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ABSTRACT

Plautia stali intestine virus (PSIV) has an internal
ribosome entry site (IRES) at the intergenic region
of the genome. The PSIV IRES initiates translation
with glutamine rather than the universal methionine.
To analyze the mechanism of IRES-mediated initi-
ation, binding of IRES RNA to salt-washed ribo-
somes in the absence of translation factors was
studied. Among the three pseudoknots (PKs I, Il and
lll) within the IRES, PK Il was the most important for
ribosome binding. Chemical footprint analyses
showed that the loop parts of the two stem-loop
structures in Domain 2, which are highly conserved
in related viruses, are protected by 40S but not by
60S ribosomes. Because PK Il is close to the two
loops, these structural elements were considered to
be important for binding of the 40S subunit.
Competitive binding analyses showed that the IRES
RNA does not bind poly(U)-programmed ribosomes
preincubated with tRNAPhe or its anticodon stem-
loop (ASL) fragment. However, Domain 3-deleted
IRES bound to programmed ribosomes preincuba-
ted with the ASL, suggesting that Domains 1 and 2
have roles in IRES binding to 40S subunits and that
Domain 3 is located at the ribosome decoding site.

INTRODUCTION

Internal ribosome entry is a mode of translation initiation in
which protein synthesis occurs independently of the 5" mRNA
cap (1,2). Tertiary mRNA structures upstream of some coding
sequences promote ribosome entry. Such an RNA region
responsible for ribosome entry is called an internal ribosome
entry site (IRES) (3.,4).

The intergenic region (IGR) of the positive-strand RNA
virus, Plautia stali intestine virus (PSIV), contains an IRES
(5). PSIV is a member of the cricket paralysis-like viruses

(CrP-like viruses), which have a dicistronic, positive-stranded
RNA genome (6,7). An outstanding feature of IRES-mediated
translation initiation is that methionine is not the amino acid
used for initiation (6,8,9). Usually, a ternary complex
containing elF2, GTP and initiator methionine transfer RNA
(tRNAMeY) is absolutely required for translation initiation of
normal mRNAs (10). However, in PSIV IRES-mediated
translation initiation, a pseudoknot (PK) is formed at the
initiation site and polypeptide synthesis starts with
glutamine (8).

To date, genome sequences of 10 CrP-like viruses have
been reported (7,11,12). Sequence alignments and predicted
secondary structures of IGR elements from these viruses
suggest that they are highly conserved and that they initiate
capsid protein translation in a similar manner (13). The IGR
elements of CrP-like viruses consist of about 200 nt containing
four stem-loops and three PKs. Because IRES-mediated
translation initiation does not use methionine, it has been
generally believed that the e[F2/GTP/tRNA;M¢! ternary com-
plex is not necessary for initiation. Analysis of purified
ribosome binding to the cricket paralysis virus (CrPV) IRES
shows assembly of an 80S monosome in the absence of
eukaryotic translation initiation factors (eIFs) (9). Toeprint
analysis shows that a PK is located at the P site of the
ribosome (9). This strongly suggests that the ternary complex
is not required for IRES-mediated translation initiation.
Indeed, an increase in IRES-mediated translation is
observed in yeast and mammalian cell lines when elF2a
phosphorylation is promoted by GCN2, PKR and PKRK
kinases and normal translation is suppressed (14,15). In
addition, when viral structural protein synthesis is maximal in
CrPV-infected cells, elF2a. is heavily phosphorylated (16).
However, molecular details of interactions between the IRES
and ribosomes have not been resolved. To approach this
question, we have performed in vitro binding experiments
using PSIV IRES transcripts and high salt-washed ribosomes,
and revealed that structurally conserved elements in CrP-like
viruses are responsible for its binding to the 40S ribosomal
subunit.
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Figure 1. Effect of base pairing in IRES PKs on 80S ribosome binding. (A) Secondary structure model of PSIV IRES RNA. Asterisks and dots indicate base
pairing in PKs and helical stems, respectively. Highly conserved nucleotides in CrP-like viruses are capitalized. Half-tones denote nucleotides mutated in
these studies to produce the cognate IRES (see Materials and Methods). Nucleotides mutated in PKs, to disrupt base pairing and to restore base pairing by
compensatory mutations, are in red. (B) Binding of 32P-labeled IRES RNAs to 80S ribosomes. The fraction of IRES RNA bound is the ratio of [32PJRNA
retained on the filter to that of the input [*?P]RNA. (C) Effect of the compensatory mutations restoring base pairing in PK III on ribosome binding.

