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SUMMARY

Eukaryotic initiation factor eIF4E performs a key early
step in translation by specifically recognizing the
m7GpppN cap structure at the 50 end of cellular
mRNAs. Many viral mRNAs lack a 50 cap and thus
bypass eIF4E. In contrast, we reported a cap-inde-
pendent translation element (PTE) in Pea enation
mosaic virus RNA2 that binds and requires eIF4E
for translation initiation. To understand how this un-
capped RNA is bound tightly by eIF4E, we employ
SHAPE probing, phylogenetic comparisons with
new PTEs discovered in panico- and carmoviruses,
footprinting of the eIF4E binding site, and 3D RNA
modeling using NAST, MC-Fold, and MC-Sym to
predict a compact, 3D structure of the RNA. We pro-
pose that the cap-binding pocket of eIF4E clamps
around a pseudoknot, placing a highly SHAPE-reac-
tive guanosine in the pocket in place of the normal
m7GpppN cap. This reveals a new mechanism of
mRNA recognition by eIF4E.

INTRODUCTION

In the highly regulated first step in translation initiation, the

m7GpppN cap structure, present at the 50 end of all nonviral

eukaryotic mRNAs, recruits the ribosome via the eukaryotic initi-

ation factor, eIF4F. In plants, eIF4F is a heterodimer of eIF4E and

eIF4G (Browning, 2004). The eIF4G subunit of eIF4F binds simul-

taneously to eIF4E, poly(A)-bound poly(A) binding protein, and

directly to the mRNA (Wells et al., 1998). This circularizes the

mRNA and attracts eIF3 that docks the 43S ribosome preinitia-

tion complex and associated initiation factors to the 50 end of

the mRNA (Jackson et al., 2010). The complex then scans in

the 30 direction in search of the initiation codon, usually AUG.

X-ray crystallography and NMR studies revealed that the cap

binds eIF4E via p-p stacking between two tryptophan residues

in a pocket in the concave surface of eIF4E (Marcotrigiano

et al., 1997; Matsuo et al., 1997; Monzingo et al., 2007). The

7-methyl group introduces a positive charge that enhances the
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interaction with the electronegative p bonds. van der Waals

contacts and hydrogen bonds with the phosphate groups and

the ribose of the cap analog further stabilize the cap-eIF4E inter-

action (Niedzwiecka et al., 2002). Nucleotides downstreamof the

cap also influence eIF4E binding, but no intermolecular contacts

beyond the first nucleotide after the cap structure have been

detected. The equilibrium binding constant of eIF4E to cap

analog varies from 0.1 to 4 mM depending on the experimental

conditions and source of protein (Carberry et al., 1991; Niedz-

wiecka et al., 2002). eIF4G binds eIF4E on the convex side,

away from the cap-binding pocket, causing structural changes

(Gross et al., 2003) that increase the cap-binding affinity of

eIF4E (Haghighat and Sonenberg, 1997; von der Haar et al.,

2004).

On cell entry, the RNA of an invading positive strand RNA

virus must compete aggressively for the limiting translational

machinery. Because these viruses replicate in the cytoplasm

without access to the nuclear capping machinery, many viral

RNAs lack a 50 cap. Instead, they rely on sequences that function-
ally replace, and are oftenmore efficient than, the 50 cap structure

for translation initiation. These sequences include internal ribo-

some entry sites (IRESes) and 30 cap-independent translation
elements (30 CITEs). IRESes are located upstream of the trans-

lated open reading frame (ORF) and recruit the ribosome via

a variety of mechanisms (Doudna and Sarnow, 2007). To date,

30 CITEs are known to exist only in plant viral RNA 30 UTRs and

possibly the 30 UTR of p53 mRNA (Chen and Kastan, 2010).

Among the several classes of these elements (Miller et al.,

2007), the Satellite tobacco necrosis virus (STNV) translation

enhancer domain (TED), and an ‘‘I-shaped’’ CITE from Maize

necrotic streak virus (MNeSV) have been shown to bind eIF4F

(Gazoet al., 2004;Nicholson et al., 2010). TheBarley yellowdwarf

virus (BYDV)-like translation element (BTE) binds the eIF4G

subunit of eIF4F and does not require eIF4E (Treder et al.,

2008). Recently, we showed that a new class of element (PTE),

first identified in Panicum mosaic virus (PMV) (Batten et al.,

2006), and then in Pea enation mosaic virus RNA 2 (PEMV2),

binds and requires eIF4E (Wang et al., 2009). Most 30 CITEs are

predicted or known to base pair to the 50 UTR (Guo et al., 2001;

Fabian and White, 2004; Rakotondrafara et al., 2006; Nicholson

et al., 2010). Presumably this circularizes the mRNA, allowing

the 30 CITE-bound initiation factors to recruit the ribosome 40S

subunit to the 50 end, from which it moves to the first AUG.
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Figure 1. Genome Organizations of Representative Viruses in the

Umbravirus, Panicovirus, and Carmovirus Genera that Contain

a PTE in the 30 UTR
Genome lengths are shown at right. Numbered boxes indicate open reading

frames. PTEs in PEMV RNA2 (Wang et al., 2009) and PMV (Batten et al., 2006)

have been described. CarMV PTE is described in this article. Long, curved

arrow indicates binding of eIF4F (via the eIF4E subunit) to the PTE, and

interaction of this complex with the 50 end. This proposed mechanism applies

to all viruses with 30 PTEs. Ribosomal frameshift (fs) or read-through (rt) events

facilitate translation of the second ORF. ORFs further downstream are trans-

lated via initiation at multiple start codons on subgenomic mRNAs.
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Here we investigate how the PTE RNA binds eIF4E, despite

lacking a 50 cap. We use phylogenetic comparisons of several

newly described PTEs, structural probing and computer

modeling to predict that the PTE forms a compact pseudoknot

that projects a guanosine residue into the cap-binding pocket

of eIF4E. This would be a new way of mRNA recognition by

a translation initiation factor.

