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Background: Barley yellow dwarf virus, a positive strand RNA virus, contains a 3'-translational enhancer element (BTE).
Results: Ribosomes bind the 5'-UTR only in the presence of the 3'-element.

Conclusion: The BTE is the site of initial ribosome recruitment.

Significance: Ribosome recruitment to the 3’-BTE provides a feedback loop for the switch between translation and transcrip-

tion of the viral mRNA.

Barley yellow dwarf virus mRNA, which lacks both cap and
poly(A) tail, has a translation element (3'-BTE) in its 3’-UTR
essential for efficient translation initiation at the 5'-proximal
AUG. This mechanism requires eukaryotic initiation factor 4G
(eIF4G), subunit of heterodimer eIF4F (plant eIF4F lacks
elF4A), and 3'-BTE-5'-UTR interaction. Using fluorescence
anisotropy, SHAPE (selective 2'-hydroxyl acylation analyzed by
primer extension) analysis, and toeprinting, we found that (i)
40S subunits bind to BTE (K,; = 350 = 30 nwm), (ii) the helicase
complex elF4F-elF4A-elF4B-ATP increases 40S subunit bind-
ing (K; = 120 = 10 nM) to the conserved stem-loop I of the
3'-BTE by exposing more unpaired bases, and (iii) long distance
base pairing transfers this complex to the 5’-end of the mRNA,
where translation initiates. Although 3’-5' interactions have
been recognized as important in mRNA translation, barley yel-
low dwarf virus employs a novel mechanism utilizing the
3’'-UTR as the primary site of ribosome recruitment.

All viruses are parasites of the translational machinery (1).
When a positive strand RNA virus first enters a cell to initiate
infection, a minuscule number of invading viral genomic
RNAs must compete with the overwhelming number of host
mRNAs to gain a foothold in the translational machinery.
Before RNA replication can commence, viral RNA must be
translated in order to synthesize the viral replicase. To outcom-
pete host mRNAs for the ribosomes and to evade host transla-
tional control mechanisms, positive strand RNA viruses have
evolved a plethora of non-canonical translation initiation
mechanisms (2, 3); these include the powerful internal ribo-

some entry sites (IRESs)® of picornaviruses (4, 5), hepatitis C
virus (6, 7), and dicistroviruses (8) as well as 3'-cap-indepen-
dent translation elements (3'-CITEs) in plant viruses (9).

Numerous plant and animal viral mRNAs do not possess a
5’-cap structure (m’G(5')ppp(5’)N) in the mRNA and translate
efficiently using alternative cap-independent pathways. Many
viruses harbor sequences and a complex secondary structure
within their untranslated regions (UTRs) that allow them to
bypass cellular translation control steps to produce viral pro-
teins. The 5'-terminal regions of animal and some plant viral
mRNAs contain an IRES that recruits the 40S subunit to pro-
mote cap-independent translation (10—12). These IRESs inter-
act with a subset of initiation factors that vary depending on the
IRES to recruit the 40S subunit in a cap-independent manner
(6, 13—15). The IRES of hepatitis C virus binds directly to the
40S ribosomal subunit and eIF3 but does not require any elF4
factors (7, 16). Even more extreme, dicistroviruses can assemble
80S ribosomes without any elFs (17, 18). Plant potyviruses con-
tain a 5’ covalently linked protein (VPg) and an adjacent IRES,
both of which interact with elFs and recruit translational
machinery (19-21).

Instead of containing IRESs, uncapped RNAs of many plant
viruses contain a 3'-cap-independent translation element (3'-
CITE) in their 3’-UTR that confers efficient translation initia-
tion. Unlike with IRESs, ribosome scanning from the 5’-end of
the mRNA is required for translation of mRNAs relying on a
3'-CITE (9, 22-24). These include RNAs of plus-strand RNA
viruses in the Tombusviridae family and the Luteovirus and
Umbravirus genera, all of which lack both a 5'-cap and a
3'-poly(A) tail (23-25). The 3'-CITEs fall into about seven
apparently unrelated structural classes. 3'-CITEs in five of
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these classes bind to and require a component of elF4F (24,
26 —28). It should be noted that plant eIF4F is a heterodimer of
elF4G and elF4E. Although elF4A is present in plants, it is not
part of the e[FAF complex. In addition, plants contain a homo-
log of elF4F termed elF(iso)4F, consisting of elF(iso)4E and
elF(is0)4G. The tRNA-shaped 3'-CITE of turnip crinkle virus
binds directly to ribosomal 60S subunits and 80S ribosomes,
but its interactions with initiation factors are unknown (29).
The factor requirements of the most recently discovered
3'-CITE (from the Xinjiang isolate of Cucurbit aphid-borne
yellows virus) are also unknown (30).

One of the well characterized CITEs is the barley yellow
dwarf virus (BYDV)-like cap-independent translation element
(3’-BTE) found in the Luteovirus, Dianthovirus, and Necrovirus
genera. 3'-BTEs contain a 17-nucleotide (nt) conserved se-
quence (CS) GGAUCCUGGGAAACAGG that forms stem-
loop I (3’-SL-I) due to base pairing of the underlined sequences
(Fig. 1). In Fig. 1, the bases in italic type are the CS, and those in
the green box are complementary to a sequence near the 3’'-end
of 18S rRNA (Fig. 1B) (31). Translation initiation factor el[F4G
binds the 3’-BTE with high affinity (24, 32) and protects SL-I
from modification by SHAPE reagents (33). The loop of stem-
loop IIT (3'-SL-III) of the 3’-BTE forms a long distance RNA-
RNA “kissing” stem-loop base-pairing interaction with a loop
in the 5'-end of the mRNA (25, 34) (Fig. 1C). Binding of the
3'-BTE to elF4G and to the 5'-UTR are required for efficient
cap-independent translation. Finally, the 3'-BTE does not
appear to be an IRES, because this translation initiation
requires ribosome scanning from the 5'-end of the mRNA (22,
23). To accommodate these observations, two models have
been proposed. Either eIF4F (via its eIF4G subunit) binds the
3'-BTE and is delivered to the 5'-UTR, via long distance base
pairing, where it recruits the 40S ribosomal subunit (in the 43 S
preinitiation complex), or eIF4F recruits the 40S subunit to the
3'-BTE. The BTE then base-pairs to the 5'-UTR to deliver the
43 S preinitiation complex to the 5'-end (23). In addition,
the involvement of any other initiation factors in BYDV trans-
lation initiation remains unknown (24). The results described
here address these questions.