MATERIALS AND METHODS

Plasmid

RNA containing the PSIV IRES, nucleotides 6005-6192 of
the PSIV sequence, was synthesized from the dicistronic
plasmid pT7CAT-5375 (5) by PCR using primers 5’-GGG-
TATGTGATCTTATTAAAATTAGG-3" and 5'-AACTGAG-
ATTCTTTTCGCACAACA-3’. The underlined nucleotides
denote mutations introduced into the PSIV IRES, ACgg06_6007—
GG and Cg1990—G. The amplified fragment was ligated with a
vector fragment obtained by PCR using pT7Blue (Novagen) as
a template and primers 5’-GACTCTAGAGGATCTACTAG-
3" and 5-TATAGTGAGTCGTATTAGAGCTT-3". To con-
serve base pair interactions in the IRES element, two further
mutations were introduced into the resultant plasmid,
GUgp70-6071—CC and Gg;65—C, by PCR-based mutagenesis,
to generate pT7D1-2-3. This plasmid has the sequence GGG
immediately downstream of the T7 promoter to facilitate
transcription and a Hincll site at nucleotide 6190. Thus T7
transcription of Hincll-linearized pT7D1-2-3 produces a
cognate IRES element containing all four mutations
(Fig. 1A). Variant plasmids containing disrupted or restored
base pairs in each PK and truncated IRES sequences were
constructed by PCR-based mutagenesis using pT7D1-2-3 as a
template. For studies of chemical probes, PSIV nucleotides
5961-6230 were amplified from pT7CAT-5375 with primers
having HindIII and EcoRlI sites at their 5" ends. The amplified

fragment was digested with HindIll and EcoRI, and ligated
into those sites of pT7Blue. For translation activity studies,
plasmids that produce capsid-luciferase fusion proteins were
constructed. Nucleotides 5951-6241 of the PSIV sequence
were amplified from pT7CAT-5375 using primers having
HindlIIl and Ncol sites at their 5” ends. The amplified fragments
were digested with HindIlIl, phosphorylated and cloned into
pT7Blue treated with HindIll and Hincll. Mutations in the
IRES were introduced into the resultant plasmid by PCR
mutagenesis and replacement of nucleotides was confirmed by
sequencing. These plasmids were digested with HindIIl and
Ncol to yield 300 bp fragments containing mutated IRESs. The
fragments were cloned into HindIII and Ncol sites of pT7-luc
into which had been inserted a luciferase coding sequence
(obtained from pSP-luc+; Promega) in pT7Blue using HindIII
and EcoRI.

Ribosome isolation

Puromycin-treated and high salt-washed 80S ribosomes were
prepared from the posterior part of silkworm silk glands (17).
Ribosomal 40S and 60S subunits were prepared from rabbit
reticulocyte lysate (Promega) as previously described (18,19).

RNA synthesis and renaturation

Plasmids linearized with restriction enzymes or PCR-
amplified fragments containing a T7 promoter were used for
transcription. RNAs labeled with 32P or 33P were synthesized
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and purified as described (20). Non-labeled RNAs were
synthesized using a T7 Ribomax large scale RNA production
system (Promega). The isolated RNA fragments (in a solution
containing 2 mM MgCl,, 100 mM KCl, 0.2 mM dithiothreitol
and 50 mM Tris—HCI, pH 7.5) were heated at 70-75°C for
3 min and then cooled to room temperature.

Filter binding assay

A ribosome sample was incubated with 1 pmol labeled RNA
in 50 ul binding buffer (0.5-5 mM MgCl,, 100 mM KCl,
0.2 mM dithiothreitol and 50 mM Tris—HCI, pH 7.5) at 37°C
for 5 min. The mixture was filtered through a nitrocellulose
membrane (type HA, 0.45 pm pore size; Millipore). The
membrane was washed with 1 ml binding buffer. Radio-
activity retained by the filter was counted using a liquid
scintillation counter (Aloka). For competitive binding assays
with programmed ribosomes, 50 pmol 80S ribosomes were
preincubated with 60 pg poly(U), 200 pmol tRNAPPe (Sigma)
or 500 pmol of the synthesized anticodon stem-loop (ASL),
5-GGGGAUUGAAAAUCCCC-3’, at 37°C for 15 min as
described by Iwasaki and Kaziro (21).

Sedimentation analysis

Renatured 33P-labeled RNAs were incubated with 40S or 60S
ribosomes in binding buffer (2 mM MgCl,, 100 mM KCI and
20 mM Tris—HCI, pH 7.4) at 30°C for 5 min. This mixture then
was layered on a 15-30% linear sucrose gradient in binding
buffer and centrifuged at 35 000 r.p.m. at 4°C for 3.5 h using
an SW 60 rotor (Beckman). Fractions (0.2 ml) were recovered
from the bottom of each tube and one-twentieth of each
fraction volume was transferred to a solid phase scintillator
Ready Cup (Beckman).

Chemical modification and primer extension

Chemical probing of RNAs was done using dimethyl sulfate
(DMS), 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide
metho-p-toluene sulfonate (CMCT) and hydroxyl radical
modification. Preliminary experiments for DMS and CMCT
modification were carried out according to the methods of
Brunel et al. (22), and conditions were optimized for PSIV
IRES RNA. Since Mg?* affects RNA folding and tertiary
structure (23,24), Mg?* concentrations from 0 to 10 mM were
tested and 2 mM Mg?* selected for these experiments, because
results were not significantly affected when Mg?* exceeded
2 mM. Prior to chemical modification, 0.4 pmol renatured
RNA was incubated at room temperature for 5 min with or
without 1.8 pmol rabbit ribosomes. DMS modification was
carried out at 20°C for 30 min in a buffer containing 50 mM
potassium cacodylate (pH 7.2), 2 mM MgCl,, 100 mM KCl
and 40 mM DMS. CMCT modification was carried out at 20°C
for 40 min in a buffer containing 50 mM sodium borate
(pH 7.4), 2 mM MgCl,, 100 mM KCI and 20 mM CMCT.
Hydroxyl radical modification was performed as described by
Merryman and Noller (25). Two picomoles of renatured IRES
RNA was incubated at room temperature for 5 min with or
without 6 pmol ribosomal subunits in 21 pl of 96 mM
K-HEPES (pH 7.8), 2 mM MgCl,, 120 mM NH,4CI and 6 mM
DTT. In a separate tube, 4 ul of 50 mM Fe(NH4),(SOy4),, 4 ul
of 100 mM EDTA, 4 ul of 250 mM ascorbic acid and 4 ul of
2.5% H,0, were mixed sequentially, and immediately 4 ul of
the mixture was added to the RNA sample solution. The