RESULTS

Three Virus Genera Contain Similar 30 PTE-Like
Structures
The PTE, identified previously in the 30 UTR of PEMV2 (Figure 1),

consists of a long bulged helix bifurcating into two stem loops. A

large G-rich bulge (G domain) exists in the middle of the main

helix (Figure 2). Previous structure probing of the PEMV2 PTE

suggested that a C-rich bulge (C domain), on the branch point

of the distal helices, base pairs to a three guanosine tract in

the G domain to form a pseudoknot (Wang et al., 2009). The

PTEs of PMV and PEMV2 are predicted to fold into very similar

structures, despite absence of sequence homology outside of

the G and C domains (Batten et al., 2006; Wang et al., 2009).

To determine whether the PMV PTE folds like the PEMV2 PTE

as predicted, and to obtain more evidence on interaction of the C

and G domains, we probed both PTEs using SHAPE (Wilkinson

et al., 2005) as described previously (Wang et al., 2009), except

the more rapid acylating agent 1M7 (Mortimer andWeeks, 2007)

was used instead of NMIA. The RNAs were probed in the pres-

ence and absence of magnesium ion. Magnesium ion favors

tertiary interactions such as pseudoknots. We also compared

wild-type PTEs with mutants containing transversions in the
Structure 19
Cdomain designed to disrupt theG domain-C domain base pair-

ing. These mutations are known (PEMV2m2) or predicted

(PMVm1) to prevent the cap-independent translation function

of the PTE. The gel profiles and corresponding structures of

wild-type PEMV2 and mutant PEMV2m2 PTEs probed with

1M7 were similar to those found previously with NMIA (Wang

et al., 2009). In the presence of Mg2+, one guanosine (G3840 in

PEMV2 and G4133 in PMV) in the G domain was hypermodified

by 1M7, whereas the flanking G domain nts were modified

moderately, and none of the Cs in the C domain was modified.

In contrast, in C-domain mutants PEMV2m2 and PMVm1, the

entire G domain became significantly and more evenly modified

and the C domain was modified to a greater extent than in wild-

type PTEs (Figure 2). These results are consistent with these

domains being single stranded in themutant RNAs, as expected.

Strikingly, the modification patterns of both wild-type PTEs

in the absence of Mg2+ were very similar to the modification

patterns of the mutant PTEs in the presence of Mg2+ (Figure 2A).

In both cases the pseudoknot is not predicted to form. We

conclude that, in wild-type PTEs, pseudoknot base pairing

between the C and G domains takes place in a Mg2+-dependent

manner, and that the PEMV2 and PMV PTEs fold into very similar

tertiary structures as predicted. However, the magnesium-

dependent hypermodified G in the pseudoknot is not predicted

to be so accessible to acylation, thus it may be in a novel orien-

tation (see below).

To better understand the sequence and structural require-

ments of the PTE, more phylogenetic comparisons were under-

taken by predicting secondary structures in the 30 UTRs of

related viruses, using MFOLD (Zuker, 2003). Two recently

sequenced panicoviruses, the phleum isolate of Cocksfoot

mild mosaic virus (CMMV) (Ziegler et al., 2009) and Thin paspa-

lum asymptomatic virus (TPAV) have PTE-like predicted struc-

tures in their 30 UTRs. Moreover, the 30 UTRs of five carmovi-

ruses, which, like the panicoviruses, are in the Tombusviridae

family, harbor predicted PTE-like structures.

The secondary structures of all of these putative PTEs were

determined using SHAPE (Figure 3). They share the following

features (Figure 4; see Table S1 available online): (1) a basal helix

connects the element to the rest of the viral genome, interrupted

by small proximal bulges of nomore than two unpaired bases; (2)

the large G domain bulge ranging from 6 (CarMV) to 14 (HCRSV)

nt, always contains aG that is hypermodified by SHAPE reagents

in a magnesium dependent structure (Figure 3, arrow); all G

domain bulges, except that of JINRV, contain a GGG tract, which

is complementary to the C domain; (3) helix 3 (H3) consists of

6–8 bp, although in some PTEs (e.g., HCRSV and PFBV) some

of these bases are SHAPEmodified and thus unlikely to be stably

base paired; (4) branching stem-loops (SL1 and SL2), each

usually contain 4–7 bp, but range from 3 to 12 bp; (5) loop 1

has a UGC[A/C] motif in all but three of the PTEs. Loop 1 of the

panicovirus PTEs has six bases complementary to the 50 UTR,
whereas in the other PTEs, the complementary tract is shorter

(Figure 4, italics); this conserved complementarity suggests

a role for long-distance base pairing to the 50 UTR; (6) the

C-domain bulge between SL1 and SL2 is 4–6 (usually 4) nt

long; the C domain has a CCC tract that appears to base pair

to the GGG tract in the G domain except in SCV in which CUU

in the C domain can base pair to the GGG, and JINRV in which
, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 869
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Figure 2. Effects of Magnesium and Mutations in the C Domain on PTE Structure

(A) Structure probing by SHAPE of PTEs of PEMV2 and PMV. Presence of SHAPE reagent 1M7, and Mg2+ is indicated by + above each lane. Sequencing ladders

generated by reverse transcription in the presence of dideoxy NTPs are in lanes marked C, T or G. Mobilities of selected nucleotides are indicated to the left of

each gel. Positions of G domain (G), loop I (LI), C domain (C), and loop II (LII) are indicated to the right of each gel. Probed RNAs include wild-type (WT) or mutant

m2 of PEMV2 PTE, or WT or mutant m1 of PMV PTE.

(B) Secondary structures of PTEs probed in (A). Dashed boxes highlight the altered nucleotide(s). Double-headed-arrows indicate the pseudoknot interaction

between G and C domains. Color-coded bases indicate the level of 1M7 modification with warmer colors indicating greater modification (inset).
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the CCC tract has no obvious Watson-Crick base pairing part-

ners in the G domain; and (7) the number of unpaired bases con-

necting H3 and H2, opposite the G domain, ranges from zero to

one nt in most cases, but is two nts in PEMV2, and 7 nts long in

HCRSV.