We found that 40S ribosomal subunits bind directly to the
3’-BTE with a low affinity and that this affinity increases signif-
icantly in the presence of elF4F, helicase factors eIF4A and
elF4B, and ATP. We also confirm that 80S ribosome loading to
the start codon of the message is possible only in the presence
of the 3’-BTE. Furthermore, we observed a ribosome toeprint
in the SL-I region of 3'-BTE in the wheat germ in vitro transla-
tion system and with purified elFs. Our results support the
model in which the 40S subunit binds the 3'-BTE facilitated by
the elF4 translation factors and in which the long distance base
pairing promotes transfer of the 40S complex to the 5'-UTR,
where scanning and subsequent translation ensue.

EXPERIMENTAL PROCEDURES

RNA Synthesis and Purification—3'-BTE and mutant 3'-
BTE-BF transcripts were generated from synthetic DNA oli-
gonucleotides with a T-7 promoter obtained from Integrated
DNA Technologies, Inc. (Coralville, IA). BLucB is a reporter
plasmid containing the firefly luciferase gene flanked by the
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BYDV genomic 5'- and 3'-UTRs. BLucBF is the mutated plas-
mid containing GATC duplication in the BamHI4837 site.
BLucB-SL-Dm1 is a mutated BLucB plasmid where CUGA-
CAA nucleotides of stem-loop D (5'-SL-D) were mutated to
CUGUCAA to disrupt the “kissing loop” interaction. Prepara-
tion and construction of these plasmids were described previ-
ously (23, 31, 35). BYDV 5'-UTR plasmid in a pUC MINUS
MCS form was constructed by Blue Heron Biotechnology, Inc.
(Bothell, WA) and was also used for in vitro study. BLucB,
BLucBF, BLucB-SL-Dm1, or BYDV 5'-UTR templates were lin-
earized using Smal restriction enzyme (New England Biolabs)
and transcribed using the T7 Megscript kit according to the
standard protocol (Ambion). Capping of BYDV 5'-UTR
mRNAs was done using the T7 mScript™" (CellScript) kit. All
transcripts were purified by the Megaclear kit (Ambion). RNA
concentrations were determined using a nanodrop UV-visible
spectrometer, and integrity was verified by 8 -10% polyacryl-
amide gel electrophoresis.

Computer-aided Analysis of RNA—The genome sequences
of BYDV (NC_004666.1) were obtained from the NCBI
GenBank™ database. RNA secondary structures were pre-
dicted at 37 °C using MFold (36).

Purification of 80S Ribosomes and 40S and 60S Ribosomal
Subunits from Wheat Germ—Ribosomal subunits were isolated
from wheat germ according to Goss et al. (37) and Spremulli ez
al. (38). Briefly, 100 g of raw wheat germ (Bob’s Mill) was
ground to powder with 100 g of alumina in a cold mortar and
resuspended in extraction buffer (20 mm HEPES-KOH, pH 7.6,
100 mm KCI, 1 mm Mg(OAc),, 2 mm CaCl,, and 5 mm 2-mer-
captoethanol) followed by centrifugation for 10 min at
15,000 X g. Subsequent steps involved purification of the super-
natant using a (3 X 25-cm) G-25 column and centrifugation of
150 A4, units/ml G-25 fractions for 3 h at 170,000 X g. Further
purification was performed as described by Spremulli et al. (38).
Ribosomes were salt-washed using a method used for the prep-
aration of yeast ribosomes, as described previously (39, 40).
Plant 40S and 60S ribosomal subunits were isolated from puri-
fied plant 80S ribosomes by sucrose gradient centrifugation as
described previously for the isolation of yeast ribosomal sub-
units (41). Ribosomes were concentrated using an Amicon
Ultra (100k) column (Millipore) for buffer exchange and sam-
ple concentration against 20 mm HEPES-KOH (pH 7.6), 5 mm
Mg(CH,;COO0),, 50 mm NH,Cl, 10% glycerol, and 1 mm dithio-
threitol (DTT) and stored at —80 °C at a final concentration of
ribosome (~7 um) and 20% glycerol.

Protein Expression and Purification—The recombinant pro-
teins elF4F, -4A, and -4B were expressed and purified as
described previously (42, 43). HiTrap Mono-Q ion exchange
phosphocellulose and m’GTP-Sepharose columns were used
for the purification of eIF4F (43), whereas a Ni*" -nitrilotri-
acetic acid column and a 5-ml Q-Sepharose column were used
for the purification of eIF4A and elF4B, respectively. Protein
purity was analyzed by 10% SDS-PAGE. All protein samples
were dialyzed against buffer (20 mm HEPES-KOH (pH 7.6), 150
mwm KCl, 1.0 mm MgCl,, and 1.0 mm DTT).