reaction was done at 0°C for 10 min, and quenched by adding
an equal volume of 1 M thiourea followed by ethanol
precipitation.

Modified RNAs were treated twice with phenol—chloroform,
precipitated with ethanol and then used for primer extension.
Primers complementary to PSIV nucleotides 6230-6211 and
6170-6151 were used for DMS and CMCT probing, and to
nucleotides 6170-6151 and 6118-6096 for hydroxyl radical
probing. Modified samples were mixed with 0.1 pmol 33P-
labeled primers, and primer extension was carried out at 50°C
for 30 min using reverse transcriptase (ReverTra Ace; Toyobo).
The resulting cDNA was analyzed on a 6% (w/v) acrylamide
sequencing gel.

In vitro translation

RNAs transcribed from linearized plasmids were quantified
and translated using a wheatgerm extract (Promega).
Luciferase activity in the translation mixtures was measured
using the Stedy-Glo Luciferase Assay System (Promega).

RESULTS AND DISCUSSION

Mutational analysis of IRES pseudoknots and ribosome
binding

Previous mutational analyses showed that RNA base pairing
in PKs I, IT and III is essential for IRES translation initiation
activity (8,13). To examine the contribution of base pairing in
each PK to ribosome binding, base pairs in each PK were
disrupted by mutations (Fig. 1A) and ribosome binding was
measured. 3?P-labeled cognate and mutated IRES RNAs were
incubated with increasing concentrations of 80S ribosomes
and ribosome-bound IRES RNA was quantitated by filter
binding assays. The amount of ribosome-bound IRES RNA
increased with increasing ribosome concentration and reached
a maximum at high ribosome concentrations (Fig. 1B). For
cognate IRES RNA, 80% of the RNA bound at high ribosome
concentrations (Fig. 1B). Mutations disrupting IRES PK base
pairing decreased ribosome binding, with mutations in PK III
having the greatest effect. At high ribosome concentrations,
less than 20% of IRES RNA with mutations in PK III was
ribosome bound and about 60% with mutations in PKs I or II
was ribosome bound. To confirm the role of base pairing in
ribosome binding, compensatory mutations were introduced in
disrupted PK III RNA to restore base pairing (Fig. 1A). The
PK III construct with compensatory mutations showed an
increase in ribosome binding compared to PK III with
disrupted base pairing (Fig. 1C), but the binding affinity was
not as high as that of the cognate IRES. Similar compensatory
mutations to restore base pairing in disrupted PKs I and II had
no marked effects on ribosomal binding (data not shown). The
modest effects of mutations in both PKs I and II on ribosome
binding are consistent with the results of recent binding
experiments by Jan and Sarnow (26), in which binding affinity
between the CrPV IRES and 40S ribosomes was assayed in a
gel shift system. However, mutations in PK III were not tested
in the CrPV system. Therefore, these results indicate that the
structure of each IRES PK plays a role in ribosome binding,
with PK III structure having the most significant role.
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Figure 2. DMS and CMCT probing of the PSIV IRES. To detect modified bases, DMS- and CMCT-modified RNAs were analyzed by primer extension.
(A) Modification with DMS (lanes 2 and 3) or CMCT (lanes 5 and 6) in the presence (lanes 2 and 5) or absence (lanes 3 and 6) of 40S ribosomes. Lanes 1
and 4 are the unmodified controls to detect non-specific termination. Bold bars mark IRES nucleotides protected from modification by 40S ribosomes.
Nucleotide positions are shown at right. (B) Modification with DMS (lanes 2, 3, 5 and 6) or CMCT (lanes 8, 9, 11 and 12) in the presence of 60S (lanes 2
and 8) or 40S and 60S (lanes 5 and 11) ribosomes. Lanes 1, 4, 7 and 10 are the unmodified controls. The arrowhead marks Agg14, Which was only protected

in the presence of both 40S and 60S ribosomes.

Chemical probing of IRES structure

A secondary structure model of the PSIV IRES (Figs 1A and
4A) was generated using the MFOLD program (27) and
subsequently updated based on results of PSIV mutation
experiments and comparison of CrP-like virus IGR sequences
(13). To facilitate discussion, the PSIV IRES structure has
been divided into three domains (13): Domain 1 contains PK II
and the largest stem—loop, Domain 2 (further divided into
Domains 2a and 2b) contains PK IIT and two stem—loops and
Domain 3 contains PK I and one stem-loop. However, the
detailed structure of this model has not been confirmed.
Therefore, IRES structure was probed using DMS and CMCT
to modify IRES RNAs, with and without added ribosomal
subunits, and analyzing these RNAs by primer extension for
termination at modified bases. DMS reacts with unpaired
adenine, cytosine and guanine, although the guanine modifi-
cation cannot be detected by primer extension, while CMCT
reacts with unpaired uracil and guanine (28,29).

