (Applied Biosystems) (33). Each primer was
labeled with a fluorescent compound (6-carboxyfluorescein [FAM], VIC,
NED, or PET) (Applied Biosystems) and diluted to 2.5 pmol/pl. FAM-
labeled primers were used for the 1M7-treated samples, VIC-labeled
primers were used for the DMSO-treated samples, and NED- and PET-
labeled primers were used for sequencing reactions. To 1 pg of rRNA, 2.5
pmol of primer was added, and the samples were brought to 6.5 pl or 5.5
wl (for sequencing samples). The samples were incubated at 65°C for 5
min and then at 50°C for 5 min. A master mix containing 100 U of Super-
script 3 reverse transcriptase (Invitrogen), a 10 mM concentration of each
deoxynucleoside triphosphate (ANTP), 5X Superscript buffer (Invitro-
gen), and 100 mM DTT was prepared in a final volume of 10 pl. In
addition, a 10 mM concentration of the appropriate dideoxynucleoside
triphosphate (ddNTP) was added to the sequencing samples. Samples were
incubated at 50°C for 1 min, 52°C for 45 min, and 65°C for 5 min and then
placed on ice. The four extension reaction mixtures were combined and pre-
cipitated overnight in 100% ethanol at —20°C. Samples were washed twice
with 70% ethanol and resuspended in 10 .l Hi-Di formamide (Applied Bio-
systems). Capillary gel electrophoresis was performed by Genewiz.
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ShapeFinder analysis. hSHAPE data were analyzed using Shape-
Finder as previously described (33). Data were normalized using Mi-
crosoft Excel and assigned to the following levels of reactivity: 0, values
lower than a trace’s median value; 1, values between the median and the
mean; 2, values between the mean and the 1st standard deviation; 3, values
between the 1st and 2nd standard deviations; and 4, values above the 2nd
standard deviation. The mean, median, and standard deviation were cal-
culated on a per-primer basis. The reactivity data for kI-TSS and kI-TSS-
plus-5'89 samples were compared to each other and to hSHAPE results
for salt-washed 80S ribosomes alone (33). The differences were plotted in
a Postscript file of the two-dimensional (2-D) maps of rRNAs.

Filter binding assays. Filter binding assays were performed as de-
scribed previously (23). Briefly, 2 to 60 pmol of kI-TSS RNA labeled at the
5’ end with [y-**P]ATP and polynucleotide kinase was incubated either
alone or with a 3-fold molar excess of 5'89 or 5'895;;,,,,, in ribosome
binding buffer [80 mM HEPES, pH 7.5, 160 mM NH,Cl, 11 mM
Mg(CH,;COO0),, 6 mM B-mercaptoethanol, 0.4 mM GTP, 2 mM spermi-
dine, 0.4 pg/ml of poly(U)] at 25°C for 30 min. Following annealing of the
RNAs, 15 pmol of Arabidopsis 80S ribosomes was added to a total volume
of 30 pl, and incubation was continued for an additional 30 min. Ribo-
some-RNA mixtures were then applied to nitrocellulose membrane filters
(Millipore) and washed three times with ribosome binding buffer, and
radioactivity was measured by scintillation counting. Data were fitted
using GraphPad Prism software, and the K, (dissociation constant) was
calculated from the best-fit curves generated by nonlinear regression. All
experiments were conducted in triplicate.

Molecular modeling. Three-dimensional (3-D) structure modeling
was performed using the program RNA2D3D (36). This program allows
for connecting nucleic acid chains via the program-shaped hairpin loop
tertiary interactions. This option was used to model the kissing loop be-
tween the RNA2D3D-generated model of 5’89 hairpin 5H2 and hairpin
3H1 of the kl-TSS models, based on the 6-nt complementary sequences in
the hairpin loops of the two structures (Fig. 1). The model, kI-TSS/5H2,
based on structure A from Fig. 7B in reference 12, is described in detail
below, while the details of the alternative structure B-derived model (12)
are omitted. Both models were built based on the secondary structure
probing data (12). Docking of the kl-TSS hairpin 3H1 with the 5’89 hair-
pin 5H2 required opening of the U71-A76 base pair in 5H2 and reshaping
of the complementary 6-nt segment of the 3H1 loop from the original
structure A model (12) by use of the RNA2D3D tool. The initial rough
model was energy minimized in Amber (see below). In the process, the
G75-C3760 base pair was distorted, whereas the A76-U3759 base pair
partly opened up, effectively truncating the kissing-loop interaction to 5
bp. The kI-TSS/5H2 kissing-loop model and the reshaped kl-TSS model
were subjected to molecular dynamics (MD) runs to explore the stability
of the kissing-loop interaction and to compare the dynamics of the kissing
loop-connected model to its kl-TSS-only counterpart.

MD simulations. MD simulations were performed with Amber 12,
using the ff10 Cornell force field for RNA and the particle mesh Ewald
summation method to calculate the electrostatic interactions (37—40).
After the model was subjected to energy minimization, the minimized
molecule was solvated in water with Na™ ions to neutralize the backbone
phosphate charges. The kissing complex of kI-TSS and 5H2 consisted of
one 71-nt chain (kI-TSS) neutralized with 70 Na™* ions and one 29-nt
chain (5H2), neutralized with an additional 28 Na™ ions. Neutralized
RNA molecules were placed in solvent boxes with TIP3P water molecules,
and additional Na®-Cl~ ion pairs were added to the box to solvate the
system to a relative salt concentration of 0.1 M. The equilibration protocol
involved solvent equilibration in multiple stages (minimization, heating,
and short dynamic stages), with the RNA being subjected to slowly re-
leased motion restraints (holding). The entire system was equilibrated at
300 K by using a Berendsen thermostat (41). The last phase of the equili-
bration, without any restraints on the RNA, was performed for 0.5 ns. A
cutoff of 9 A was used with the nonbonded interactions. SHAKE was
applied to all hydrogen bonds in the system. Pressure was maintained at
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1.0 Pa by using the Berendsen algorithm (41), and a periodic boundary
condition was imposed. Following equilibration, the production simula-
tion was performed with 2-fs time steps to obtain two trajectories, one of
58 ns for the kI-TSS/5H2 model and one of 97 ns for the kI-TSS alone
(repeated, because the previous kI-TSS MD simulations were performed
with ff99bsc0 [12]). The total size of the kI-TSS/5H2 system was 121,429
atoms (3,221 atoms from the RNA molecules). The total size of the kl-TSS
system was 56,799 atoms, with 2,288 atoms from the kI-TSS RNA mole-
cule (see Fig. 8 and 9 for illustrations). The solvent boxes had clearance
distances of 15 A and 10 A, respectively (clearance distance is the mini-
mum distance between the solute and the solvent box wall, termed “buf-
fer” in Amber). Analyses of the MD results, which included monitoring of
the stability of the kissing-loop complex, were performed using the ptraj
module of Amber (38). They excluded the equilibration stage output.