The PTE-Like Structures of Panicoviruses
and Carmoviruses Are Functional CITEs
Free 30 CITEs, from all viruses tested, can inhibit translation in

trans as isolated RNAs not attached to an mRNA. This trans-

inhibition correlates with efficiency of stimulation of translation

by the 30 CITE in cis (as part of an mRNA) (Treder et al., 2008;

Wang et al., 2009, 2010; Nicholson et al., 2010). To determine

whether the putative PTEswere functional, we tested the abilities
870 Structure 19, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights
of the RNAs to trans-inhibit translation of an mRNA in wheat

germ extract. All nine PTEs inhibited translation to between

15%and 40%of the level obtained in the absence of trans-inhib-

itor (Figure 5). The levels of inhibition are similar to those obtained

with the unrelated BTE of BYDV (25%) and the STNV TED (30%).

Interestingly, the strongest trans inhibitor, the HCRSV PTE, (Fig-

ure 5), deviates most from consensus with longer bulge se-

quences and longer pseudoknot base pairing (AGGGG:CCCCU)

(Figure 4). As a negative control, the nonfunctional mutant,

PEMV2m2, inhibited translation only slightly in trans (PEMV2m2,

Figure 5). Thus, all of the proposed PTEs are functional, inhibiting

translation in trans probably by binding and sequestering eIF4E.

Despite the similarities in structure of the PEMV2 and

PMV PTEs, neither the C-domain nor the G-domain, nor both
reserved
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in combination with the unpaired bases opposite the G domain,

could be exchanged between these PTEs and yield a functional

PTE (Figure S1). Thus, the G and C domains depend on very

specific contexts to fold into active structures.

3D Modeling of the PTE
To understand how the PTE functions and interacts with eIF4E,

we computationally predicted its 3D structure. To guide the

modeling, we first assumed that all PTEs fold into the same 3D

shape, as their secondary structures are similar and they perform

the same function. The second assumption is from observations

that RNA structures often present a view in which all base edges

are visible (Laederach et al., 2007). Third, we assumed that

helices tend to coaxially stack, allowing an uninterrupted helix

in at least one strand, optimizing base stacking and shielding

their hydrophobic rings from water (Levitt, 1969).

To determine the consensus 3D model we first aligned

sequences based on secondary structure (Figure 6A). The

sequence of HCRSV PTE was omitted from the modeling, owing

to the large bulge sequences and long SL2, which skewed the

data used for determining the consensus 3D fold. The tertiary

structure for PMV was sketched first using the Nucleic Acid

Simulation Toolkit (NAST) (Jonikas et al., 2009). NAST represents

the RNA as a chain of beads (one per nucleotide) evolving under

forces originating from a potential energy function derived from

solved RNA structures. This allowed us to rapidly test whether

the pseudoknot could be accommodated in the 3D fold, and

provided us with valuable information about the potential global
Structure 19
shape of the molecule, especially on the coaxial stacking of the

helices.

Using the computer program MC-Sym (Major, 2003; Major

et al., 1991) combined with nucleotide cyclic motifs (NCM)

(Parisien and Major, 2008), we generated 10,000 3D models

for each PTE sequence in Figure 6A. Using the P-Score, we

identified the top hundred folds for each sequence (see Experi-

mental Procedures). The P-Score encodes long-range RNA 3D

information, in contrast to classical mechanical force fields that

better describe local interactions. Local interactions in MC-

Symmodels, and in particular those in NCMs conform to current

knowledge on atomic interactions because they stem from frag-

ments of solved structures. The consensus 3D structure was

then determined by choosing the folds with the least pairwise

root-mean-square deviation (rmsd) with one another (Figure 6B).

Pairwise rmsd ranges from 2.09 to 4.05 (Table S2). An all-atoms

model for the PMV PTE (Figure 6C) incorporated the predicted

pseudoknot and coaxial stacking, as it features A-RNA-like

helices and a smooth backbone path throughout. The few

unpaired nucleotides in the pseudoknot region caused a fixed

juxtaposition of the two main axes at nearly a 90� angle.
The 3Dmodel readily explains the requirement for magnesium

ion to counter the electrostatic repulsion of multiply converging

strands around the pseudoknot (Figures 2 and 3). It also explains

the poor SHAPE-reactivity of the C-domain and the uracil linking

SL2 to H3 (Figure 4), because they are buried in the core of the

pseudoknot. Although the SHAPE-hypermodified guanosine

residue (Figures 6B and 6C, red) is predicted to be base paired,

it is on the surface at a sharp bend in the RNA backbone that may

permit it to protrude in from the helix as suggested by the

extreme acylation by 1M7 and NIMA.

eIF4E Binds the PTE via the G Domain
Previous analysis of the PEMV2 PTE mutants showed strong

correlation between eIF4E binding affinity and translation stimu-

lation activity (Wang et al., 2009). Therefore, we sought to deter-

mine the structural basis for binding of the uncapped PTE RNA

by eIF4E. To localize the protein binding site in the RNA, we

applied a footprinting assay by probing the PTE with 1M7, and

RNases T1 and V1 in the presence of increasing quantities of

eIF4E. In both PTEs, the presence of eIF4E had little effect on

cleavage or modification of most nucleotides, indicating that

eIF4E binding does not cause major conformational change in

the PTE. For example, nucleotides in loops 1 and 2 were modi-

fied or cleaved the same in the presence or absence of eIF4E

(Figure 7; Table S3). In the absence or presence of eIF4E, almost

no RNase T1 cleavage of the only G (G4160) in the C domain

of PMV was detected, supporting the notion that the C domain

is constrained, and that G4160 pairs in a non-Watson-Crick

interaction to A4136 in the pseudoknot (Figure 6C). Also in the

absence of eIF4E, the three consecutive Gs in the middle of

the PMV G domain generated <20% RNase T1 cleavage

compared to G4152 of loop 1 (L1), supporting participation by

the three Gs in pseudoknot base pairing to the C domain. Similar

observations were made of the PEMV2 PTE, but G3858 in loop I

was not cleaved by RNase T1, suggesting that it base pairs to the

U3862 on the opposite side of the loop.