Nucleotides that reacted with DMS and CMCT in the
absence of added 40S ribosomes (Fig. 2A, lanes 3 and 6) are
shown in Figure 4A. Most of these are in single-stranded
regions of the predicted model. However, several reactive
nucleotides (Ugose, Asi12, Usi30, Gerae: AAsiss—s164: Usles
and UUg91_6192) are in helical regions. This suggests a re-
evaluation of these nucleotides. (i) Ugggg reacted strongly with
CMCT but Ggo11, the nucleotide to which it is base paired in

the model, was only slightly modified (Fig. 2A), suggesting
that these residues are not base paired (Fig. 4A). (ii) Ag12 Was
reactive with DMS (Fig. 2A and B) so the Ag;1o—Ugpgo pair
may be unstable. (iii) Ug 30 showed strong reactivity with
CMCT although in the model it is base paired with Gg;o.
Since neither Ugpgr nor Ugpgs was reactive with CMCT and
sequence alignment of CrP-like viruses suggests a single U or
G nucleotide between PK III and the stem—loop in Domain 2b
(Fig. 4B), Gg110 may be base paired with Uggg, rather than
Usg13o (Fig. 4A). (iv) A band corresponding to Cgiq9 Was
detected in the CMCT-modified sample even though CMCT
should not react with cytosine. This suggests that the band at
Ce149 is due to non-specific termination. Also, a band at Gg4¢
is probably due to non-specific termination since preliminary
experiments found that reverse transcription sometimes
terminates at nucleotides 6146-6149 when the samples
contain 40S ribosomes (data not shown). (v) AAgis3_s164»
Usg166 and UUg;91_6192 are in PK I in the model. Since PK I is
essential for translation initiation in CrP-like viruses (8,9,30),
it is unlikely that these residues remain single-stranded
throughout the initiation process. The weak reactivity at
these residues in PK I may be due to some IRES RNA
molecules having an incompletely folded Domain 3 or to
Domain 3 being unstable in these experimental conditions.
Sequence alignments indicate that the CrP-like viruses
CrPV, Rhopalosiphum padi virus and Black queen cell virus
form a helical region without an internal bulge in Domain 3
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Table 1. Luciferase activity of PSIV IRES variants with mutations in the
internal bulge of Domain 3

Sequence? Relative light Relative
units® luciferase
activity
Wild-type CUCAA¢153-6157 48 445 *= 9843 100%
GUGUg175-6172
Ce17s CUCAAG 53 6157 19 275 = 1465 39.8%
GUCUg175-6172
Ce173 + Geyss CUGAAg,53 6157 51923 + 3964 107.2%

GUQUGI 75-6172

4Underlining indicates mutated nucleotides.
bStandard deviations are also indicated.

(Fig. 4B). In agreement with this model, UCAg;54-6156
and GUg;73_6174 in PSIV Domain 3 did not show obvious
reactivity to DMS and CMCT (Fig. 2A). Also, using
measurement of translation activity of a capsid—luciferase
fusion protein, replacement of Ggi73 with C decreased
luciferase activity to 40% of that of wild-type. Translation
activity was completely restored by the compensatory
replacement of Cgs5 with G to restore the base pair
(Table 1). Also, in DMS probe studies there was a band
corresponding to nucleotide 6173 in the C¢;73 mutant and this
band was missing in RNA with the additional compensatory
mutation (data not shown). Thus, the model of internal bulges
in Domain 3 should be refined (Fig. 4A).

The DMS and CMCT probes did not detect several
nucleotides that were predicted to be in single-stranded
regions of the model (Fig. 4A), such as CUgpi6-6017»
GGe029-6030, GCo064-6065. G076, As10s, Ac120, Ac13s, A179
and Gggp. Therefore, some of these nucleotides may be
involved in base pair interactions to form tertiary structures
not in the model.

Footprint analysis

To investigate IRES-ribosome binding, DMS and CMCT
chemical probing of IRES RNA was done in the presence of
ribosomal subunits. Modified 40S ribosome-bound IRES RNA
had reduced band intensities at nucleotides 6049—-6050,
6073-6074, 6089-6090, 6119 and 6121-6123 (Fig. 2A,
lanes 2 and 5 for DMS and CMCT, respectively) compared
to band intensities for IRES RNA in the absence of added
ribosome (Fig. 2A, lanes 3 and 6 for DMS and CMCT,
respectively). This indicates that 40S ribosomes protect these
nucleotides from chemical modification. Two of these
nucleotides, UUgpgo_g000, are in the loop part of the stem—loop
structure in Domain 2b, which is conserved in all CrP-like
viruses (Fig. 4B). Cg119 and GCCg5;_6123 are in the loop part
of the stem—loop structure in Domain 2a, which is also highly
conserved in CrP-like viruses. In particular, Cg119 and Cgjo3
are conserved in all these viruses and, therefore, probably have
an important role in 40S ribosome binding. However, Ag20
was not significantly protected by 40S ribosomes from
chemical modification in PSIV and is replaced by a G in the
HiPV sequence, so it probably is not important for 40S
ribosome binding.