RESULTS

Both ribosome-binding and RNA-RNA interaction activities of
the kI-TSS contribute to inhibition of translation in trans. As-
says to identify elements that are necessary for efficient translation
frequently make use of reporter constructs and in vitro translation
systems such as wheat germ extracts (WGE). Some 3’ CITEs, how-
ever, including the TCV TSS and some tombusvirus YSS elements,
do not enhance translation in WGE and other cell-free systems,
possibly due to an overabundance of translation factors that are
limiting in living cells (23, 42). To determine if the kI-TSS en-
hances translation in WGE, luciferase reporter transcripts were
tested for translation in the presence and absence of mutations
disrupting the RNA-RNA interaction (Fig. 2). RNA transcribed
from a construct containing the 5 89 nt and the 3'UTR
(5'89+3U) was translated 10-fold more efficiently than RNA that
was missing the 3'UTR (5'89+0) and 6-fold more efficiently than
RNA from a construct that contained the 20-nt 5'UTR and the
3'UTR (5'20+3U) (Fig. 2B). Single or two-base alterations in ei-
ther the 5" or 3’ kissing-loop sequence in 589+ 3U reduced trans-
lation by 2.6- to 6-fold, whereas the combinations of compensa-
tory mutations restored translation to greater than wt levels. These
results indicate that the kI-TSS is functional in WGE and that the
RNA-RNA kissing-loop interaction between hairpin 5H2 and the
kI-TSS is important for efficient translation in vitro and in proto-
plasts, as previously found (12). When the entire 3'UTR (10-fold
molar excess) was added in trans to WGE containing 5'89+3U,
luciferase activity was reduced by 76% compared with levels ob-
tained in the absence of any added transcripts (Fig. 2C). Addition
of a fragment containing only the kI-TSS and the adjacent PTE
3'CITE (kI-TSS+PTE) reduced translation of 5'89+3U by a sim-
ilar level (75%), suggesting that the kI-TSS and PTE are the major
WGE-functional 3'CITEs in the 3'UTR of PEMV. The PTE alone
produced only a minor (14%) reduction in translation, whereas
the kI-TSS alone reduced translation by 57%.

To determine if formation of the kissing-loop interaction be-
tween kI-TSS transcripts and 5'89+3U in trans interferes with
the klI-TSS RNA-RNA interaction in cis, 2-nt mutations were
introduced into the kI-TSS (kI-TSS;y;.0) or kI-TSS+PTE
(KI-TSS311m>+PTE) fragment (Fig. 2A). Loss of the ability to
form the RNA-RNA interaction in trans reduced but did not elim-
inate the inhibitory effect of kl-TSS;;,,, or kI-TSS;p1,,, +PTE,
with translation still reduced by 30% or 53%, respectively. This
suggests that formation of a kissing-loop interaction between kl-
TSS transcripts and the 5'89+3U hairpin 5H2 contributes to
trans-inhibition but is not the sole contributor.

To determine if the ribosome-binding activity of the kI-TSS
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FIG 2 The PEMV kI-TSS competes more efficiently than the PTE in translation of a reporter construct in WGE. (A) Secondary structure of hairpin 5H2 and the
kI-TSS and PTE. The boundary between the kI-TSS and PTE fragments is indicated. Locations of mutations, with their names bracketed, are indicated. (B)
Relative translation of luciferase reporter transcripts containing the PEMV 5’89 or exact 20-nt 5'UTR and the exact 702-nt 3"UTR in WGE. Constructs used are
shown at the top. Mutations were generated in 5'89+3U. White rectangles represent the luciferase ORF, filled rectangles represent the UTR, and gray rectangles
represent the coding region. Locations of the mutations are shown in panel A. (C) Translation inhibition assay in WGE. The indicated competitor RNA was added
in a 10-fold molar ratio to reaction mixtures containing 5'89+3U. (D) Relative translation of various luciferase reporter transcripts in the presence of the
kI-TSS+PTE fragment in WGE. The 5'89+3Uy;,,,, and 5'89+3Ugg,, constructs contain the kl-TSS with mutations in 3H1 and the basal stem, respectively.

The means and standard deviations for three replicate experiments are shown

also contributes to trans-inhibition, kI-TSS transcripts were gen-
erated with mutations disrupting the basal stem (kI-TSSggy; ) that
were previously shown to decrease binding to 80S ribosomes
but to not affect the kissing-loop interaction (12). Addition of
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KI-TSSggpr, reduced translation by 28%, and translation inhibi-
tion was slightly increased when the basal stem was reformed by
compensatory mutations (KI-TSSgeyircom)- KI-TSSggnmr T PTE re-
duced translation by 52% (compared with 75% for wt tran-
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scripts), and the compensatory mutation reforming the basal stem
(kI-TSSgspr.com +PTE) restored inhibition to nearly wt levels. The
TCV TSS, which binds to 60S ribosomal subunits and 80S ribo-
somes but does not form any RNA-RNA interaction, also inhib-
ited translation in trans (by 67%). Addition of TCV satellite satC
(356 nt), which shares a similar 3" region with TCV but does not
bind to ribosomes (23), did not inhibit translation in trans. These
results suggest that both ribosome-binding and RNA-RNA inter-
action activities of the kI-TSS contribute to trans-inhibition. In
addition, these results indicate that the kl-TSS is a stronger inhib-
itor than the adjacent PTE and that inhibition of translation is
enhanced when both 3'CITEs are together.

Since kI-TSS+PTE was inhibitory in trans, the elements com-
prising it likely cannot function as 3'CITEs in trans. To confirm
this possibility, kI-TSS+PTE transcripts were added in trans to
translation templates that were unable to engage in the kissing-
loop interaction (5'89+3Uy,,,,) in cis or to efficiently bind to
ribosomes (5'89+3Uggy ) in cis (Fig. 2D). Using a 10-fold molar
excess of wt kI-TSS+PTE, no complementation of translation was
observed, suggesting that the kI-TSS+PTE 3'CITE module en-
hances translation in WGE only in cis.