Electrophoretic Mobility Shift Assay (EMSA)—RNA unwind-
ing using helicase (eIF4A-4B-4F) complex was performed as
described previously (44). Initiation factors elF4A, elF4B, and
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elF4F (2.0 um concentration of each) and 5 mm ATP were incu-
bated with 50 nm **P-labeled 3'-BTE RNA or 3'-BTEBF RNA
for 1 h at 37 °C in buffer containing 20 mm (HEPES)-KOH (pH
7.5), 150 mm KCl, 2 mm dithiothreitol, 5 mm magnesium ace-
tate, 0.1 mMm GTP, 20 units of RNAsin (Invitrogen) in a final
volume of 10 ul. After a 1-h incubation, 40S ribosomal subunits
(final concentration of 500 nm) were added to the helicase reac-
tion mixture and incubated at 37 °C for another 30 min. As a
control experiment, mRNAs were incubated with eIF4F and
40S subunits separately under the same experimental condi-
tions. Reactions were stopped by adding loading dye and
applied to a native 2% polyacrylamide, 2% agarose gel that had
been prerun at 30 mA for 30 min. Electrophoresis was carried
out at 50 mA for 2 h at 4 °C. The gel was exposed to a Phosphor-
Imager (Amersham Biosciences) overnight and quantified
using ImageQuant software (GE Healthcare).

Solution Structure Mapping—RNA structure probing was
done by the selective 2'-hydroxyl acylation analyzed by primer
extension (SHAPE) method (45, 46). Briefly, RNA (20 pmol) in
6 wl of sterile water was heated at 95 °C for 4 min, quickly cooled
onice, treated with 3 ul of folding buffer (333 mm NaCl, 333 mm
HEPES (pH 8.0), 33.3 mm MgCl,), and incubated at 37 °C for 20
min. The RNA solution was treated with benzoyl cyanide (1 ul
of 10X BzCN, 400 mm in DMSOQO) and allowed to react for 2.5 s
(equal to five BzCN half-lives). Control reactions contained 1 ul
of DMSO. Modified RNAs were used for the primer extension
reaction (45).

SHAPE studies on helicase complex-treated 3'-BTE were
done similarly. Folded 3’-BTE (20 pmol) was first incubated
with helicase complex prepared according to Ref. 47 at 37 °C for
30 min and was treated with BZCN in DMSO. Control reactions
contained folded 3'-BTE and DMSO.

The ¢DNA primers (a) 5'-AGTTGCTCTCCAGCGG-
TTC-3" and (b) 5 -AACGGCGATAACGTGAAG-3" were
used for structure probing as well as toeprinting assays. The
primer a is complementary to the luciferase mRNA in all
reporter BYDV constructs and was used for 5’ probing. The
primer b is complementary to the 3’-UTR region of BYDV
mRNA and was used for probing the BTE.

Primer Extension Inhibition (Toeprinting)—Toeprinting as-
says of 5'-mRNA were performed on the BLucB mRNA,
BLucBF mRNA, and BLucB-SL-Dm1 and 5-UTR BYDYV using
wheat germ extract (WGE) and using combinations of different
elFs. The assay protocol for toeprinting in WGE was adapted
from Ref. 48. Wheat germ extract reactions were prepared
according to the Promega wheat germ in vitro translation kit
(L-4380) as they were for use in translation assays, except that a
complete amino acid mixture was used, and no [>**S]Met was
used. Each reaction was treated with 5 mm cycloheximide
(CHX). RNAs were incubated in the WGE in a total volume of
10 wl for 30 min at 25 °C. Each microliter of the translation
reaction was then diluted in primer extension buffer, which
contains four parts 1X SSIII FS buffer (Invitrogen), one part 0.1 Mm
DTT, one part 10 mm dNTP mix, and 1 unit/ul RNaseOUT
(Invitrogen) (45), and incubated for 2 min at 55 °C. **P-Labeled
primer was then annealed with the RNAs at 37 °C for 2 min, and
reverse transcription was done by using SuperScript III reverse
transcriptase (Invitrogen) at 48 °C for 20 min. Reverse tran-
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scribed ¢cDNAs were purified by phenol/chloroform (25:1)
extraction followed by ethanol precipitation. The reactions
were separated in an 8% polyacrylamide, 7 M urea sequencing
gel. The sequencing ladder and toeprints were visualized by
scanning of the dried gel.

Toeprinting reactions for 3'-UTRs were done using WGE or
by assembling 40S subunits (16 pmol), mRNAs (6 pmol), and
different combinations of elF4F, eIlF4A, and elF4B (6 pmol
each) in 20-ul reaction mixtures. Each reaction was incubated
in a binding buffer (20 mm HEPES at pH 7.8, 6 mm MgCl,, 100
mM NaCl) at 37 °C for 30 min. **P -Labeled primer was then
annealed with the RNAs at 37 °C for 2 min, and toeprints were
detected using reverse transcription as described (49).

Quantification of Gels—Toeprinting and SHAPE gel images
were analyzed by the semiautomated footprinting analysis
(SAFA) software (50, 51). The software converts integral band
densities of each band into a numerical value. The numerical
values were normalized and plotted against sequences (52).

Fluorescence Anisotropy—Fluorescence anisotropy measure-
ments were carried out using a Horiba Spectra ACQ Fluo-
rolog-3 spectrofluorimeter equipped with excitation and emis-
sion polarizers. The sample temperature was 25 °C unless
otherwise stated. Anisotropy experiments were performed
using an L-format detection configuration. Fluorescence an-
isotropy titrations were employed to study protein-RNA (eIFs-
BYDV mRNAs) and ribosome-RNA (40S-BYDV mRNAs)
interactions. RNAs were 5'-labeled with fluorescein 5-maleim-
ide using a 5'-end tag nucleic acid labeling system from Vector
Laboratories (Burlingame, CA). The fluorescence anisotropy
change was monitored when increasing amounts of elFs or
ribosomes were added to 5'-fluorescence-labeled mRNAs in 20
mM HEPES buffer, pH 7.4, 100 mm KCI at 25 °C. The K, was
determined by fitting the plot of changes in anisotropy versus
ribosome or eIF concentration using the equation, r p, = r;, +
(Fnax — i)/ [FRNA]) (b — (b* — 4[F'RNA][eIFs])*®), where
the r, is the observed anisotropy value for any point in the
titration curve, r,;, is the minimal anisotropy value in the

min
absence of protein or ribosome, and r_,, is final saturated an-

isotropy value. b = K, + [F'RNA] + [elFs/ribosome], as
described elsewhere (53, 54). Data were fitted using Kaleida

Graph (Abelbeck Software).