Similar chemical modification experiments were carried out
in the presence of the 60S subunit (Fig. 2B). However, no
effect on primer extension profiles was detected. This
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Figure 3. Hydroxyl radical probing of PSIV IRES RNA. The RNA was
exposed to hydroxyl radicals in the presence (lane 2) or absence (lane 3) of
408 ribosomes. Lane 1 is the unmodified control, but 40S ribosomes were
added to the sample before phenol-chloroform extraction to detect non-
specific terminations caused by 18S rRNA as well as the sample in lane 3.
Bold bars denote locations of protected residues and narrow bars denote sites
of weak protection. Asterisks mark sites of non-specific terminations, as listed
in the text. Nucleotide positions of the PSIV sequence are shown at left.

indicates that 60S ribosomes do not interact with single-
stranded regions of IRES RNA. When both 40S and 60S
ribosomes were included in the incubation mixture, the
protection pattern was almost identical to that for 40S
ribosomes except that Agoi4 Was also protected (Fig. 2B).
Ago14 18 in the conserved bulge sequence in Domain 1. It was
not protected by either 40S or 60S ribosomes alone, but was
protected in the presence of both 40S and 60S ribosomes. This
suggests that Agp14 is in a part of the IRES close to an inter-
subunit bridge or that the conformation of the IRES changes in
the presence of the 60S ribosomes.

To investigate PSIV IRES ribosomal binding sites further,
IRES RNA in the presence and absence of 40S ribosomes was
treated with hydroxyl radicals. Since hydroxyl radicals attack
ribose in the nucleic acid backbone with little sequence
specificity, this is a useful tool for probing interactions
between nucleic acids and ligands (31,32). Protection from
hydroxyl radical attack was monitored by primer extension.
An unmodified control (with 40S ribosomes added to
unmodified RNA before RNA isolation) was used to identify
non-specific termination caused either by IRES tertiary
structure or by the presence of 18S ribosomal RNA (Fig. 3,
lane 1). Such non-specific terminations were observed at



Domain 2b

TV

BUgACUa

Nucleic Acids Research, 2003, Vol. 31, No.9 2439

PRI
FEIV ----gacua m—unuuanaau\mgwuanrmuuc-u-ag\q'—-uu,unu.an-uaq’.luuunnua'.lFCJaLaquc —— \,5n"‘.,'l
HiPV = - gaammgu ur'.nl:r'uh.. LAGRRGUA- AGRRAALL - ~CCUAG - - UHALAA - - BALTEEIARACDGE) L &3
DTV --guuaagaul Enul'.‘u'—u;cua.c AUATAAULULTATATT -UlARUASGA ATTAATLE ~g -G
(=2 ERRE L auaCaAlLUNgAgady - UdARuARALuA T RagLL

I
~HARLAAAS - -UCEgUACAUARRAGUEganagua- - -DEChavagusaa - - (5A02)

5 BOCV - -coaacaswy T FogFA-gUCaAsATINoACAqUANARAA - -uouFCasTuAg-DEChamguugg - - {ST1T)
] NPV - - guguugugUGRDCT - ugc gogn - - - SARuge ugacg- -ugaRaAs - Fuugegua - -u-DEChacaachou - - (6996 )
Gos=Cf - C ALFY #auuscusaudUGADCT- S uAgIEuAt- - SAUGULA- - ~FFac- ~AuaRsas- uua&cu.mu---UEC:nu.uﬂqunﬂuu (6706)
d-U TEV cuccauguawlQCUUACCCAT- cugcaucgaasac----ucuce- ~gaacacuaggugoag- JT.I\TC scauggag-(6830)
C-g- ABPY cacaaca---DGCTUACCCAMMgALUGRAGEARRLY = = = ~UCCAR = = LARL = = = = CUCAFE = A1 Dguugug==-={§402)
u-a 6
g u v 9999
U-A CC{_ Il" ( T |
al 5. m PR 111 2 By FE I 23 loop
al] r PEIV -tuagaggusrugualAiAuscTAGcacacangauggRes - gEatrAGCOCuce - ~AAL - ~aucuAguguAs-= [6141)
e (s & € 4 HiFV ---aagaccouuagulATTUAgCUETACK OoCCagTaugTIFY - FoaGtEUUCCugs - ~aau- ~anccagrgoac-- [ 6421)
ol U B0 BOAD, . a gt{: % oo == aavuagguuascTR T Ao g ncaq-a.n.necna-m.occicccﬁcau- -aau~--auccaggacac--{6214)
. a - X o y te X a - 1
7 £ «1 P 11 CrPV - -uaunuuagyuuageUATTUAgewIT AT aggaage--[6L64)
[ Tt a J,.—:l-:.l L_j'l._J _Jl_.g:\?l._) o -"'-.g o K TIV - -gouugogouugooUATTUAgToalh agggacu--{G0ED)
uch .F.llHlFFF.lle ag_ Uaaauuus-ds A\ BOCV anEcEoCguascTATIAgguTh aggaga [5785)
L] EE***"EEE ). HhEY ---=-=- ugruagCUATTUAG S M‘.‘\.ua\lcum!fﬂtn-u«., ol agau-a---{7057)
r 10 ""‘:: Lo S ALFY ---uaa-ggcunaguiilTUAacuwslh uancaa:nuwr:-q’nl.qccicccﬁcacq aa---aucuagau-a---{§770)
o - ™ .’I:"ill--._(:' 4 1 TEN  =====—cugguuugelTATTUAgegu=- = == = ac=gugyuacca=-uagtCAGCOCcan- ~an= = acac=gu==guga [6EB3)
01163 adaa-d-6ase | ABEV uuggacasgqugocoUATTIAGaFuga-——--—- - gEAgoouuACugGCAGCOCoaqugaausousc - - - ———a--— [ G462)
a g-C A
u ) g g g \
&013— =1 S . s
013 e e g-C P 1T PK1 PK1
l) I Lr=1 L:’ s . Uq_cu PSIV --coucguges veR - uangug ARRgRASUCRCUL | 6192 )
Um‘"“ Dnln,.“n " ml = ~a = A HiFV --cuaggugc T --unagug aaaganuuucaces {6472}
8- u-a DCV | -coucucuge uou -~uagguu usagazaauaaccu|6IEE)
= CrPV -coucusuge A0 = =uagEEa URATARAULLACEY
s (I | - e - (8216}
al a1 70— - C TV  guacagasuw W ---ogaguc uruaagguugacac (6111}
U-a —nisl BOCOYV ACugugous- a ~uaggua gaacaauL-uacow (5836
g-u RHFY - -Cgucsc-- @ it uAGFEC uAuasAL--gacou (TLES)
f _l . ALFY --agucogaa i o uaggug gaaacu---caccui6833)
gudads gu TEV | =-pgageaa- a -ugggea Ay cas==googogerugeguggu === veaavuaa-ugesw(SI52)
%k ok ok w [ ABPY - -uuggaus- a WG A TN GO A A AR T A gasauaucauacoy (G518)
cacuucaa-—
PKTad
i)