PEMYV KkI-TSS and TCV TSS bind to different sites on 80S
ribosomes. 3’ CITEs that mimic tRNAs have been found in three
viruses. The TSS of the carmovirus TCV and the putative TSS of
the closely related Cardamine chlorotic fleck virus (CCFV) are
structurally very similar and identically positioned near the 3’
ends of their genomes (25). In contrast, the PEMV kI-TSS is lo-
cated in the central region of its 702-nt 3'UTR, just upstream of
the PTE 3'CITE (Fig. 1). In addition to positional differences, the
TCV TSS and PEMV kI-TSS differ in their ability to bind to 40S
ribosomal subunits and in their capacity to directly engage in a
long-distance interaction with a 5" proximal hairpin. These differ-
ences suggested that the TCV TSS and PEMV kI-TSS may have
unique modes of action, prompting an investigation into whether
the TCV TSS and PEMYV kI-TSS bind to ribosomes at similar or
different locations. To this end, EMSAs were conducted to deter-
mine if the two TSS compete for the same ribosome-binding site.
Figure 3A, lane 2, shows the shift in electrophoretic mobility that
occurred when labeled kI-TSS bound to purified Arabidopsis 80S
ribosomes. When 1- to 10-fold cold TCV TSS was included in the
reaction mixture, little or no competition for ribosome binding
occurred between the two TSS (Fig. 3A, lanes 3 to 6). In contrast,
addition of 1- to 10-fold cold kI-TSS led to efficient competition
(Fig. 3A, lanes 7 to 10). satC was included as a control and was
unable to compete efficiently with kI-TSS binding, as expected
(Fig. 3A, lanes 11 to 14). The reverse experiment produced similar
results, with cold kI-TSS unable to effectively compete with la-
beled TCV TSS for ribosome binding, and with cold TCV TSS
acting as an effective competitor (Fig. 3B). These results strongly
suggest that the PEMV kl-TSS and the TCV TSS bind to different
sites in 80S ribosomes.

kl-TSS bound to ribosomes can also engage in the kissing-
loop interaction as assayed by in-line RNA structure probing.
Since the PEMV kI-TSS engages in an RNA-RNA interaction and
binds to ribosomes, an unanswered question with significant im-
plications for the mechanism of kI-TSS translational enhance-
ment is whether binding of the kI-TSS to ribosomes and forma-
tion of the kissing loop between kl-TSS hairpin 3H1 and 5’ hairpin
5H2 can occur simultaneously. As a first step to addressing this
question, in-line structure probing was used to examine if specific
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FIG 3 The kI-TSS and TCV TSS do not compete for ribosome binding. The
5'-end-labeled kI-TSS (A) or TCV TSS (B) was combined with Arabidopsis 80S
ribosomes (lanes 2 to 14) in the absence or presence of an increasing molar
excess of unlabeled competitor RNA, as indicated above the lanes. The posi-
tions of free labeled RNA and the RNA-ribosome complex are indicated. As-
terisks denote labeled RNA. “0” denotes no added competitor RNA. satC is an
untranslated satellite RNA of TCV.

structural changes that result from ribosome binding and forma-
tion of the kissing-loop interaction can be present at the same
time. In-line probing reports on the flexibility of residues, as only
flexible residues can adopt the conformation necessary for 2’-
hydroxyl-mediated self-cleavage of the nucleic acid backbone
(43). When end-labeled RNAs are allowed to self-cleave, the ex-
tent of backbone cleavage at a particular residue correlates with
the flexibility of that residue. Base pairing with an RNA in trans,
interaction with a protein in trans, or conformational shifts me-
diated by trans-acting factors can significantly reduce cleavages at
previously flexible residues (or increase cleavages at previously
inflexible residues) (12, 13, 35).

Structural changes due to ribosome binding to the kl-TSS or to
5'89 containing interacting hairpin 5H2 were examined in the
presence and absence of the kissing-loop interaction. The flexibil-
ity pattern of 5'-end-labeled kI-TSS alone is shown in Fig. 4A, lane
3, and is consistent with the two-hairpin, three-way branched
structure that was previously postulated (12). Addition of 40S
subunits caused distinctive, reproducible changes in the flexibility
of specific residues within the kI-TSS, including a reduction in the
flexibility of nearly all residues in the loop of hairpin 3H1, which is
the sequence that engages in the kissing-loop interaction (Fig. 4A,
lane 4). In addition, residues U3805 and C3806, located within the
three-way branch junction region, also lost partial flexibility, and
residues A3789 and A3798, located within the terminal and inter-
nal loops of 3H2, gained flexibility. Addition of 60S subunits pro-
duced similar changes, with the exception that the flexibility of
residue A3798 was no longer altered (Fig. 4A, lane 5). In the pres-
ence of 80S ribosomes, the basic flexibility patterns seen with 40S
and 60S subunits were present, along with some additional differ-
ences (Fig. 4A, lane 6). Four residues became more flexible only in
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FIG 4 In-line probing of the kI-TSS or 5’89 in the presence or absence of ribosomes and the interacting RNA. (A) In-line probing of 5'-end-labeled kI-TSS in
the presence and absence of cold 5'89 and Arabidopsis 40S/60S subunits and 80S ribosomes. The intensities of the bands in lanes 3 to 14 are proportional to the
flexibility of the residues. The asterisk denotes the radioactive fragment. L, alkaline-generated ladder; T1, partial RNase T1 digest of denatured kI-TSS for locating
guanosine residues. Open and filled circles denote residues with consistently reduced and enhanced flexibility, respectively, in the presence of 5'89 and/or
ribosomes. Locations of the hairpins are indicated to the right of the panel. (B) In-line probing of 5’'-end-labeled 5’89 in the presence and absence of cold kI-TSS
and Arabidopsis 40S/60S subunits and 80S ribosomes. (C) Locations of residues with flexibility alterations in the kI-TSS in the presence of 80S ribosomes (circles),
5'89 (squares), or 5'89+80S only (*). Open symbols and filled symbols denote residues with consistently reduced and enhanced flexibility, respectively. The
locations of mutations in kI-TSS5;;; .., are indicated. (D) Locations of residues with flexibility alterations in 5’89 in the presence of 80S ribosomes (circles) and
kI-TSS (squares). The p33 initiation codon is boxed. The locations of mutations in 5'895,,.,, are indicated.

the presence of 80S ribosomes (U3750, G3753, A3791, and
G3799),and residue G3761 in the 3H1 loop no longer had reduced
flexibility.

As previously demonstrated (12), when kI-TSS hairpin 3H1 is
engaged in the kissing-loop interaction with 5’89 hairpin 5H2,
nearly all residues in the loop of 3H1 lose flexibility, although only
6 of the 8 are postulated to form Watson-Crick base pairs with the
5H2 terminal loop (Fig. 1). In addition, residues U3805 and
C3806 in the three-way branch junction region also lose partial

November 2013 Volume 87 Number 22

flexibility (Fig. 4A, lane 7). When both ribosomes and 5’89 were
added to the kI-TSS, residue flexibility changes were basically ad-
ditive (Fig. 4A, lanes 8 to 10, and C). For example, U3805 and
C3806, which lost partial flexibility in the presence of ribosomes
or 5’89, were not subject to detectable cleavage when both ribo-
somes and 5’89 were present. Additionally, nearly all residues with
enhanced flexibility in the presence of ribosomes and ribosomal
subunits retained their flexibility profiles. G3761, which remained
partially flexible in the presence of 80S ribosomes but produced no
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cleavage in the presence of 5’89, was no longer flexible in the
presence of both 80S ribosomes and 5'89. In addition, one new
residue (G3758) in the 3H1 terminal loop lost flexibility (Fig. 4C).
When 589555, Which contains a 2-nt alteration in hairpin 5H2
(Fig. 4D), was used in the assay, the cleavage profile was very
similar to that of the kI-TSS alone (Fig. 4A, lane 11), indicating
that the RNA-RNA interaction no longer formed, as previously
found (12). When ribosomes and ribosomal subunits were added
to the kl-TSS and 5’895y, .,,, the cleavage pattern of the kl-TSS was
very similar to the pattern obtained when the kI-TSS was assayed
in the absence of any added fragment (Fig. 4A, compare lanes 4 to
6 with lanes 12 to 14).