RESULTS

40S Ribosomal Subunits Bind First to the BYDV mRNA
3'-UTR—Elucidation of the molecular mechanism of BYDV
translation initiation requires an understanding of the ribo-
some binding events. Although it was shown previously that the
3’-BTE interacts specifically with eIF4F with a very high bind-
ing affinity (K, ~37 nm) (24, 32) and that this binding affinity
correlates with translational efficiency (32), the mechanism of
ribosome recruitment and the role of associated elFs during
this event remain unclear. As the next step in the establishment
of aribosome recruitment mechanism in BYDV translation, we
have quantitatively characterized interactions between the 40S
subunit with wild type and mutant forms of the BYDV 3'-BTE
and 5'-UTR alone and in the presence of different elFs.

Previously, we reported the use of fluorescence quenching
and anisotropy experiments to study the equilibrium binding
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between different mRNAs and elFs (mRNA-elF interactions)
or between mRNAs and ribosomes (32, 55-57). In this study,
we use these approaches to determine the equilibrium dissoci-
ation constants (K, values) for the interactions between 40S
ribosomal subunits and 3'-BTE, 5’-UTR, and 3’-BTEBF RNAs
(3'-BTEBF is a translationally inactive mutant of the BTE, con-
taining a four-base duplication of GAUC in the 17-nt CS (31))
and the effects of different eIFs on 40S-3'-BTE interactions.

Fluorescence anisotropy measurements of purified 40S ribo-
somal subunits interacting with fluorescein-labeled 3'-BTE
reflected a moderate binding affinity (K, = 350 * 30 nm) (Fig.
2A). A similar binding affinity was observed for the 3'-BTE with
the 80S ribosomes and weaker binding affinity for 60S subunits
(Kp = 600 = 20 nm) (data not shown). In contrast, very weak
binding affinities to the 40S subunit were observed for the
mutant BTEBF (K, = 1200 = 50 nm) (Fig. 24), the 5'-UTR of
BYDYV genomic RNA (K, = 1100 = 50 nm), or 5'-SL-D of the
5'-UTR (K, = 900 = 10 nm) (Fig. 24). These weak binding
affinities most likely reflect nonspecific interactions.

Binding affinity of 40S-3'-BTE or 40S-5'UTR was weaker
than expected to account for 3'-BTE-mediated translation. For
example, ribosome binding to capped mRNA has a very strong
binding affinity (K, ~2 nm) (58). Because eIFs affect ribosome-
binding affinity (58, 59) and eIF4F is required for translation
initiation, the effects of elFs on 40S binding were examined.
elF4F alone did not show a significant effect on 40S binding
affinity with 3'-BTE. However, a combination of eIF4A-4B-4F
(helicase complex) and ATP enhanced the binding affinity of
40S for 3'-BTE RNA nearly 3-fold (K, = 120 = 10 nm) (Fig. 2B).
In the 17-nt CS, bases 2—-7 (GAUCCU) (Fig. 1) are complemen-
tary to a tract near the 3’-end of 18S rRNA at the site where the
Shine-Dalgarno complementary sequence is located in pro-
karyotic ribosomes (31). However, the terminal three bases
(underlined) are base-paired within the 17-nt CS (Fig. 14), and
some of the complementary bases in 18S rRNA are also embed-
ded in a helix. Thus, perhaps unwinding of RNA by the helicase
activity of eIF4A (44) made the CS available to allow base pair-
ing between the GAUCCU and 18S rRNA, enhancing binding
of 3'-BTE to the 40S subunit. Further mutagenesis studies will
determine the extent to which base sequence and possibly base
pairing influences ribosome binding. The specificity of ribo-
some binding is confirmed in Fig. 2 (B and D), where only heli-
case complex (e[F4A-4B-4F)-treated 3'-BTE, in the presence of
ATP, showed high affinity binding. None of the controls,
including a non-hydrolyzable ATP analog (ADPPNP; compare
3'-BTE binding in Fig. 2 (compare A with B and as shown in D),
nonfunctional 3’-BTEBF mutant, and the 5'-UTR, showed a
similar increase in ribosome binding in the presence of the heli-
case complex.

Binding selectivity of the 40S with 3’-BTE and 3'-BTEBF in
the presence of helicase complex and ATP was verified by
EMSAs, in which 32P-labeled 3'-BTE or 3'-BTEBF RNAs,
treated with the eIF4A/elF4B/elF4F/ATP mixture, were incu-
bated with 40S ribosomes (Fig. 2C). The addition of elF4F
caused a gel shift (lanes 2, 6, 8, and 9), whereas the further
addition of 40S ribosomal subunits increased the gel shift (lanes
3 and 4). The EMSA revealed that ribosome binding affinity to
the 3’-BTE increased in the presence of the helicase complex
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(compare lanes 3 and 4), whereas no binding increase was
detected for the nonfunctional mutant, 3'-BTEBF (compare
lanes 8 and 9), confirming our fluorescence anisotropy
measurements.