Figure 4. Summary of results of chemical probing and structural similarity analyses of the CrP-like virus IRESs. (A) Secondary structure model of the PSIV
IRES showing the results of chemical probe studies. Filled circles and squares mark nucleotides modified by DMS and CMCT, respectively, and red symbols
mark nucleotides protected from these modifications in the presence of 40S ribosomes. The sizes of these symbols denote band intensity in primer extension
assays. The deep yellow shaded nucleotides mark sites protected from hydroxyl radicals in the presence of 40S ribosomes, and pale yellow shaded nucleotides
mark sites with weak protection. Refined structures of some regions based on the results of chemical probing described in the text are shown in purple.
(B) Manually aligned IGR sequences of CrP-like viruses. Accession numbers: PSIV, AB006531; HiPV (Himetobi P virus), AB017037; DCV (Drosophila C
virus), AF014388; CrPV, AF218039; TrV (Triatoma virus), AF178440; BQCV (Black queen cell virus), AF183905; RhPV (Rhopalosiphum padi virus),
AF022937; ALPV (Aphid lethal paralysis virus), AF536531; TSV (Taura syndrome virus), AF277675; ABPV (Acute bee paralysis virus), AF150629. Red,
blue, green and pink letters denote nucleotides in stems in Domains 1, 2b, 2a and 3, respectively. Purple letters denote an additional putative stem in Domain
3 of TSV and ABPV. PK I, PK II, PK III, Domain 2a loop and Domain 2b loop nucleotides are in half-tone lines. Conserved short nucleotide sequences
among these viruses are in boxes. Nucleotide positions in viral genomes are shown at right in parentheses.

nucleotides 6018, 6046, 6053-6054, 6082, 6100, 6109,
6114-6115 and 6124 (Fig. 3, lanes 1-3). Band intensities at
these non-specific termination sites were almost identical for
unmodified control IRES RNA, IRES RNA modified in the
presence of 40S ribosomes and IRES RNA modified in the
absence of 40S ribosomes (Fig. 3, lanes 1-3, respectively),
indicating that experimental conditions for primer extension
were equivalent in these samples. Therefore, differences in
band intensities between IRES RNA treated in the presence
and absence of 40S ribosomes (Fig. 3, lanes 2 and 3,
respectively) represent protection of IRES RNA from
hydroxyl radical cleavage due to 40S ribosome binding.
These data show band intensity decreases (i.e. 40S ribosome
protection) at nucleotides 6036-6038, 6048-6050, 6085—
6087, 6089-6090, 6092-6095, 6101-6102, 6116-6118 and
6122-6123 and small intensity decreases (i.e. weak protection)
at nucleotides 6039-6040, 6051-6052, 6080-6081, 6084,
6088, 6096-6099, 6103—6107 and 6119-6120 (compare Fig. 3,
lanes 2 and 3). These protected residues were observed in
repeated experiments although the edges of the weakly
protected regions varied by a few nucleotides. These results
are shown in the PSIV IRES structural model (Fig. 4A). The
data suggest that nucleotides 6065-6067, 6083, 6091, 6108,

6110-6113 and 6121 also might be weakly protected (Fig. 3),
but these nucleotides are not marked in Figure 4A because of
uncertainties about the differences in their band intensities. To
investigate 40S ribosome protection downstream of nucleotide
6124, hydroxyl radical footprint analysis was done using a
primer corresponding to nucleotides 6230-6211, but no
protection was observed (data not shown).