The experiment was repeated using 5’ -end-labeled 5’89, whose
cleavage pattern is shown in Fig. 4B, lane 3. Addition of 40S sub-
units reduced the flexibility of all residues in the loop of hairpin
5H1, except for residue A36 (Fig. 4B, lane 4). In addition, residue
G30 in the asymmetric bulge loop of 5H1 exhibited reduced flex-
ibility, and C32 became more flexible. Addition of 60S subunits or
80S ribosomes produced similar patterns that differed substan-
tially from the 40S subunit-generated pattern, with residues
throughout the fragment gaining or losing flexibility (Fig. 4B,
lanes 5 and 6). Interestingly, residues within the apical loop of 5H2
that participate in the RNA-RNA interaction exhibited substantial
flexibility changes, with C74 and G75 losing flexibility and G73
and A76 gaining flexibility.

When the kI-TSS was added to labeled 5’89, only the flexibility
of residues C74 and G75, located in the apical loop of 5H2, was
substantially reduced, as these residues pair with kI-TSS hairpin
3H1 (Fig. 4B, lane 7) (12). When both ribosomes and the kl-TSS
were added, the cleavage pattern in the loop of 5H2 reflected the
RNA-RNA interaction pattern (complete loss of flexibility),
whereas the pattern elsewhere in 5’89 reflected the ribosome pat-
tern (Fig. 4B, lanes 8 to 10, and D). Addition of kI-TSS;y,,,,, along
with ribosomes or ribosomal subunits resulted in cleavage pat-
terns that were very similar to those obtained in the absence of the
added fragment (Fig. 4B, compare lanes 4 to 6 with lanes 12 to 14).
Together, these results suggest that the kissing-loop interaction
between the kI-TSS and 5’89 does not obviate ribosome binding to
the fragments.

The kI-TSS bound to ribosomes engages in the kissing-loop
interaction as assayed by hSHAPE. Selective 2'-hydroxyl acyla-
tion analyzed by primer extension (SHAPE) probes RNA struc-
ture by measuring the sensitivity of residues to compounds such as
1M7, which reacts with 2’-hydroxyl groups of flexible nucleotides
(44) and impedes the progress of complementary strand synthesis
by reverse transcriptase. High-throughput SHAPE (hSHAPE)
uses fluorescently labeled oligonucleotide primers to perform the
reverse transcription-mediated primer extension, allowing prod-
ucts to be separated by capillary electrophoresis and data to be
analyzed in a quantitative fashion using ShapeFinder software (33,
45, 46).

Our reasoning for conducting hSHAPE of rRNAs in the pres-
ence of the kI-TSS and kI-TSS+5'89 was as follows. If the kI-TSS
binds to the same ribosome site when alone and when base paired
with hairpin 5H2, and if the structure of the kI-TSS is not substan-
tially altered in complex with 5H2, then the kI-TSS and kl-
TSS+5'89 should produce mainly similar changes to the SHAPE
signature pattern of the rRNAs within the ribosome (i.e., the kiss-
ing-loop interaction with 5’89 should not prevent binding of the
kI-TSS to a particular site in the ribosome and the concomitant
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FIG 5 In-line probing of the kI-TSS in the presence of yeast ribosomes and
5'89.5'-End-labeled kI-TSS in the presence and absence of cold 5’89 and yeast
80S ribosomes was subjected to in-line probing. The intensities of the bands in
lanes 3 to 6 are proportional to the flexibility of the residues. L, alkaline-
generated ladder; T1, partial RNase T1 digest of denatured kI-TSS for locating
guanosine residues. Open and filled circles denote residues with reduced and
enhanced flexibility, respectively, in the presence of 5’89 and/or 80S ribo-
somes. Locations of the hairpins are indicated to the right of the panel.

structural changes that occur). However, the flexibility profiles for
the kI-TSS and kl-TSS+5'89 should not be identical, as differ-
ences would be expected that reflect the presence of a 12-bp helix
(5H2) joined to the klI-TSS and any structural changes in the k-
TSS caused by formation of the kissing loop.

Yeast 80S ribosomes were used for this analysis because
hSHAPE flexibility profiles are available for salt-washed yeast 80S
rRNAs (33), which were obtained using a set of 20 fluorescently
labeled primers. The kl-TSS binds to yeast 80S ribosomes witha K,
0f 0.29 uM, which is lower than the K, for binding to Arabidopsis
ribosomes (0.52 uM) (12). To evaluate if yeast and Arabidopsis
80S ribosomes interact in a similar fashion with the kl-TSS, in-line
probing was conducted for the kI-TSS bound to yeast 80S ribo-
somes in the presence and absence of 5'89 (Fig. 5). Although the
flexibility profiles for the klI-TSS bound to Arabidopsis or yeast 80S
ribosomes were not identical, the major ribosome-mediated
structural alterations were all present. These included the reduced
flexibility of most residues in the loop of 3H1 and of the three-way
junction residues U3805 and C3806, as well as altered flexibility in
the terminal loop of 3H2. In the presence of 5’89, the flexibility
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alterations were additive, as previously found for Arabidopsis 80S
ribosomes. These results suggest that Arabidopsis and yeast ribo-
somes interact with the kl-TSS in a similar fashion.

The reactivities of rRNA residues to IM7 in the presence of the
kI-TSS were compared to those of rRNA in salt-washed ribo-
somes, generating a profile of reactivity changes due to the pres-
ence of the kI-TSS (Fig. 6A and B, left structures, and C, top struc-
ture). The changes in reactivity of rRNA residues were grouped
into nine levels and color coded to represent the degree of flexi-
bility change due to the presence of the kI-TSS. Each color change
represents a statistically significant change in base reactivity. For
example, black or 0 denotes changes in reactivity that are less than
a trace’s median value, yellow or 1 represents increases in reactiv-
ity between the median and the mean, light orange or 2 is used for
increases in reactivity between the mean and the 1st standard de-
viation, dark orange or 3 designates increases in reactivity between
the 1st and 2nd standard deviations, and red or 4 indicates in-
creases in reactivity above the 2nd standard deviation. Similarly,
decreased reactivities relative to those of empty ribosomes are de-
noted by progressively cooler colors.