In both PTEs, the G tract in the G domain became less

accessible to RNase T1 cutting and to 1M7 modification as the
, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 871
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Figure 5. trans-Inhibition Assay of Putative PTEs and Other CITEs

The indicated RNAs were added in a 100-fold molar ratio to a very efficiently

translated mRNA consisting of the BYDV 50 and 30 UTR flanking a firefly

luciferase ORF. After incubation in a wheat germ translation extract, relative

light units (RLU) were measured in a luciferase assay (Experimental Proce-

dures). Luciferase expression is presented as a percent of that obtained in the

absence of added CITE. The BYDV BTE and STNV-1 TED are CITEs unrelated

in sequence or structure to the PTEs. PEMV2m2 contains the C domain

mutations (Figure 2B) that prevent PTE function in cis (Wang et al., 2000).

Samples were assayed in triplicate and error bars indicate standard error. See

also Figure S1.

Structure

eIF4E Binds a Pseudoknot in an Uncapped RNA
concentration of eIF4E increased (Figure 7). Some cleavages by

RNase V1, which cleaves certain double-stranded or stacked

nucleotides in a nonsequence specific manner (Lowman and

Draper, 1986), increased or decreased in the presence of

eIF4E. In both PEMV2 and PMV PTEs, RNase V1 cut strongly

around the junction region between SL1 and H3 in the presence

of eIF4E. This indicates that eIF4E binding facilitates coaxial

stacking of H3 and SL1 as predicted in the 3D model, and does

not protect this region from access to nuclease V1 (Figure 7).

The decreases in 1M7 modification or changes in cleavage due

to eIF4E are localized mostly around the pseudoknot and H2

and H3, suggesting that this region is the eIF4E binding site.

More distant changes in V1 sensitivity may be due to alterations

in RNA structure rather than direct blockage by eIF4E.

Docking of eIF4E on the PTE In Silico
Finally, we predict the 3D interaction of eIF4E with the PTE using

the above protection data and the known structure of eIF4E.

In binding eIF4E, the m7G cap is sandwiched between two

tryptophan residues (W62 and W108) of the cap-binding pocket

(Marcotrigiano et al., 1997; Monzingo et al., 2007). Mutation of

these amino acids to leucine caused eIF4E not to bind the

PTE; thus the cap-binding pocket of eIF4E is essential for

binding to the PTE (Wang et al., 2009). We hypothesize that, in

the presence of eIF4E, the hypermodifiable G of the PTE is

bound in the cap-binding pocket by similar interactions. To

test this possibility, using MC-Sym, this G was placed in the

pocket in the same coordinates as m7G. With this constraint,

the best possible structures generated by MC-Sym that had no

steric clashes were selected. We found structures that show

good fit between eIF4E and the pseudoknot region of the PTE
Figure 4. Secondary Structures of PTEs

Results of solution structure probing from Figure 2 and Figure 3 are superimposed

of 1M7modification (Table S1) with warmer colors indicating greater modification

Bases in bold participate in predicted pseudoknot base pairing. Bases in italics
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(Figure 8). The orientations of the PMV and PEMV2 PTEs relative

to eIF4E differ, but in both cases the hypermodifiable G stacks

between the tryptophan residues in the cap-binding pocket,

whereas loops that form the rim of the pocket clamp around

the pseudoknot. This interaction would be expected to leave

most of the PTE unprotected in the footprinting assays. Indeed,

the binding site agrees with the RNase T1 and SHAPE protection

data, in that eIF4E is predicted to interact most closely with

the pseudoknot region (the G domain strand in particular) and

the adjacent part of H2.Moreover, the portion of H3-SL1 junction

that shows increased V1 sensitivity in the presence of eIF4E is

not predicted to be protected by eIF4E. It is possible that binding

by eIF4E induces small structural changes in the PTE that

enhance H3-SL1 helical stacking distant from the eIF4E binding

site. Overall, these data provide a compelling new model by

which an uncapped RNAmay bind the cap-binding factor eIF4E.

DISCUSSION

The PTE Structure Is Conserved in Three Virus Genera
We report structures that resemble PTEs in all three known pan-

icoviruses, one umbravirus, and five carmoviruses. (The first

carmovirus PTE was discovered in SCV and communicated to

us by Anne Simon, University of Maryland.) Structure probing

(Figures 2 and 3) and the phylogenetic comparisons among the

PTE structures (Figure 4) revealed common features of the

PTEs that could be modeled to produce a remarkably consistent

3D structure (Figure 6). Based on their ability to inhibit translation

in trans (Figure 5), it is highly likely that all of these PTEs are func-

tional translation enhancers in cis.

A requirement for long-distance base pairing to the 50 UTR has

been demonstrated for the 30 CITEs of BYDV (Guo et al., 2001;

Rakotondrafara et al., 2006), TBSV (Fabian and White, 2004),

and MNeSV (Nicholson et al., 2010), which are unrelated to the

PTE or each other, supporting the model that the 30 CITE binds

one or both subunits of eIF4F and delivers it to the 50 UTR by

long-distance base pairing (Treder et al., 2008; Nicholson

et al., 2010). Loop 1 of the three panicovirus PTEs has 6 comple-

mentary bases to the 50 UTR (Figure 4, italics). In the other

viruses, which have fewer 50-complementary bases in loop 1,

30 UTR sequences adjacent to the PTE may base pair to the 50

UTR. Indeed, base pairing of a sequence immediately upstream

of the SCV 30 PTE is required for efficient translation (A. Simon,

personal communication).