The distribution of sites protected from hydroxyl radicals
and DMS and CMCT treatments by 40S ribosomes indicates
that the two stem—loop structures in Domain 2 and the loop of
the stem—loop structure in Domain 1 interact with 40S
ribosomes (Fig. 4A). In contrast, nucleotides in Domain 3
were not significantly protected from chemical probes by 40S
ribosomes, suggesting that they have little or no role in
ribosome binding.

Sedimentation analysis of Domain 2-ribosome binding

Footprint analyses indicated that the two stem—loop structures
in IRES Domain 2 are the major regions protected by 40S
ribosomes. To examine whether Domain 2 RNA (IRES
nucleotides 6078-6139) alone can bind ribosomes, sucrose
gradient sedimentation analyses were carried out on 33P-
labeled Domain 2 RNA that had been incubated with purified
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Figure 5. Sedimentation profiles of Domain 2 RNA and ribosomal subunits.
3P-labeled Domain 2 RNA was incubated with purified (A) 40S or (B) 60S
ribosomes and centrifuged in sucrose gradients. Fractions were collected
and the radioactivity in each fraction was measured. Black and white arrow-
heads indicate positions of 40S and 60S subunits, respectively, which were
monitored by absorbance at 254 nm.

rabbit 40S or 60S ribosomes. Domain 2 RNA co-sedimented
with 40S ribosomes (Fig. 5SA), but not with 60S ribosomes
(Fig. 5B). Therefore, IRES Domain 2 RNA binds 40S but not
60S ribosomes.

Effect of mutations in IRES conserved sequences on
translation activity

Protection of the loop sequences in the stem—loop structures in
PSIV IRES Domains 2a and 2b by 40S ribosomes from
chemical probes suggested that these sequences are important
for IRES activity. Therefore, the effects of mutations in these
loop sequences on translation activity were studied using a
capsid-luciferase fusion protein translation system. The
translation activity of a PSIV variant with two mutations in
the Domain 2a loop, Cg110—G and Cgo3—G, decreased to
12% of that of the wild-type, and the activity of a variant with
mutations in the Domain 2b loop, AUUUgngs_g001—>UAAA,
decreased to 62% (Table 2). This result for PSTV was different
from that reported for CrPV: the same mutation in the CrPV
IRES Domain 2b loop sequence as described here for PSIV
decreases CrPV IRES translation activity to less than 10% of
wild-type (26). Translation activity of the CrPV IRES is
measured using dicistronic constructs. On the other hand, that
of PSIV was monocistronic. Therefore, we constructed two
additional dicistronic uncapped RNAs similar to CrPV using
Renilla and firefly luciferases. One contained the wild-type
PSIV IRES sequence and the other contained a UAAA
mutation in the loop sequence in PSIV IRES Domain 2b. The
UAAA mutant showed 23% activity of the wild-type. Thus,
we considered that the discrepancy of the results in PSIV and
CrPV probably came from the difference of constructs,
monocistronic and dicistronic. These results indicate that
conserved sequences in the loops of the stem—loop structures
in Domains 2a and 2b are important for IRES activity.
Although the effect of these mutations in PSIV loops on 40S
ribosome binding has not been studied, similar constructs in
CrPV slightly decrease binding (26).

The single-strand sequence that connects helical segments
in Domains 2a and 2b (UUACCgn96_6100) is highly conserved
among CrP-like viruses (Fig. 4B). Since replacement of
ACCgpo3_6100 With GGG has been shown to abolish translation
(13), this region must have an essential role in IRES-mediated
translation. However, obvious modifications by the chemical
probes DMS and CMCT were not observed at nucleotides
60966100 (Fig. 2), suggesting that this region might base pair

Table 2. Luciferase activity of PSIV IRES variants with mutations in the
loops of the stem—loop structures in Domains 2a and 2b

Sequence? Relative light Relative
units® luciferase
activity
Wild-type CAGCC¢119-6123 48 445 *+ 9843 100%
AUUUsoss 6091
Domain 2a GAGCGg1 196123 5689 = 1687 11.7%
Domain 2b UAAA6088-6091 29 834 * 3187 61.6%

2Underlining indicates mutated nucleotides.
bStandard deviations are also indicated.

in the IRES structure. Since the refined structure model
(Fig. 4A) suggested that Ggo1; should be single strand, base
pair interactions between GUGgg;1_6013 and CAUgpg9_g097
were considered. To examine this, mutational analyses were
carried out using three variants with mutations to disrupt
and restore possible base pairs between these sequences:
ACC6()93_610()%UUU, UGUG6010_6013—>AAAA and com-
bined mutation of both sequences to restore possible base
pair formation. However, recovery of translation activity was
not observed using the capsid—luciferase fusion protein
translation system (data not shown), suggesting that the
GUGg011-6013 and CAUggog_g097 Sequences do not interact.