Seven rRNA hairpins contained substantial chemical reactivity
changes in the presence of the kI-TSS relative to empty ribosomes
(Fig. 6A, left structure): H82, H69, and H89 in the 255 rRNA and
h10, h33, h42/43, and the upper portion of h44 in the 18S rRNA.
These structures, shown in green in Fig. 6D, are located mainly on
the face of the ribosome that is visible when viewed from the
mRNA tunnel closest to the A site. H82 is adjacent to H80, the “P
loop” that interacts with the 3’ end of the peptidyl-tRNA; H89
lines one side of the aminoacyl-tRNA accommodation corridor
and interacts with the acceptor stem of tRNAs entering the A site
(47); and H69, which is located between the small and large ribo-
somal subunits, makes extensive contacts with A-site tRNA (48).
The small subunit of h44 (upper portion) also interacts with A-site
tRNAs in the decoding center (49). Although determining the
position of the kI-TSS in the ribosome was not a goal of this study,
these results suggest that the kI-TSS might bind in or near the
ribosome A site.

kI-TSS+5'89 was subjected to a similar hRSHAPE analysis. The
RNA fragments were preincubated under conditions that achieve
approximately 90% formation of the kissing-loop interaction (1:3
ratio of kI-TSS to 5'89) as assayed by EMSA (12). The rRNA heli-
ces that exhibited major flexibility changes when the kI-TSS was
assayed alone produced similar flexibility changes with kl-
TSS+5'89 (Fig. 6A, middle structures). The similar flexibility pro-
files for these rRNA hairpins strongly suggest that the kI-TSS alone
and paired with 5’89 hairpin 5H2 bind to similar sites in 80S
ribosomes.

On the side of the A-site accommodation corridor that lies
opposite H89 are helices H90, H91, and H92 (50). The presence of
the kI-TSS resulted in a strong decrease in base reactivity for resi-
due U2865, located in the 3-way junction connecting these helices
(Fig. 6C). Upon addition of 5’89, U2865 and the 5'-adjacent res-
idue G2864 exhibited +4 increases in reactivity (Fig. 6C, bottom
structure). In addition, three helices (H50, H61, and ES39) exhib-
ited major structural changes only in the presence of kl-
TSS+5'89. Three of six residues in the terminal loop of 255 rRNA
H50 became strongly reactive, as did one side of the H50 stem (Fig.
6B, compare left and middle structures). Residues on both sides of
ES39 and one side of H61 also became highly reactive in the pres-
ence of kI-TSS+5'89 only. These perturbations in rRNA structure
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when the kI-TSS is linked to 5’89 suggest that there are more
complex binding interactions than are currently understood. The
locations of H50, H61, and ES39 in the ribosome are shown in Fig.
6E (in blue). H50 and H61 are adjacent to and located on one side
of the peptide exit channel. ES39 is located on the opposite side
but is not adjacent to the exit channel. Since these helices are distal
to the A-site location of most of the helices with major flexibility
changes due to the kI-TSS, it is currently unknown why these
helices are substantially altered in the presence of kI-TSS+5'89.

To determine if residue flexibility differences between kl-TSS-
bound ribosomes and kl-TSS+5'89-bound ribosomes were due
to the kissing loop between the kI-TSS and 5’89 hairpin 5H2, and
not the 5’89 fragment alone, hSHAPE was repeated using kl-
TSS+5"895115m2> Which contains two base changes in the interact-
ing sequence. Flexibility profiles for H50, ES39, and H61 were now
more similar to those found in the presence of the kI-TSS alone
(Fig. 6A and B, right structures), suggesting that the majority of
flexibility changes were not due to an interaction with just the 5’89
fragment. The hairpins displaying similar flexibility changes with
the kI-TSS alone and kI-TSS+5'89 also had similar flexibility pro-
files in the presence of kKI-TSS+5'8954,,,,, (Fig. 6A). Flexibility
profiles for G2864 and U2865 at the base of H91 were also similar
to those found for the kI-TSS alone (not shown). Together, these
results suggest that the altered flexibility profiles exclusive to kl-
TSS+5'89 resulted from the 12-bp hairpin paired with the kI-TSS,
not from 5’89 alone.

Dissociation constants are similar for kl-TSS bound to ribo-
somes in the presence and absence of 5'89. To determine if the
ribosome dissociation constant for the kl-TSS is affected when the
kI-TSS engages in the RNA-RNA interaction, filter binding assays
were conducted for labeled kI-TSS and 80S Arabidopsis ribosomes
in the presence and absence of precomplexed 5’89 and 5'89515m5-
A 3-fold molar excess of unlabeled 5’89 or 5’89515, Was used in
this assay, which for 5’89 produces ~90% interacting molecules
(12). The K, for PEMV kI-TSS binding to salt-washed Arabidopsis
80S ribosomes was previously determined to be 0.52 uM (12). For
the current study, the K, for kl-TSS binding to salt-washed Arabi-
dopsis 80S ribosomes was 0.61 uM (Fig. 7A), similar to our previ-
ously published value. When the kI-TSS was first complexed with
5’89, the K; was essentially unaffected (0.58 wM) (Fig. 7B). The K
was also unaffected when the kI-TSS was in the presence of
5'895112m2> Which cannot form the RNA-RNA interaction (K,; =
0.55 wM) (Fig. 7C). These results suggest that formation of the
kissing-loop interaction between the kl-TSS and 5’89 hairpin 5H2
does not affect the efficiency of kl-TSS binding to ribosomes.
Therefore, these results support the conclusions of the in-line
structure probing and hSHAPE studies, i.e., that RNA-RNA
interaction and ribosome binding are compatible activities for
the kI-TSS.

The kI-TSS maintains a T shape when engaged in the highly
stable kissing-loop interaction. Previous modeling of the kI-TSS
3-D structure by use of RNA2D3D (36) predicted a T-shaped
structure for the kI-TSS (12). The hSHAPE and filter binding re-
sults suggest that when the kI-TSS is engaged in the kissing-loop
interaction, the T shape must be maintained to support similar
binding properties with ribosomes. To determine (i) if the struc-
ture of the kI-TSS is affected by docking to 5H2 and (ii) the stabil-
ity of the kissing-loop interaction, MD simulations were con-
ducted for the model kl-TSS/5H2 docked structure and kl-TSS
alone. An all-atom root mean square deviation (RMSD) plot mea-
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FIG 7 Dissociation constants for the klI-TSS bound to ribosomes in the presence and absence of 5’89 as assayed by filter binding. Two to 60 pmol of
5'-end-labeled kI-TSS was incubated with 15 pmol of salt-washed Arabidopsis 80S ribosomes, and bound RNA was detected following filtration. (A) kI-TSS only.
(B) kI-TSS preincubated with a 3-fold molar excess of unlabeled 5'89. (C) kI-TSS preincubated with a 3-fold molar excess of unlabeled 5’89 with a two-base
alteration in the loop of the interacting hairpin 5H2 (5'895,,,,,). The saturation binding curves are shown together with Scatchard plots (insets). K values were

calculated from three independent experiments. Error bars represent standard errors.