A portion of the 30 UTR that contains the HCRSV PTE was

reported previously to be required for cap-independent transla-

tion, although the PTE was not identified (Koh et al., 2002). Muta-

tions in the sequence 3659GGGCAG3664 reduced translation of

uncapped RNA five-fold (Koh et al., 2003). These bases include

the SHAPE-hypermodified G3659 and three G domain bases

expected to base pair to the C domain (Figure 4). These obser-

vations support the requirement for the pseudoknot, which the

mutations disrupt.
on the best fitting secondary structures. Color-coded bases indicate the level

(inset). Colored asterisks indicate modification level in absence of magnesium.

(in SL1) are predicted to base pair to the 50 UTR.
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AGUCACACGGGACG---CCACACCACCUUUG--------CAGAGGU--GCCCUUGGGA-------------AACCAAUG-GUGUGG-GGUGACA  PMV
(((((((.*[[[..---(((((((((((((.--------.))))))--]]].(((((.-------------.))))).)-))))))-)))))))
GUGUCAUCAGGGGAUGACCAUGUCCACCUUG--------CCGGGUG--CCCUCGGACCU-----------AUGUCCGUG-ACAUGGCGUGACGC  CMMV
(((((((..[*[[....(((((((((((((.--------.))))))--]]].((((((.-----------.)))))).)-)))))).)))))))
CCCCAGGCGGGACG---CCACACCCAUGUUUG------CAGACAUG--GCCCGAGGA---------------AACUCUG-GUGUGG-GCUGGGG  TPAV
(((((((.*[[[..---((((((((((((((.------.)))))))--]]].((((.---------------.)))).)-))))))-)))))))
CGUGGGAUAGGGGAUGACCUUGUCGACCGGUU-------AUCGGUC--CCCUGCUCCU-------------UCGAGCUG-GCAAGGCGCUCACA  PEMV2
(((((((..[*[[....(((((((((((((..-------.))))))--]]].(((((.-------------.))))).)-)))))).)))))))
CACACGGCGGGACG---UGUUGCCGGAGCUG--------CCACUCC--GCCCAAGAUGGAUCGAUAUUAACCAUCUUUG-GCAACA-GCGUGCG  CarMV
(((((((.*[[[..---(((((((((((((.--------.))))))--.]]](((((((((.((..))))))))))).)-))))))-)))))))
UUUGCAGCGAGAUG---CCA-CGUGCCAGAGGAUAGUACCACUGGCUGACCCUACCAGCGUUU---GCGAGUUGGUAUG-CG-UGG-AUGUAAA  JINRV
(((((((.*[[[..---(((-(((((((((((((..))))))))))...]]]((((((((((.---.)))))))))).)-))-)))-)))))))
CUAUGAGAGGGCAG---UCACCCUACCUUCUG------CCAGAGGU--UCCCGGAGGAGUAG------UGAUCCUUUGG-GGGUGA-UUCAUAG  PFBV
(((((((.*[[[..---((((((((((((((.------.)))))))--.]]]((((((((..------.)))))))).)-))))))-)))))))
CGACUGUGAGGGGA---CCUACCCACUGUGCUG----CCACACAGG-AACUUCCAACCU----------UCGGGUGGCGAGGUAGG-GCAGAAG  SCV
(((((((.[*[[..---(((((((((((((((.----.))))))))-..]]]((((((.----------..)))))).).))))))-)))))))

 H2     PK        H3            SL1             PK            SL2               H3       H2

A

CB

H2

PK

SL2
SL1

H3

H2

PK

SL2
SL1

H3

Figure 6. Consensus Structure of the PTE Elements

(A) Color-coded sequence alignment based on the secondary structures. Corresponding base pairs are highlighted using left and right parenthesis whereas

pseudoknotted (PK) base pairs are shown with left and right square brackets. Unpaired nucleotides use ‘‘.’’. Gaps in the alignment use ‘‘–’’. The base (usually a U)

between SL2 and H3 is indicated by a black bar

(B) Optimal superposition of the 3D models for the PTE elements (pairwise rmsd is in Table S2). Only the backbone trace is shown for clarity. The models align

base paired positions that are common in all secondary structures. Colors are the same as in (A), except the highly reactive guanosine is in red.

(C) Stereo view of the PMV PTE element. Here, the bases are rendered as slabs. Colors are the same as in (B). PDB files of all predicted PTE structures are

downloadable at http://www.plantpath.iastate.edu/millerlab/node/30.
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The only 30 CITE for which a 3D structure has been determined

is the ribosome binding structural element (RBSE) of Turnip

crinkle virus (TCV), a carmovirus. It differs in secondary structure

from the PTE, and its 3D structure roughly resembles a tRNA

(Zuo et al., 2010). The RBSE binds yeast 60S ribosomal subunits

(Stupina et al., 2008) but its initiation factor binding properties are

unknown. The presence of different classes of 30 CITE (RBSE or

PTE) in different carmoviruses reiterates our previous observa-

tions that the class of element in any particular virus does not

necessarily correlate with viral genome phylogeny (Miller et al.,

2007; Wang et al., 2009).
874 Structure 19, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights
A Structural Explanation for eIF4E Binding to the PTE
Tomodel how the PTE can bindwith such high affinity while lack-

ing the 7-methyl group and the triphosphate that are crucial for

cap binding to eIF4E, we first consider the RNA structure. The

PTE pseudoknot appears to differ from others (Taufer et al.,

2009) because it is embedded in the 3D structure such that it

forces a stretch of guanosines (the G-rich region) into an unusual

fold. The juxtaposition of sequence and structure at the apex

of the pseudoknot may provide a unique context that attracts

eIF4E with high affinity. Furthermore, the G- and C-rich domains

cannot be exchanged between PTEs without loss of function,
reserved
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nor can the G domain and the unpaired bases on the opposite

side of the H2-H3 helix be simultaneously exchanged with those

from other PTEs (Figure S1). This argues for a special condition

for high-affinity eIF4E binding. Even though eIF4E usually binds

to the cap of a single-stranded RNA, its extensive electropositive

field around the cap-binding pocket (Figure S2) should permit it

to bind a structured RNA. Comparison of the 3D structures

between the m7G-bound form and the predicted PTE-bound

form shows that the protein structure is essentially the same

(0.1 Å rmsd).