To further understand the 40S subunit binding, the presence
of both 5’- and 3'-elements was examined to test if a complex
had higher affinity than either element alone. Fluorescence ani-
sotropy measurements were performed as described in Fig. 2, A
and B. Fig. 2D shows the relative stability of the complexes
(1/K,). The 40S binding to helicase-treated 3'-BTE was
reduced when 150 nm (3-fold excess) 5'-UTR was added in
trans prior to titration with ribosomes (Fig. 2D), presumably
because the 40S subunit was transferred to the 5'-UTR. This
binding to the 5'-UTR did not occur in the absence of 3'-BTE
(Fig. 2, Band D). When binding to the 5'-UTR was monitored,
there was an increase when a 3-fold excess concentration of
3'-BTE was added prior to titration. Further, we were unable to
attain a stable 3'-5’ complex by EMSA even in the presence of
elFs. Taken together, these data suggest a transient interaction.

Structural Probing of 3'-UTR Shows Helicase Treatment
Increases RNA Accessibility—To understand the structural
aspect of the requirement of ATP-dependent elF4A-4B-4F
interaction with 3’-BTE for high affinity ribosome binding,
3'-BTE RNA structures were probed using SHAPE in the pres-
ence and absence of e[F4A-4B-4F-ATP. The chemical BzCN,
which modified flexible and single-stranded nucleotides in a
sequence-independent manner (45, 46), was used in SHAPE
experiments. Modified residues were mapped by primer exten-
sion followed by denaturing gel electrophoresis. SAFA (51) was
used to analyze the SHAPE reactivity of each nucleotide, and
the results (SHAPE activity higher than 60%) were superim-
posed onto the known secondary structure of 3'-BTE (Figs. 1 (A
and B) and 3).

Earlier SHAPE probing in the absence of elFs and ATP of
3’-BTE (33) (Fig. 1A) revealed the presence of a stem-loop SL-I
formed by the 17-nt CS at the distal end of a bulged basal helix,
where the first and second guanylate were more exposed than
the others (33). The conserved GGAUC of the 17-nt CS, which
has 18S rRNA complementarity, showed low SHAPE reactivity
except for the first G, which was highly modified by BzCN.
Stem-loop SL-III possesses six uninterrupted GC and CG base
pairs. It appears that the native fold of 3’-BTE is maintained by
the basal helix, which helps to form a more accessible 3'-BTE
(33). However, SHAPE studies of helicase complex-treated
3'-BTE (Fig. 1A) showed more modification of nucleotides in
the 18S rRNA-complementary region of SL-I as well as nucle-
otides (nt 4828 —4831) in the SL-IV, suggesting that treatment
with the helicase complex increased accessibility of the 3'-BTE
in regions complementary to the 185 rRNA and possibly
explaining the increase in 40S binding affinity.

Cycloheximide Stalls Ribosomes near the Start Codon—
Strong secondary structures or AUG codons in the 5'-UTR of
BYDV RNA can greatly reduce translation initiation (15, 22,
23), suggesting that 3’-BTE-mediated translation requires
scanning from the 5’'-end. To further investigate the role of the
5'-UTR in translation initiation, we performed toeprinting
analysis of translation reactions in WGE. Initially, we analyzed
a 5'-capped version of the BYDV 5'-UTR linked to a luciferase
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FIGURE 1. Secondary structure of the 3'-BTE of BYDV genomic RNA. A, secondary structure of 3’-BTE determined by SHAPE reactivity (35). Bases are
color-coded based on the level of modification in the SHAPE reaction, where red color indicates the highest modification. Nucleotides are numbered according
to their positions in the viral genome. Bases in boldface italic type comprise the 17-nt CS in all BTEs. Exposed bases due to helicase activity of elF4F-4A-4B and
ATP are designated by triangles and correspond to the 18S rRNA-complementary region (GAUCCU, green box, B). B, circled nucleotides in 3'-BTE are protected
from SHAPE reagent by elF4G binding (33). The green box indicates the 18S rRNA-complementary region (GAUCCU) in the SL-Iloop. G (red box) in the SL-I region
show a 40S toeprint in a helicase complex-treated BYDV mRNA. C, 3'-UTR BTE interaction with 5'-UTR SL-D loop. The red loops are the SL-Ill and the 5’-SL-D,
which interact through complementary base pairing.

reporter gene (B-Luc) to authenticate the functionality of the ~16-18 nt downstream of the P-site codon by inhibiting elon-