sured against the average structure for the full trajectory (3,221
atoms; 58-ns MD trajectory) of the kI-TSS/5H2 docked structure
has a mean value of 4.9 = 1.2 A (Fig. 8), illustrating the overall
stability of the model. The average 3-D structure of the kI-TSS/
5H2 docked model (Fig. 8B) shows that the initial kI-TSS T shape
(Fig. 8A, right panel) is retained in the MD simulation. The overall
T shape is also clearly visible in the overlay of this structure in two
possible orientations with tRNAy,. (Fig. 9B; shown even more
strikingly in Fig. 9D). RMSDs of individual stems (not shown,
because the graphs overlap) were also low, with 3H2 contributing
most of the distortions caused by the large asymmetric internal
loop. Collective, scissor-like motions of the 3H1 and 3H2 arms of
the kI-TSS toward and away from each other were the most visible
slow conformation changes. A very similar average MD structure
(all-atom RMSD 0f 6.9 A) was also obtained from an MD run of 97
ns for the kI-TSS alone (Fig. 8B, bottom structure). The reduced
mean value of the RMSD for 3H1 in kl-TSS/5H2 compared to the
RMSD of 3H1 in the kI-TSS alone indicates that while the kl-TSS
retains its shape, the 3H1-5H2 interaction stabilizes 3H]1.

The red RMSD plot shown in Fig. 8C was calculated for all
nucleotide atoms involved in the kissing-loop interaction up to
the base pairs closing the two hairpin loops (C70-G77 in 5H2 and
G3757-C3766 in 3H1). The low mean RMSD value of 0.9 = 0.2 A
measured against the average structure indicates a structurally sta-
ble kissing-loop interaction. The hydrogen bond occupancy anal-
ysis for the same nucleotides shows that 6 bp form stable bonds
(93 to 100% occupancy for the A76-U3759, G75-C3760, C74-
G3761, G73-C3762, G72-C3763, and U71-A3764 pairs, with the
majority of bonds being in the 99 to 100% occupancy range).
Thus, the initial (after minimization) approximate kissing-loop
model (Fig. 8A, right panel) was transformed in the dynamics

simulation into a very stable interaction (see the adjustments to
the 5H2 structure in the average model [Fig. 8B, top structure]).
The stem-closing base pairs (C70-G77 in 5H2 and G3757-C3766
in 3H1) are also extremely stable (99 to 100% occupancy). Over-
all, the MD results indicate that the T-shaped conformation of the
kI-TSS is maintained when the kI-TSS is docked with 5H2 and that
the kissing-loop complex between the kI-TSS and 5H2 is stable.
Similar results supporting the above conclusions were obtained
using the structure “B” model (12) for the kI-TSS and kI-TSS/5H2
(results not shown), even though the initial kI-TSS conformation
is a distinct alternative to structure “A.”

DISCUSSION

Significant differences exist between the TCV TSS and PEMV
kI-TSS. A wide range of plus-strand RNA viruses use 3’ CITEs for
efficient translation of their encoded proteins (11, 51). Among
various types of 3'CITEs, those that mimic tRNAs and possess
direct ribosome-binding ability have been identified only in the
carmovirus TCV, its close relative CCFV, and the umbravirus
PEMV. The TCV TSS and PEMV kI-TSS have different structural,
positional, and functional properties, suggesting that TSS-type
3'CITEs may not have a single mode of action. For example, (i) the
TCV TSS is composed of three hairpins and two pseudoknots
(25), whereas the PEMV kl-TSS contains a two-hairpin, three-way
junction structure (12); (ii) the TCV TSS is located proximal to the
3’ end of the genome and overlaps elements involved in transcrip-
tion of complementary strands (25, 35), whereas the PEMV kl-
TSS is positioned near the central region of its much longer 3'UTR
and is adjacent to a second 3'CITE, the elF4E-binding PTE (12);
(iii) the TCV TSS does not participate in any discernible long-
distance interaction, whereas the PEMV kI-TSS engages in a crit-

FIG 6 Alteration of the flexibility profile of rRNAs in yeast 80S ribosomes in the presence of the kI-TSS, kl-TSS+5'89, and a kI-TSS+5'89 variant that cannot
participate in the RNA-RNA interaction. (A) Helices with major structural alterations in 25S and 18S rRNAs in the presence of bound kI-TSS (left), kI-TSS+5'89
(middle), and kI-TSS+5'894;;,,,,; (right). The flexibility profiles were generated by subtracting the flexibility values for salt-washed ribosomes from the flexibility
values of residues for ribosomes in the presence of the added transcripts. The color code is shown at left. Each color change represents a standard deviation change
in flexibility, with the “warm” colors (e.g., red, orange, and yellow) indicating more flexible residues and the “cool” colors (green, blue, and purple) denoting less
flexible residues. Gray residues could not be evaluated. (B) Three helices that exhibited major structural changes in the presence of kI-TSS+5'89 only. (C) Three
helices that line the A-site accommodation corridor. The purple uracil residue denotes a substantial decrease in flexibility at this position in the presence of the
kI-TSS. (D) Locations of altered helices in 80S ribosomes. The 60S subunit is colored gray, and the 40S subunit is colored tan. Helices with major structural
alterations are shown in green. The peptidyltransferase center (PTC) is shown in red. The view is looking into the mRNA tunnel nearest the A site. (E) Different
view of 80S ribosomes to show the locations of helices (in blue) that have major structural changes with kl-TSS+5"89 only.
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FIG 8 Molecular dynamics simulation of the kI-TSS/5H2 complex. (A) (Left) Secondary structure of the 5" hairpin 5H2. (Center) kl-TSS color coded with the
model to the right. (Right) Energy-minimized 3-D model of the kI-TSS docked with 5H2, built using RNA2D3D (36), based on the previously published kl-TSS
model (structure A in reference 12). (B) (Top) Average 3-D structure based on a 58-ns MD trajectory. (Bottom) Overlay of the average kl-TSS structures from
two independent MD trajectories for the kI-TSS/5H2 complex (58 ns) and the kI-TSS alone (97 ns). The all-atom RMSD (2,288 atoms) between the two kI-TSS
structures is 6.9 A. (C) RMSD plot for the 58-ns MD trajectory for the model shown in panel A. RMSD values plotted in black were calculated for all 3,221 nucleic
acid atoms (i.e., excluding the solvent and ions) relative to the minimized average MD structure shown in panel B. RMSD values plotted in red are the values
calculated for all atoms of the 18 nt involved in and flanking the kissing-loop interaction between 5H2 (nucleotides C70 to G77) and 3H1 (nucleotides G3757 to
C3766). The low mean RMSD and standard deviation of the kissing-loop nucleotide subset indicate the stability of this interaction, which is in good agreement
with the measured stability of the hydrogen bonds involved (see the text for further details).

ical long-distance interaction with coding region hairpin 5H2 (12,
52); and (iv) the TCV TSS binds to 60S subunits and 80S ribo-
somes and the PEMV kI-TSS binds to both 40S and 60S ribosomal
subunits and 80S ribosomes (12, 23).