The PTE structure may not be equally stable or rigid in all

regions. In particular the pseudoknot seems to ‘‘breathe.’’ The

G domain is partially susceptible to SHAPE modification with

the striking exception of the 1M7-hypermodifiable G, and is

partially cleaved by T1 nuclease. The absence of magnesium

or mutation of the C domain cause a virtually identical loss of

extreme SHAPE modification, and more uniform modification

of the entire G domain bulge, as if single-stranded, strongly sup-

porting the existence of the pseudoknot in the native, functional

PTE (Figure 2; Table S1). SHAPE reagents such as 1M7 are

thought to modify only single-stranded nucleotides, because

they are flexible and transiently form conformations in which

the 20 hydroxyl is far enough from the adjacent 30 phospho-
diester oxygens to allow access by the acylating agent (Wilkin-

son et al., 2005). In contrast, the 20 hydroxyl in Watson-Crick

base paired nucleotides in the A-form double helix is too close

to the adjacent 30 phosphate, sterically hindering access by

the SHAPE reagents (Merino et al., 2005). We propose that the

hypermodifiable G is not part of a typical A-form double helix,

but held in an orientation by the pseudoknot and flanking bases

that render its 20 hydroxyl constantly and highly accessible to

1M7 and NIMA. Thus, the G may protrude from the PTE struc-

ture, and be capable of fitting in the cap-binding pocket of

eIF4E (Figure 8). There is precedent for such an orientation of

a nucleotide from a pseudoknot. The well-characterized, but

much simpler pseudoknots that facilitate frameshifting in polero-

virus and enamovirus RNAs feature a base at the helical junction

region that protrudes into solvent, held in place by non-Watson-

Crick interactions of flanking bases (Giedroc and Cornish, 2008;

Su et al., 1999). To our knowledge, such pseudoknots have not

been SHAPE probed so it isn’t known if the protruding nucleo-

tide is highly acylatable. An alternative possibility is that the hy-

permodifiable G is base paired in the pseudoknot, but the kink in

the backbone makes its 20 hydroxyl accessible. Interactions of

the rim of the cap-binding pocket with the pseudoknot may

induce a conformational change in which the guanosine inserts

into the pocket.

The footprinting data (Figure 7) and previous mutagenesis

of the eIF4E cap-binding pocket (Wang et al., 2009) are consis-

tent with the cap-binding pocket-pseudoknot interaction model

(Figure 8). Because the PTE lacks the 7-methyl group and

triphosphate necessary for m7GTP binding, yet the affinity of

eIF4E for the PTE (58 nM) is apparently stronger than that of

eIF4E for m7GTP (Niedzwiecka et al., 2002; Wang et al.,

2009), we speculate that additional contacts between the

surface amino acids around the cap-binding pocket, which

may clamp around the pseudoknot (Figure 8), enhance binding

affinity to the PTE. Indeed the vast majority of mutations in

the PEMV2 PTE near (in the predicted 3D structure) the
Structure 19
hypermodifiable G are highly deleterious to PTE function

(Wang et al., 2009).

The PTE-eIF4E Interaction Differs from IRESes
and Other CITEs
Plant virus 30 CITEs fall into about seven structural classes (Miller

et al., 2007). The Y-shaped (Fabian and White, 2004), I-shaped

(Nicholson et al., 2010) CITEs and BTEs (Rakotondrafara et al.,

2006) all require ribosome scanning from the 50 end, and do

not function as IRESes. The only IRES known to require eIF4E

is that of Hepatitis A virus (HAV) (Ali et al., 2001). Whether the

HAV IRES interacts directly with eIF4E is unknown. Recently,

an eIF4E-binding motif, consisting of two short adjacent stem-

loops, was described in the coding region of mouse histone H4

mRNA (Martin et al., 2011). It is required for a novel cap-depen-

dent, UTR-independent translation mechanism, and it binds the

N-terminus of eIF4E, not the cap-binding pocket. A similar

shaped eIF4E binding structure, but required for nuclear export

and not translation, is located in the 30 UTR of cyclin D mRNA

(Culjkovic et al., 2006). Thus, eIF4E-binding by uncapped

mRNAs has evolved for numerous functions.

Viruses with PTEs have short 50 UTRs with complementarity to

the PTE (or nearby bases), so the ribosome probably enters at

the 50 end as with other 30 CITEs. However, the HCRSV 30

UTR, which includes a PTE, also has been reported to facilitate

internal initiation in combination with an IRES located in the

middle of the viral genome (Koh et al., 2003). Interestingly, the

I-shaped CITE in the 30 UTR of Melon necrotic spot virus

(MNSV) appears to interact with eIF4E, based on genetic

evidence (Truniger et al., 2008). A single point mutation (H228L)

on the rim of the cap-binding pocket greatly reduces the ability of

most strains of MNSV to translate efficiently; thus this eIF4E

allele is a recessive resistance gene (Nieto et al., 2006). Muta-

tions in the I-shaped structure permit MNSV translation in the

presence of the mutant eIF4E, and allow the virus to break the

resistance (Truniger et al., 2008). Thus, like the PTE, the I-shaped

domain requires eIF4E. A similar I-shaped 30 CITE in MNeSV

binds efficiently only to eIF4F and not eIF4E or eIF4G alone

(Nicholson et al., 2010). Thus, the I-shaped domain may bind

eIF4E only when eIF4E is bound to eIF4G. Like the I-shaped

structure, the STNV TED binds eIF4F with far higher affinity

than to eIF4E or eIF4G (Gazo et al., 2004), whereas the BTE binds

and requires only eIF4G, although translation is stimulated

slightly more by eIF4F (Treder et al., 2008). In summary, none

of these characterized CITEs resembles the PTE in structure or

in their interactions with translation factors.