system. When capped B-Luc RNA was incubated in WGE gation, toeprints were observed at the expected location (Fig. 4,
treated with CHX, which stalls 80S initiation complexes [lane 11). We next characterized ribosome recruitment on
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FIGURE 2. Ribosomes bind more tightly to helicase-treated BYDV 3’-UTR compared with the 5’-UTR, BTEBF, or untreated 3'-BTE. A and B,
ribosome binding to BYDV-RNA was monitored by changes in 5'-fluorescein-labeled BYDV-RNA fluorescence anisotropy (excitation, 490 nm; emission,
520 nm). A, 40S binding to untreated RNA, 3'-BTE (@), 3’-BTEBF (H), 5'-SL-D(<), and 5'UTR BYDV (A). K, values are as follows: 3’-BTE (350 = 30 nm),
3'-BTEBF (1200 = 50 nm), 5'-SL-D (900 = 30 nm), and 5'UTR BYDV (1100 = 50 nm). B, 40S binding to helicase (4F-4B-4A-ATP)-treated RNAs, 3'-BTE
(@),3’-BTEBF (HH), 5'-UTR (A), and 3’-BTE + 4F-4B-4A-ADPPNP ([J). K, values are as follows: 3’-BTE (120 + 20 nm), 3’-BTEBF (1100 = 50 nwm), 5'-UTR
(1100 = 40 nm), and 3’-BTE + 4F-4B-4A-ADPPNP (350 = 70 nm). The fluorescein-labeled 3'-BTE, 3'-BTEBF, 5’-SL-D, and 5'-UTR BYDV concentrations were
0.10, 0.5, 0.5, and 0.5 uMm, respectively, in titration buffer at 25 °C. The x axis indicates the concentration of ribosomes added. Helicase treatment is
described under “Experimental Procedures.” C, EMSA of ribosome binding to helicase-treated BYDV 3’-UTR. 3>P-Labeled 3'-BTE or 3'-BTEBF RNAs were
incubated in the presence of the indicated proteins or 40S subunits as indicated by a plus sign above each lane. Mobilities of the indicated complexes
with labeled RNA are indicated beside the gel. Lane 2 shows the gel shift for elF4F and RNA. An additional shift occurs when 40S subunits bind (lanes 3
and 4). Helicase treatment increased ribosome-BTE binding (compare lanes 3 and 4). Lanes 5-9 show binding for the non-functional BTEBF, which binds
elF4F but is transnationally inactive (24). D, ribosome-RNA complex stabilities between different BYDV RNAs are compared. Ribosome-BYDV-RNA
binding affinity was determined by calculating relative complex stability (1/K) from fluorescence anisotropy experiments. Ribosome shows the highest
complex stability with helicase-treated 3'-BTE, which decreased when a 3-fold excess of unlabeled 5'-UTR RNAs is present in trans in the reaction.
Helicase-treated 5’-UTR shows stronger binding to ribosomes compared with untreated 5'-UTR. This ribosome binding affinity to helicase-treated
5'-UTRincreased when unlabeled 3'-BTE RNAs were present in trans in the reaction mixture. To understand whether the presence of unlabeled 5'-UTR
affects 40S binding to helicase-treated 3'-BTE, we titrated helicase complex-treated fluorescence-labeled 3’-BTE (50 nm) with 40S in the presence of
excess 5'-UTR (150 nm). Similar experiments were done to determine the effect of 3’-BTE in 40S binding to helicase-treated 5'-UTR. Error bars, S.D.
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FIGURE 3. SHAPE analysis of helicase (4F-4A-4B-ATP) of 3'-BTE. A, denaturing acrylamide gel showing products of primer extension of 3'-BTE after
treatment with the benzoyl cyanide. +, helicase; —, no helicase. Sequencing ladders generated with the same primer were run in the gels, and relative
coordinates are indicted at the right. B, SHAPE reactivities as a function of nucleotide positions. Normalized and quantified SHAPE reactivities of helicase-

treated 3’-BTE are calculated using SAFA and are indicated.

uncapped B-Luc mRNA (mRNA lacking the 3'-BTE). When
incubated in CHX-treated WGE, no significant toeprints were
observed (Fig. 44, lane I). However, when 3'-BTE was either
added in trans (lane 2) or present in the reporter mRNA (lane
6), strong toeprints were observed ~16-18 nt downstream of
the start codon in the uncapped message. A much weaker toe-
print was observed at residue 117 prior to the AUG codon,
which may be the result of secondary structure. This toeprint
was observed even for the nonfunctional BTEBF mutant (Fig. 4,
A (lane 4) and B). Observation of several bands in toeprint anal-
ysis (~+16 to +18) has been reported by others (26, 48) and is
seen in cell extract (48).

As a negative control, we investigated the effect of the non-
functional BTEBF on ribosome recruitment to the 5'-end of the
reporter mRNA in WGE. No corresponding toeprints were
observed when mutant 3'-BTEBF was present in cis on BLucBF
mRNA (Fig. 44, lane 5) or when BTEBF was added to the WGE
system in trans (Fig. 4A, lane 4), although a week toeprint was
observed at residue 117, as noted above. Normalized band
intensities are shown in Fig. 4B. The weak toeprint mentioned
above is at residue 117, whereas residues 176-178 are the
+16-18 nucleotides past the AUG. Furthermore, primer
extension inhibition of mutant BLucB-SL-Dm1 containing a
mutation in 5'-SL-D that prevents the kissing loop interaction
between the 5'-UTR and 3'-BTE gave no prominent toeprint at
the ~+16-18 or any other 5'-UTR nucleotide position (Fig.
4A, lane 9), indicating the requirement for RNA-RNA interac-
tion in addition to the 3'-BTE, consistent with earlier reports of
translational inhibition when the 5'-3’ interaction was dis-
rupted (22, 23). Our toeprinting assay data confirm that the
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3'-BTE is necessary and essential to allow for 5'-ribosomal
entrance and delivery to the start codon.

Next, we wanted to differentiate between the two possible
mechanisms for the ribosome recruitment to the 5'-UTR. One
mechanism is the ribosome binding to the 3'-BTE directly, fol-
lowed by delivery to the 5'-end via long distance base pairing,
or, alternatively, it could bind directly at the 5'-UTR only in the
presence of elF4F (or eIF4G) bound to the BTE. We observed
toeprints in the SL-I region of the 3’-BTE when the in vitro
translation reaction was quenched in a time frame of 0 —15 min
in the BLucB mRNA construct, indicating loading of transla-
tion machinery to the 3'-end (Figs. 5 (A and C, lanes 3-5) and
Fig. 1B show the 40S binding site). Additionally, no toeprints
were observed in the SL-I region when the assay was done in
WGE with mutant BLucBF (Fig. 5C, lane 6). Normalized band
intensities are shown in Fig. 5D. A weak toeprint was observed
at residue 4844 in SL-I that is not seen when purified 40S sub-
units and elFs are used (Fig. 6, lanes 2 and 3). Taken together,
these data indicate that the ribosome binds to the SL-I region of
the 3'-BTE both in the presence and absence of the 5'-UTR.
However, binding to the 5'-UTR only occurs when the 3'-BTE
is present, and the 5-UTR is not required for 3’-BTE binding,
suggesting that the ribosomes bind to the 3’-BTE and are sub-
sequently delivered to the 5'-end of the message, requiring the
RNA-RNA kissing loop interaction for successful transfer.

elF4A, 4B, 4F, and ATP Are Necessary for Efficient Ribosome
Binding to the 3'-end of the Message—To determine the initia-
tion factor requirements for ribosome binding, toeprinting
studies were performed using the purified components of the
wheat germ translation system. Toeprints were observed in the
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178