The TCV TSS competes with a P-site-located tRNA for binding
to 80S ribosomes (52), and this localization was recently con-
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firmed by cryo-electron microscopy (cryo-EM) (J. Pallesen, J.
Leshin, J. Frank, J. D. Dinman, and A. E. Simon, unpublished
data). As shown in Fig. 3, the PEMV kI-TSS does not compete with
the TCV TSS for ribosome binding, suggesting that the kI-TSS
occupies a site other than the P site in the ribosome. In support of
this conclusion, we recently found that the hNSHAPE signature for
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FIG 9 Two possible orientations of the kI-TSS with respect to canonical tRNAs. (A) (Left) Secondary structure of the kI-TSS, with hairpin 3H1 in cyan and
hairpin 3H2 in purple. (Right) 3-D structure (orientation A) of the klI-TSS model based on the average structure from the MD simulation for the kI-TSS/5H2
docked structure illustrated in Fig. 8B. This orientation places 3H1 (cyan) in the position of the amino acid acceptor stem and 3H2 (purple) mimicking the
anticodon stem. (B) Overlapping of the kI-TSS in orientation A (red) with phenylalanine tRNA (tRNA,.) (Protein Data Bank [PDB] code 1EHZ) (gray). AC,
anticodon stem; AA, amino acid acceptor stem. (C) (Left) Similar to panel A (left), except that hairpin 3H1 is in purple and hairpin 3H2 is in cyan. (Right) 3-D
structure (orientation B) of the kI-TSS with 3H1 (purple) in the position of the anticodon stem and 3H2 (cyan) mimicking the amino acid acceptor stem. (D)
Alignment of the 3-D structure of the kI-TSS in orientation B (red) with tRNAy, . (gray).

rRNAs in TCV TSS-bound 80S ribosomes is similar to that found
for P-site-binding tRNAs and markedly different from the pattern
found for the kI-TSS (J. Leshin, J. D. Dinman, and A. E. Simon,
unpublished data). Different ribosome-binding sites, combined
with the aforementioned positional, structural, and functional
differences, suggest that tRNA mimics may have evolved unique
features to achieve efficient translational enhancement in various
viral genome contexts.

The kI-TSS can simultaneously bind to ribosomes and en-
gage in its RNA-RNA interaction with the 5" hairpin 5H2. A sig-
nificant unanswered question is how the TSS delivers bound ribo-
somes or ribosomal subunits to the 5" end of the viral genome.
Although it has been proposed that 3'CITEs bind simultaneously
to translation factors and the 5" end (53, 54), this has been shown
experimentally only for the I-shaped 3'CITE of Maize necrotic
streak virus (14). For PEMV, it is not obvious that a ribosome

November 2013 Volume 87 Number 22

would be able to accommodate the kl-TSS, the viral RNA emanat-
ing 5" and 3’ of the kI-TSS, and a 12-bp hairpin (5H2) docked with
kl-TSS hairpin 3H1. Thus, to begin deciphering the mechanism of
kI-TSS function, it was important to ascertain if ribosome-bind-
ing and long-distance interaction activities are compatible. Using
in-line probing to detect the pattern of flexible residues in the
kI-TSS or 5’89 due to the presence of the interacting RNA and
ribosomes/ribosomal subunits, we found that the flexibility pro-
file was a combination of the patterns found when the kI-TSS was
engaged only in the RNA-RNA interaction or only in ribosome
binding (Fig. 4). Since the intensities of cleavage products in the
presence of both 5’89 and ribosomes were comparable or greater
to those present when the kl-TSS was bound only to 5’89 or ribo-
somes, the most likely interpretation of these results is that both
kI-TSS activities were occurring simultaneously. If the activities
were not compatible, the expectation would have been that only
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~10% of the kI-TSS not forming the kissing-loop interaction
would bind ribosomes, producing a much-reduced ribosome flex-
ibility pattern, which was not found. Interestingly, this assay also
established that binding of 40S or 60S subunits to the kI-TSS re-
duced the flexibility of most residues in the loop of hairpin 3H1,
which are the same residues that engage in the RNA-RNA inter-
action (Fig. 4A, lanes 4 and 5). The reduced flexibility of 3H1
residues is likely not due to a direct RNA-RNA interaction with
rRNA residues, since the 40S and 60S subunits contain different
rRNAs, but may be caused by restrictions imposed by subunit
binding. One intriguing possibility is that the bound ribosome
freezes 3H1 loop residues in a conformation that supports more
efficient base pairing with the partner sequence, which might en-
hance the rate of ribosome recycling.

Constraints in the flexibility of kI-TSS 3H1 loop residues that
occur when these residues are engaged in the kissing-loop inter-
action were previously found to be coupled to reduced flexibility
in junction residues U3805 and C3806 (12) (Fig. 4A, lane 7). As
shown in Fig. 4A, lanes 4 to 6, these two nucleotides also lose
flexibility when 3H1 loop residues are constrained due to ribo-
some binding. The flexibility of U3805-C3806 was further re-
duced when the kI-TSS was both engaged in the RNA-RNA inter-
action and bound to ribosomes (Fig. 4A, lanes 8 to 10), suggesting
an additive effect of the two activities.

Fragment 5’89 exhibited specific changes in residue flexibility
in the presence of 40S subunits, with very different changes in the
presence of 60S subunits or 80S ribosomes (Fig. 4B). It is currently
not known how the ribosome-bound structural changes in 5’89
reflect specific binding sites for the ribosome or ribosomal sub-
units. As found for the kI-TSS, the 5’89 flexibility pattern due to
ribosome binding was maintained when the RNA was engaged in
the RNA-RNA interaction, supporting the interpretation that the
two activities are not mutually exclusive. Binding of 40S subunits
led to aloss of residue flexibility throughout the loop of hairpin 5H1,
which might indicate an interaction with a complementary sequence
in the 18S rRNA. A search of the Arabidopsis 18S rRNA revealed the
sequence 1253-5'-CUUGAUUCUA, which is perfectly comple-
mentary with the 5H1 terminal loop (5'-UAGGAUCAAG). This
18S rRNA sequence is located adjacent to H33, one of the helices
substantially altered by hSHAPE when 80S ribosomes are bound
by the kI-TSS (Fig. 6A). Binding of 5’89 to 60S subunits and 80S
ribosomes also resulted in striking changes in the flexibility of
hairpin 5H2’s terminal loop, the sequence that base pairs with
kI-TSS hairpin 3H1. This flexibility change in 5H2 may reflect
induction of a conformation that is more conducive to forming
the kissing-loop interaction, as suggested above based on similar
findings for the kI-TSS.