We propose that the various CITEs have evolved to bind

different surfaces on eIF4F, and then deliver it to the 50 end by

long-distance base pairing (Figure 1) (Miller et al., 2007). In

support of this mechanism, the interaction of the cap-binding

pocket of eIF4E with the PTE pseudoknot leaves both the

eIF4G-binding convex surface of eIF4E and loop 1 of the PTE

unaffected and solvent accessible (Figure 8). This should allow

eIF4E to bind simultaneously to eIF4G (forming eIF4F) and to

the PTE. Indeed it has a higher affinity for eIF4F than eIF4E

(Wang et al.,. 2009). This eIF4F-bound PTE can then base pair

to the 50 UTR via loop 1, circularizing the RNA and placing

eIF4F in close proximity to the 50 end where it can then recruit

the ribosome.
, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights reserved 875
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Figure 7. Footprinting by Treatment of PTEs with RNase V1, RNase T1, or 1M7 in the Presence of Increasing Concentrations of eIF4E

(A) Concentration of eIF4E added to PMV PTE (mM): 0 (lanes 0), 0.1 (lanes 1), 0.5 (lanes 2), 2.0 (lanes 3).

(B) Secondary structure of PMVPTE indicating bases that show reducedmodification by 1M7 (green asterisks), or reduced cleavage by RNase T1 (green shading)

or altered cleavage by RNase V1 (blue shading) in the presence of increasing quantities of eIF4E. See also Table S3.

(C) Predicted 3D structure of PMV PTEwith the regions showing reducedmodification or cleavage due to eIF4E are color coded as in (B). Green indicates regions

showing reduced modification by either 1M7 or RNase T1.
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Figure 8. Model of eIF4E Docking on the PTE

(A) The wheat eIF4E protein (PDB file 2IDV) (yellow), docked on the PTE (green) wasmodeled by placing the hypermodifiable guanosine of the PTE, in place of the

known coordinates of m7G, between two eIF4E tryptophan side-chains (rendered as sticks).

(B) A close-up stereo view of the docking site.

(C) Wheat eIF4E (yellow) docked on the PEMV2 PTE (green) as in (A).

(D) Close-up of docking site in (C). Files specifying the atomic coordinates of these structures are downloadable at http://www.plantpath.iastate.edu/millerlab/

node/30.

Structure

eIF4E Binds a Pseudoknot in an Uncapped RNA
EXPERIMENTAL PROCEDURES

Plasmid Constructs and RNA Preparation by In Vitro Transcription

DNA oligomers representing PTEs from the following viruses were synthesized

and inserted between EcoR I and HpaI sites of the universal SHAPE vector as

described (Wang et al., 2010) (GenBank number, sequence in parentheses):

PMV (NC_002598, nt 4085–4201) (Batten et al., 2006), CMMV (EU081018, nt

3959–4092), CarMV (X02986, nt 3716–3845), JINRV (D86123, nt 3738–3870),

HCRSV (NC_003608, nt 3634–3761), PFBV (NC_005286, nt 3641–3770), SCV

(U72332, nt 3627–3748), and TPAV (PVBE database, ftp://ftp.genome.ou.edu/

pub/PVBE/PVBE_all.fa, contig tgp_p06_05TGP00369_GTGT_contig00009, nt

3001–3133). The resulting constructs were linearized with SmaI as the

templates for RNA transcription in vitro using MEGAshortscript (Ambion).

PEMV2 PTE was generated as described previously (Wang et al., 2009).

RNA Activity Assay by trans Inhibition Assay In Vitro

For RNA competition experiments in wheat germ extract, 0.4 pmol of reporter

RNA P2lucP2 (Wang et al., 2009) wasmixed with 40 pmol of competitor RNA in

a 50 ml translation assay mixture. After 1 hr at room temperature, luciferase

activity was measured using the luciferase assay reporter system (Promega)

in a GloMax20/20 Luminometer (Promega).
(D) Concentration of eIF4E added to PEMV2 PTE (mM): 0 (lanes 0), 0.1 (lanes 1), 0.

ladders. Positions of selected G nucleotides or the G domain (G), C domain (C),

beside gels.

(E) Secondary structure of PEMV2 PTE labeled as in (B).

(F) Predicted 3D structure of PEMV2 PTE shaded as in (C).
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Recombinant Protein Expression and Purification

Recombinant wheat eIF4Ewas expressed from pGEXw4E vector as described

previously (Wang et al., 2009). Briefly, GST-tagged eIF4E was induced with

0.2 mM IPTG at 30�C for 6 hr. GST-eIF4E was immobilized on the gluta-

thione-SepharoseTM 4B (Amersham Biosciences) column. After washing,

free eIF4E was released from GST by thrombin (Amersham Biosciences)

digestion and further purified by gel filtration. The eIF4E preparation was quan-

tified by Bradford protein assay.

RNA Structure Probing and Footprinting

PEMV PTE RNA element for structure probing and footprinting was prepared

as described (Wang et al., 2009). PMV, CMMV, TPAV, and CarMV PTE RNAs in

context of the universal cassette for SHAPE were in vitro transcribed from

SmaI linearized constructs using MEGAshortscript. Solution structure probing

was essentially as described previously (Wang et al., 2009). RNA (500 ng per

reaction) was denatured at 94�C for 1 min then quickly chilled on ice for

2 min. The RNA was then renatured by incubation at room temperature for

30 min in 45 ml of SHAPE buffer. 5 ml of 1-methyl-7-nitroisatoic anhydride

(1M7), prepared according Mortimer and Weeks (2007), was added to the

renatured RNA samples and incubated at room temperature for 2 min followed

by ethanol precipitation with addition of sodium acetate and yeast tRNA.
2 (lanes 2), 0.8 (lanes 3), 2.0 (lanes 4). A, G, and T indicate dideoxy sequencing

Loop I (LI), Loop II (LII), Helix 3 (H3), Helix 2 (H2) or Stem 1 (S1) are indicated
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For footprinting, wheat eIF4E was mixed into the renatured RNA, as

described above. The reaction was incubated at room temperature for

10 min to allow equilibration of protein-RNA interaction. Chemical probing of

RNA-protein complex was performed by addition of 1/10 (v/v) 1M7 to the reac-

tion and incubated at room temperature for 2 min. For enzymatic footprinting

of the complex, 2 mg of yeast tRNA was added to the equilibrated reaction

before addition of 0.2 U of RNase T1 (Ambion) or 0.03 U RNase V1 (Ambion),

whichwas prepared inSHAPEbuffer. The reactionwas incubated at room tem-

perature for 10 min. All reactions were stopped by addition of 50 ml of 0.6 M

NaAc followed by phenol-chloroform extraction and ethanol-precipitation.