SL-Iregion when ribosomes were incubated with BLucB in the
presence of eIF4F, eIF4A, elF4B, and ATP (Fig. 6, lanes 2 and 3),
and a weak toeprint was observed when only 40S subunits were
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present in the reaction (Figs. 5C (lane 2) and 6 (lane 8)). Very
weak or no toeprinting was observed when ribosomes were
incubated in the presence of eIF4F-4A-4B and a non-hydrolyz-
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FIGURE 6. elFs 4A/4B/4F and ATP recruit 40S ribosomes to the 3'-BTE SL-1 region. In the presence of the indicated combinations of factors and ATP, strong
40S toeprints are observed in the SL-I loop of 3'-BTE at position 4852 (lanes 2 and 3) (Fig. 1B). The presence of factors, 40S, and non-hydrolyzable ATP (lane 1)
isindicated by a plus sign above the lanes. Reactions were done by assembling 6 pmol of mRNA, 16 pmol of 40S, and 6 pmol of various proteins in a final volume
of 20 wl, and 4 ul of each reaction was loaded for gel electrophoresis. A weak toeprint for 40S is shown in Lane 8. Lanes 4-7 show that none of the elFs alone or
in combination produced a toeprint. Similarly, no toeprint was observed in the absence of ATP (lane 7). Normalized band intensities are shown on the left.

interacting with 40S subunits (18, 60) or with the help of various
initiation factors (2, 6). Here we provide direct evidence of a
completely different ribosome recruitment pathway to an

able form of ATP (Fig. 6, lane I). Efficient stops in the presence
of eIF4F/4B/4A were not identified at the SL-I region under
similar reaction conditions when individual factors in the

absence of ribosomes were used for toeprinting experiments
(Fig. 6, lanes 4-7).

Overall, we found good agreement between the binding of
ribosomes observed during primer extension inhibition assays
and fluorescence binding assays. Efficient binding of 40S sub-
units to the 3’-BTE was achieved only in the presence of heli-
case complex and ATP, as shown with both assays.

DISCUSSION

In many well characterized mammalian viruses, 5'-UTRs
have IRESs (17), which recruit the ribosome either by directly

mRNA. In this case, initiation factors and the mRNA structure
(3’-BTE) facilitate recruitment of the 40S subunit to the
3'-UTR, from which it is delivered to the 5'-end by kissing loop
base pairing. It was shown previously that the 3'-BTE facilitates
translation by directly interacting with eIF4F and base-pairing
to the 5'-end of the message (24). Here we show that the 40S
subunit is also recruited to the 3'-BTE.

Using fluorescence anisotropy and gel mobility shift-based
binding studies, we determined that 3'-BTE, which contains a
sequence complementary to 185 rRNA (GAUCCU) shows
moderate binding affinity with purified 40S ribosomes and that

FIGURE 5. Map of BLucB and 40S interaction with 3’- and 5’-UTR. A, map of BLucB mRNA is shown with indications of mutations in the SL-l and SL-D loop,
the 80S-loading site (+16) (red box), and the 40S binding site in SL-I region (green box). B, secondary structure of BYDV 5’-UTR. Bases are color-coded according
to the level of modification in the SHAPE reaction; red indicates the highest modification. Nucleotides are numbered according to their positions in the viral
genome. C, BYDV mRNA (BlucB) was incubated in translationally active WGE, and the reaction was quenched in a 0-15 min time scale (lanes 3-5). BLucB and
BLuUcBF controls are shown in lanes 1 and 6, respectively. Lane 2 shows a weak 40S toeprint in the 3'-SL-I region of BLucB mRNA when 6 pmol of mRNA was
incubated with 16 pmol of 40 S. Lanes 3-5 show a distinct toeprint at 4852. Weaker stops are seen at 4818 and 4844 (D). BLucBF does not show a toeprint. D,
graph of quantified, normalized, and background-corrected toeprints of BLucB and BLucBF. Normalized toeprint band intensity (BLucB) of the zero time WGE
reaction (gray) is stronger than the 10 min (black) and 15 min (red) reaction band intensities. Error bars, S.E.
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mutation of this sequence to GAUCGAUCU (mutant BTEBF)
weakens this binding affinity. Earlier studies showed that this
mutation dramatically reduced translation in vitro and in cells
(23, 31, 61). The 5'-UTR also showed a low affinity binding to
40S ribosomal subunits in fluorescence anisotropy and gel
mobility shift assays. These binding affinities appear to be non-
specific based on both the low affinity and inability to toeprint
the 40S subunit on the RNAs. Binding enhancement of 40S
ribosomes and 3'-BTE was observed in the presence of eIF4F-
4A-4B-ATP. This led us to propose that the helicase activity of
this complex disrupts the secondary structure of RNA, expos-
ing the BTE sequence complementary to that of 18S rRNA and
also that of rRNA because in both RNAs some of the comple-
mentary bases are in stem-loops, making the complementary
sequences accessible for possible base pairing between the BTE
and 18S rRNA. Further mutagenesis experiments will be nec-
essary to test the extent of base pairing.

For mammalian elF4G, the “ratcheting” motion of swiveling
elF4A between two anti-cooperative binding sites not only pro-
pels the helicase motion but also recruits elF3 for association
with elF4G. Although this may occur in WGE, it is not the case
for 40S subunit binding with the purified factors because no
elF3 was added.