Many of the most significant changes in the hSHAPE flexibility
profiles of 18S and 25S rRNAs within 80S ribosomes were similar
in the presence of kI-TSS, kl-TSS+5'89, and kI-TSS+5'895115m>
(Fig. 6A), suggesting that the kl-TSS is accommodated in similar
locations within the ribosomes in the absence or presence of the
interacting fragment. Three helices (H50, H61, and ES39) and two
residues in the three-way junction linking H90, H91, and H92
(U2865 and G2864) exhibited major changes in their flexibility
profiles only in the presence of kI-TSS+5’89, e.g., when the kiss-
ing-loop interaction formed (Fig. 6B and C). This finding suggests
that the kissing-loop interaction does affect, to some extent, the
accommodation of the kI-TSS in the ribosome. Interestingly, he-
lices H50 and H61 are adjacent to and at the base of the peptide

12000 jvi.asm.org

exit channel (Fig. 6B). Since the peptide exit channel is too narrow
to accommodate an RNA double-stranded helix, the reason that
these helices are disrupted remains obscure.

Orientation of the kl-TSS with respect to a canonical tRNA.
Two of the three 25S rRNA helices (H69 and H89) and one of the
four 18S rRNA helices (h44) exhibiting major structural changes
in the presence of the kI-TSS directly contact A-site-binding
tRNAs. Significant flexibility changes were found in the terminal
loop of large-subunit helix H69, which participates in the B2a
intersubunit bridge and makes extensive contacts with A-site
tRNA and polypeptide tRNA mimics that enter the A site, such as
release factors and ribosome recycling factor (55-57). H89, which
lines the aminoacyl-tRNA accommodation corridor, also exhibits
major flexibility changes in the presence of the kl-TSS, as does the
junction region of the three helices (H90, H91, and H92) that line
the other side of the accommodation corridor. In the small sub-
unit, the upper portion of h44 interacts with A-site tRNAs in the
decoding center. Since the kl-TSS does not compete with the TCV
TSS for P-site binding, these results are suggestive that the kl-TSS
might bind in or near the ribosome A site.

The RNA2D3D updated model of the kI-TSS (Fig. 8A) con-
verged to a T-shaped structure in the kI-TSS/5H2 MD simulations
(Fig. 8B). This result is additionally supported by an alternative
model (structure “B” model in reference 12) that converges to the
common kI-TSS shape. Two possible orientations for the averaged
MD structure of the kl-TSS relative to a canonical tRNA are shown
in Fig. 9. In orientation A (the orientation previously published
[12]), hairpin 3H1, which participates in the long-distance RNA-
RNA interaction, was proposed to mimic the amino acid acceptor
arm of a tRNA (Fig. 9A and B). Based on our finding that kI-TSS
alone and kl-TSS bound to 5H2 are accommodated in the same
approximate location within the ribosome, this orientation would
place 3H1 near the peptidyltransferase center in an A-site-binding
kI-TSS, a location that might not permit a 12-bp hairpin. This
possibility led to the evaluation of a second orientation for the
kI-TSS with respect to a canonical tRNA. Orientation B (Fig. 9C
and D) places hairpin 3H1 in the anticodon stem position, which
would position both the 12-bp interacting hairpin and the re-
mainder of the viral RNA in the mRNA tunnel, where accommo-
dation should be possible. In this orientation, hairpin 3H2 mimics
the amino acid acceptor arm of a tRNA. Since both orientations
appear to align the PEMV kI-TSS comparably well with a tRNA,
imaging the ribosome-bound element via crystallography or
cryo-EM will be necessary to discern between the two options.

The kI-TSS inhibits translation in trans. Previous studies re-
ported that addition of the PTE in a 100-fold excess in trans in-
hibited translation of a heterologous reporter construct contain-
ing the Barley yellow dwarf virus (BTE) translation enhancer by
75% (30). The recent discovery that the PTE is adjacent to the
kI-TSS suggested a need to revisit the prior study to determine if
the high concentration of added PTE and the use of a heterologous
reporter construct were necessary to achieve translational inhibi-
tion because of the absence of the kI-TSS. Using PEMV 5’89 and
the 3"UTR to direct reporter gene translation, with a 10-fold mo-
lar excess of PTE and/or kI-TSS added in trans, the PTE had only a
weak effect on translation (14%), whereas the kI-TSS reduced
translation by 57%. Inclusion of a transcript containing the PTE
and the kI-TSS resulted in a 75% reduction in translation (Fig.
2C). Since levels of inhibition can be proportional to the efficiency
of translational enhancement when located in cis (30, 58—60), this
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suggests that the kI-TSS may be the more dominant 3'CITE, with
the role of the PTE being to assist in the recruitment of 80S ribo-
somes or ribosomal subunits to the kI-TSS in an eIF4E-dependent
manner. Both RNA-RNA interaction and ribosome-binding ac-
tivities of the kI-TSS contributed to translational inhibition when
the kI-TSS was supplied in trans (Fig. 2), supporting our previous
results indicating that both activities are important for kl-TSS
3'CITE function (12).

The kI-TSS and PTE were ineffective at enhancing translation
when supplied in trans to a template with a kl-TSS disabled in
either the RNA-RNA interaction or ribosome-binding activity,
suggesting that these 3’ CITEs must be in cis to function as trans-
lational enhancers. This is in contrast to the 3'CITE of Maize
necrotic streak virus, which enhanced translation both in cis and in
trans in WGE by rescuing the translation of a defective Carnation
Italian ringspot virus template that lacked the 3'CITE (14). The
inability of the kI-TSS to enhance translation in trans suggests that
ribosome recruitment and transfer to the 5’ end are linked to
cis-translation. Alternatively, additional 3’ elements may be re-
quired for full function of the kI-TSS/PTE translational enhancers.

In conclusion, the PEMV kI-TSS is a multifunctional 3'CITE
that binds to ribosomes in a non-P-site location. Simultaneous
binding of the kI-TSS to ribosomes and a 5" proximal hairpin
suggests a model whereby ribosomes or ribosomal subunits, either
during the pioneer round of protein synthesis or once completing
translation, bind to the kI-TSS in cis with support from the eIF4E-
bound PTE. The bound ribosome may assist formation of the
long-distance kissing-loop interaction, which circularizes the ge-
nome, delivering the kI-TSS-bound ribosomes to the 5’ end,
which supports cap-independent translation initiation. The sub-
stantive differences between the PEMV kI-TSS and the TCV TSS
suggest that tRNA mimics have evolved to utilize different mech-
anisms for translational enhancement.
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