IRES binding to programmed ribosomes

The experiments above identified IRES structural elements
involved in 40S ribosome binding and showed that Domain 2
has a crucial role in this binding. However, since no obvious
protection in Domain 3 was detected in chemical probe
studies, the function of Domain 3 in ribosome binding is
unknown. To investigate a possible role for Domain 3, the
binding of programmed 80S ribosomes to complete IRES
RNA and to truncated IRES RNA, from which Domain 3 was
deleted, was studied. Poly(U)-programmed 70S ribosomes are
frequently used for translation analysis in prokaryotic systems
(33). It is known that tRNAPPe binds to the A, P and E sites of
poly(U)-charged prokaryotic 70S ribosomes at high Mgt
concentrations (34) and that the ASL domain of tRNA binds
to the decoding site of poly(U)-programmed ribosomes
(35,36). Therefore, it was assumed that binding of IRES
RNA to 80S ribosomes would be inhibited by poly(U),
tRNAP or ASL, if the IRES binds to a region at or near the
tRNA binding sites of eukaryotic 80S ribosomes in vitro.
IRES-ribosome binding was measured by filter binding
assays. Preincubation of 80S ribosomes with poly(U)
decreased the binding of 3?P-labeled complete IRES RNA
(containing Domains 1-2-3) to 60—70% of that of controls
without poly(U), but did not affect binding of truncated IRES
RNA (containing only Domains 1-2) (Fig. 6A and B). When
ribosomes were preincubated with tRNAP", binding of both
IRES RNAs decreased to 45-55% of that of controls without
tRNAPhe (Fig. 6A). When ribosomes were preincubated with
poly(U) and tRNAPhe together, binding of both IRES RNAs
decreased to less than 10% (Fig. 6A). In contrast to the results
using tRNAPP, when only ASL was used for preincubation,
binding of both IRES RNAs to ribosomes was not inhibited
(Fig. 6B), but this can be explained by the instability of ASL
on ribosomes without mRNA. However, preincubation of
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Figure 6. Filter binding analyses of complete IRES RNA (Domains 1-2-3)
and truncated IRES RNA (Domains 1-2) binding to programmed 80S ribo-
somes. (A) Effects of poly(U) and/or tRNAPP programming on RNA bind-
ing. (B) Effects of poly(U) and/or 17mer tRNAP" ASL programming on
RNA binding. 32P-labeled IRES RNAs were incubated with 80S ribosomes
that had been preincubated with poly(U), tRNAPP and/or ASL. Binding for
samples containing 1 pmol RNA and 4 pmol ribosomes [without poly(U),
tRNAPP or ASL] was taken as 100% binding. Results are the average of
three independent experiments. Bars represent standard errors.

ribosomes with poly(U) and ASL together decreased binding
of complete IRES RNA (Domains 1-2-3) to about 20%, but
had no effect on the binding of truncated IRES RNA (Domains
1-2) (Fig. 6B). These results suggest that part of Domain 3
competes with the ASL when IRES RNA binds to poly(U)-
charged ribosomes. Binding of truncated IRES RNA (Domains
1-2) to poly(U)-charged ribosomes was also inhibited by
tRNAPhe (Fig. 6A). Since the ASL lacks the tRNA molecule
acceptor stem and D and T stem-loops, part of Domains 1-2
would occupy the ribosome sites for the tRNA acceptor stem
and D or T stem-loop interactions, but not for the ribosome
tRNA ASL site. In addition, the filter binding experiments
showed that complete and truncated IRES RNAs bind to salt-
washed ribosomes with similar affinities (K4 21-23 nM). From
these observations, it appears that Domain 3 does not have a
significant role in IRES RNA-ribosome binding.

The studies presented here allow several conclusions
regarding the molecular events in IRES-mediated translation
initiation. Purified 40S ribosomes interact with the loop
sequences in the stem—loop structures in PSIV IRES Domains
2a and 2b. The two loop sequences are highly conserved
among CrP-like viruses (Fig. 4B) and mutations in these
sequences decreased PSIV IRES translation activity, indicat-
ing that these loops have essential roles in IRES function.
Mutational disruption of base pair interactions in PK III had
deleterious effects on 40S ribosome binding (Fig. 1). Since PK
IIT is near the two Domain 2 loops, PK III may affect the
relative positions of these two loops for efficient 40S ribosome
binding. Binding of complete IRES RNA (Domains 1-2-3),
but not truncated IRES RNA (Domains 1-2), to 80S ribosomes
was inhibited by ASL. This suggests that Domain 3 probably
interacts with part of the ribosome decoding site. These results
imply that Domains 1-2 and Domain 3 have distinct roles in
IRES-mediated translation initiation. Since Domain 2 alone
can bind 40S ribosomes (Fig. SA), interactions between 40S
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ribosomes and the Domain 2 loops are probably one of the
initial steps in IRES-mediated translation initiation. Although
when and how 60S ribosomes engage the IRES—40S complex
is unknown, PK II may have a role in promoting the
interaction of Domain 3 and the ribosome decoding site,
presumably in the presence of the 60S ribosomes. CrPV IRES-
mediated translation elongation, in the absence of any elFs,
has recently been shown by toeprinting and peptidyl-
puromycin formation analysis using purified elongation fac-
tors and acylated tRNAs (37). This also means that binding
between ribosomes and CrP-like virus IRESs plays a key role
for translation initiation.
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