We found that 80S ribosome stalling occurs close to the AUG
start codon in cycloheximide-treated wheat germ translation
system only when the 3'-BTE is present. These studies suggest
two possible mechanisms of ribosome loading to the 5’-end of
the message. One possible mechanistic pathway is that the ribo-
some interacts with 3’-BTE first and subsequently is trans-
ferred to the 5'-end of the message. The second possible mech-
anism is that the 3’'-BTE transfers elF4F to the 5'-end to which
the 40S subunit is recruited, as predicted for Tombusviridae
genera (26). In both models, eIF4F is required for 40S recruit-
ment, and long distance base pairing between the 3’-BTE and
5'-UTR is required for delivery of host components, either ini-
tiation factors or initiation factors and the 40S subunit. The
data presented here support the first mechanism, because toe-
printing assays using purified factors and 40S ribosomal sub-
units showed toeprints (made by 40S subunit binding) in the
3’-BTE SL-I1(18S rRNA-complementary) region. Furthermore,
we were unable to show significant direct ribosome binding to
the 5'-end of the message, upstream of the start codon, with
either toeprints or fluorescence binding assays. Strong toe-
prints close to the start codon for CHX stalled ribosomes were
observed only in the presence of 3'-BTE and when the kissing
loop between 3'-UTR and 5’-UTR was not disrupted.

We further considered a model where ribosomes formed an
RNP particle with both 5'-UTR and 3'-BTE. Although such an
interaction must occur for ribosomal transfer or interaction
with the AUG, we were unable to obtain a stable complex as
judged by EMSA even in the presence of factors, and when 40S
subunits bound to fluorescently labeled 3'-BTE were treated
with 5'-UTR, the anisotropy decreased, presumably because
the 40S subunits were transferred to the unlabeled 5 -UTR.
Taken together, we conclude that the 5'-3’ interaction is a tran-
sient interaction and the 40S subunits bind initially to the
3'-BTE.

11278 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 7. Model for recruitment of the 40 S subunit to the 5'-UTR via
3'-BTE. A, elF4G binds the SL-I region of the 3’-BTE. elF4E remains bound to
elF4G but is not required for BTE binding. B, the six-base sequence (GAUCCU)
complementary to 18S rRNA is mostly base-paired. In the presence of ATP,
elF4A, elF4B, and elF4F bind the complex and facilitate unwinding of the
helices that contain GAUCCU sequence. C, the 43 S preinitiation complex
then binds the BTE, possibly via base pairing of the AGGAUC sequence in the
18S rRNA to GAUCCU in the BTE. Subsequently (or simultaneously), RNA-RNA
long distance base pairing between the 3'-BTE and the 5’-UTR delivers the
translation machinery to the 5’-terminus of the message, from which it scans
to the start codon.

Our data lead us to propose a general model of BTE-medi-
ated cap-independent translation for the ribosome recruitment
pathway and delivery of the translation machinery to the 5’-end
of the BYDV message. Our model (Fig. 7) suggests the follow-
ing: (i) elFAF and possibly elFiso4Fs are recruited directly to the
folded 3'-BTE; (ii) helicase complex elF4F-4A-4B-ATP im-
proves 40S binding affinity with 3'-SL-I by exposing more
accessible sites of the 3'-BTE; (iii) 40S ribosomes bind to the
3'-BTE; and then (iv) via long distance RNA-RNA interaction
between 5'-SL-D and 3'-SL-III, the translation machinery
transfers to the 5'-end of the message to start scanning.

SASBMB
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Other plant viruses utilize various other RNA structures to
bind eIF4F and ultimately deliver the ribosome to the 5'-end of
the genome (26). A tRNA-shaped 3'-CITE of TCV (TSS) was
shown to bind directly to the 60S subunit and 80S ribosome, but
not the 40S subunit, which leaves the question of how and
where the 40S subunit is recruited (29). A TSS-like domain was
also found in the 3’-UTR of pea enation mosaic virus RNA2
(62), adjacent to another 3'-CITE that binds eIF4E (63). This
TSS was reported to bind the 40S as well as the 60S ribosomal
subunits and the 80S ribosome (62). Binding affinity of the
PEMYV RNA2 TSS to the 40S subunit (K, = 360 nm) was similar
to BTE binding to the 40S subunit that we observed in the
absence of initiation factors (K, = 400 nm). However, the roles
of translation factors in the function of either of the TSS ele-
ments have not been determined.

Our model (Fig. 7) bears an interesting resemblance to inter-
action of hepatitis C virus RNA with the ribosome to facilitate
cap-independent translation but with different binding sites
and factor requirements. Of particular relevance is that the
3’-UTR of HCV also binds to the 40S subunit. This is not essen-
tial for but greatly enhances activity of the IRES at the 5'-end
(64). Thus, as in BTE-containing mRNAs, the 5'- and 3'-UTRs
can interact simultaneously with the 40S subunit, similar to the
cyclization proposed for capped and poly(A) tail mRNA, where
the cap and poly(A) tail act synergistically to promote efficient
translation. For the HCV IRES, it is proposed that this interac-
tion is for ribosome recycling. In the case of the BTE, the 3’
interaction is much more important, because the 3'-BTE is the
only 40S subunit-recruiting domain in BTE-dependent trans-
lation, in contrast to HCV, in which the IRES in the 5'-UTR is
the primary binding site of the 40S subunit.

The interaction of the 3’-UTR with the 5'-UTR to control
translation of BTE-containing RNAs may indicate that viruses
use this interaction in a mechanism to switch viral RNA from
translation to replication. A newly translated replicase would be
expected to bind the extreme 3’-terminus (not needed for BTE-
or IRES-driven translation), and proceed in the 5" direction on
its template as the template is still undergoing translation.
Upon reaching the element in the 3'-UTR required for any BTE
translation, the replicase would disrupt this structure and shut
off BTE translation initiation at the 5’'-end. This, in turn, would
free the coding region of the viral RNA of ribosomes, making it
available for full-length negative strand synthesis by the repli-
case. As described previously (25, 65), this potentiality provides
an elegant feedback loop to assure a productive balance
between replication and translation. Our data provide evidence
supporting this model. Additionally our model could be applied
to other viruses containing BTE-like elements or other
3'-CITEs.
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