Sites of modification or cutting were revealed by primer extension, urea poly-

acrylamide gel electrophoresis as describe previously (Wang et al., 2009).

Bands were quantitated using ImageQuant software (Table S1 and Table S3).

RNA Modeling

2D Modeling

The secondary structures of the PTE elements have been determined using the

MC-Fold computer program (Parisien and Major, 2008), which takes into

account the energetic contribution of noncanonical base pairs, and also

provides for a list of suboptimal folds. The SHAPE reactivity data pro-

vided ‘‘don’t pair’’ constraints. The consensus secondary structure was built

manually, by aligning key structural elements (Figure 7). The base pairs in

the pseudoknot were such that the most SHAPE-reactive guanosine was left

unpaired, and at least three base pairs were formed between the C- and

G-rich strands.

3D Modeling

First, we used the computer program NAST (Jonikas et al., 2009) to sketch

a coarse-grain 3D model from the secondary structure of PMV, including the

pseudoknot. Second, we used the computer program MC-Sym (Major et al.,

1991) to build all-atoms 3D models for the various PTE elements. Basic RNA

architectural principles were used as guide for high-quality models, including

NCM (Parisien and Major, 2008), coaxial stacking of stems (Levitt, 1969;

Mathews et al., 2004; Tyagi and Mathews, 2007), bipolarity of helical axes,

and coplanarity of the final assembly (Laederach et al., 2007). For each PTE

we first built the two main axes H2-H3-SL1 (A1) and PK-SL2 (A2) using

NCMs. A distance constraint of at most 5 Å between two nucleobase

center-of-mass pseudo-atoms enforces coaxial stacking. These two nucleo-

bases flank each coaxially stacked stem, and are the ones that are separated

by the smallest number of nucleotides (usually consecutive in sequence). In

PMV, the coaxial stacking between helices H2 and H3 is conveyed between

nucleotides 4183 and 4184, between H3 and SL1 with 4145 and 4146, and

between PK and SL2 with 4163 and 4164.

The two axes A1 and A2were then assembled in 3D space around the C-rich

domain and the one-nucleotide linker between H3 and SL2. The last step con-

sisted of completing the G-rich domain.

Third, from the pool of 3D models for each of the PTE elements, we sought

a consensus 3D structure that can be adopted by all the PTE elements. For

each element, the top hundred P-Score models were inspected to build an

all-against-all rmsd table. The rmsd is taken over all heavy atoms for nucleo-

tides in H3 and PK (core), and for the closest three base pairs to the core in

H2, SL1, and SL2. The goal is to assign one model to each element such

that the sum of their pairwise rmsd is minimized. Because the search space

(1008 structures) is too vast to explore in its entirety, it was traversed using

an iterative-deepening backtracking algorithm thatmakes use of a progression

schedule heuristic. Fourthly, the consensus models were minimized using the

Tinker molecular modeling package, version 5 (Ponder and Richards, 1987)

and the Amber’99 forcefield (Wang et al., 2000).

Molecular Docking

Starting from the previously identified consensus structures for PMV and

PEMV2 PTEs, we extracted from a pool of 10,000 decoys only those models

that were at most 5 Å from the consensus structures. This yielded �1000

models each for PMV and PEMV2. The reasoning behind this step is to

provide MC-Sym with a conformational ensemble, typical of the deformation

of an RNA structure under Brownian motion, on which to attempt docking of

the eIF4E protein. The conformational ensemble was further extended

through resampling via MC-Sym to include the single-stranded loop connect-

ing the H2 helix to the G-rich domain of the pseudoknot. A total of 10,000

decoys were generated, for both PMV and PEMV2, as a representative set
878 Structure 19, 868–880, June 8, 2011 ª2011 Elsevier Ltd All rights
of that conformational ensemble. For the actual docking, we optimally super-

imposed the N2, N9, and O6 atoms of the m7G nucleotide of the wheat

eIF4E-GDP structure (Protein Data Bank [PDB] file 2IDV) to those corre-

sponding to the SHAPE-hypermodifiable G because it is the most protected

on binding to eIF4E. PDB file 2IDV was chosen, as eIF4E is cocrystallized with

a m7GTP, thus resolving the exact shape of the protein in the bound state,

along with the position of the ligand. The transformation matrix resulting

from that superposition was applied to all atoms of the protein, except for

those in the m7G, as they were discarded. The final product is a docking

configuration of eIF4E with the PTE, where the corresponding G of the

RNA replaces the m7G. Subsequently, each docking configuration is

assigned a score derived from all pairwise, interatomic distances. The score

is increased for any pair of atoms, between the protein backbone and the

RNA, whose distance is closer than 5 Å. From the 10,000 docking configura-

tions we choose the one that features the smallest score, i.e., the least

number of steric clashes. Finally, the chosen docking poses were submitted

to an unrestrained energy minimization (Amber ‘99 force-field in a gas-phase

until a gradient RMS of 5 Kcal/mol/Å using the L-BFGS algorithm, as imple-

mented in the Tinker package).
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Note Added in Proof

The structure, cap-independent translation function and long-distance base

pairing to the 50 UTR of the SCV PTE will be reported in the following publica-

tion: Chattopadhyay, M., Shi, K., Yuan, X., Simon, A.E. (2011) Long-Distance

Kissing Loop Interactions between a 30 Proximal Y-Shaped Structure and

Apical Loops of 50 Hairpins Enhance Translation of Saguaro Cactus Virus.

Virology (In press).
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