
Nucleic Acids Research, 2023 1 

https://doi.org/10.1093/nar/gkad649 

Crystal structure of a cap-independent translation 

enhancer RNA 

Anna Lewicka 

1 , † , Christina Roman 

1 , † , Stacey Jones 

1 , Michael Disare 

2 , Phoebe A. Rice 

1 

and Joseph A. Piccirilli 1 , 2 , * 

1 Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL 60637, USA and 

2 Department of Chemistry, The University of Chicago, Chicago, IL 60637, USA 

Received April 20, 2023; Revised July 14, 2023; Editorial Decision July 19, 2023; Accepted July 28, 2023 

A

I
b
t
v
i
u
t
a
w
d
h
r
t
c
v
c
G
n
f
p
h
t
m
a
i
a

G

I

I
v
c
b
t
(
n
o

*

†

©
T
(
i

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad649/7238143 by U

niversity of C
hicago D

'Angelo
BSTRACT 

n eukaryotic messenger RNAs, the 5 

′ cap structure 

inds to the translation initiation factor 4E to facili- 
ate early stages of translation. Although many plant 
iruses lack the 5 

′ cap structure, some contain cap- 
ndependent translation elements (CITEs) in their 3 

′ 
ntranslated region. The PTE (Panicum mosaic virus 

ranslation element) class of CITEs contains a G-rich 

symmetric bulge and a C-rich helical junction that 
ere proposed to interact via formation of a pseu- 
oknot. SHAPE analysis of PTE homologs reveals a 

ighly reactive guanosine residue within the G-rich 

egion proposed to mediate eukaryotic initiation fac- 
or 4E (eIF4E) recognition. Here we have obtained the 

rystal structure of the PTE from Pea enation mosaic 

irus 2 (PEMV2) RNA in complex with our structural 
haper one, F ab BL3–6. The structure reveals that the 

-rich and C-rich regions interact through a complex 

etwork of interactions distinct from those expected 

or a pseudoknot. The motif , whic h contains a short 
arallel duplex, pr o vides a structural mechanism f or 
ow the guanosine is extruded from the core stack 

o enable eIF4E recognition. Homologous PTE ele- 
ents harbor a G-rich bulge and a three-way junction 

nd exhibit co v ariation at crucial positions, suggest- 
ng that the PEMV2 tertiary architecture is conserved 

mong these homologs. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

n eukaryotes, processed messenger RN A (mRN A) is co- 
alently modified with a 5 

′ N 7-methylguanine triphosphate 
ap and 3 

′ poly(A) tail, which serve to identify the mRNA 

y the eukaryotic translation initiation factors ( 1 ). Pro- 
ein translation begins when eukaryotic initiation factor 4E 

eIF4E) recognizes the 5 

′ cap structure. This eIF4E recog- 
ition is a key first step in a series of interactions with 

ther initiation factors that trigger ribosome assembly at 
he AUG start site ( 2 ). The 5 

′ m 

7 GpppN cap serves as a
rucial beacon that distinguishes mRNA from other cellu- 
ar RN As. The ca p structure is added co-transcriptionall y in 

he nucleus once the nascent mRNA is ∼25–30 nucleotides 
nt) long ( 3 , 4 ). This presents a problem for parasitic viruses,
 hose mRN A is generated in the cytoplasm. These vi- 

al mRN As necessaril y lack the 5 

′ ca p structure needed 

or cap-dependent translation. Instead of encoding cap- 
ing enzymes in their small genomes, viruses have evolved 
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cap-independent translation mechanisms ( 5 ). In some cases,
this cap-independent translation mechanism involves cova-
lently modifying viral RNAs with the Vpg protein (short for
virus protein, genome linked) ( 6 ). In other cases, structured
RNA elements in the 5 

′ or 3 

′ untranslated regions (UTRs)
bind and hijack the host cell translation initiation machin-
ery ( 5 , 7 ). 

Internal ribosome entry sites (IRESs) are perhaps the
most common example of cap-independent translation
enhancers (CITEs) found in viral RNAs. IRESs are
large (500–1000 nt) multidomain structured RNAs located
within the 5 

′ UTR of viral genomes ( 8 ). IRESs function as
cis- acting elements that recruit the initiation factors and / or
the ribosomal subunits directly to the start of the open read-
ing frame ( 8 ). 

IRESs are notably less common in plant viruses than
in animal virus RNAs ( 8–10 ); instead, these viruses more
often deploy an alternati v e cap-independent translation
mechanism ( 8 ). Recently, structured RNA translation ele-
ments were discovered in the 3 

′ UTRs of plant viruses ( 11 ).
These 3 

′ CITEs are still being identified in plant viruses
through deep sequencing and phylogenetic analysis. Al-
though CITEs have been identified and characterized in
viruses belonging to the Tombusviridae family and the Lu-
teo virus gen us, they are expected to be utilized more broadly
in biology ( 12–15 ). 

Like IRES elements, CITEs are also structured, cis-
acting, autonomous RNA elements that induce translation
of viral RNA genomes by recruiting various host transla-
tion initiation factors or their components. Howe v er, CITEs
are generally smaller than IRESs, usually only spanning
100–200 nt in length and generall y onl y encompass a sin-
gle domain ( 12 ). Their complex tertiary structures are capa-
ble of binding host factors that facilitate translation of viral
genes ( 12 ). CITEs often function independently, with one
CITE per 3 

′ UTR. Howe v er, two instances of virus harbor-
ing multiple CITEs have recently been discovered ( 12 ). In
the first case, Pea enation mosaic virus 2 (PEMV2) RNA,
studied here, was found to use three CITEs ( 16 ): one to
bind eIF4E, another to recruit the 40S ribosomal subunit
and a third to circularize the RNA, each functioning in-
dependently of one another ( 16 ). In the second case of a
virus harboring multiple CITEs, horizontal gene transfer
between two co-infecting viruses led to the acquisition of a
second functional CITE ( 17 ). This finding raises the possi-
bility that CITEs are readily exchanged between viruses, en-
abling rapid viral evolution to enable immune evasion and
expansion of the host range ( 17 , 18 ). 

Ther e ar e se v en distinct classes of CITEs; each adopts
a distinct, well-conserved structure and employs unique
mechanisms of host factor recruitment ( 12 ). These classes
include the following: translation enhancer domain ( 19 );
Bar ley y ellow dwarf virus-like tr anslation enhancer ( 11 , 20–
24 ); Y-sha ped structure CITE ( 25 ); T-sha ped structure
(TSS) CITE ( 26 , 27 ); I-shaped structure ( 10 , 17 ); and the re-
cently discovered CITE, CABYV-Xinjiang-like translation
element ( 17 ). 

The class of CITE studied here is the Panicum mosaic
virus translation element (PTE), first identified in Panicum
mosaic virus (PMV; Panicovirus , Tombusviridae ) and then
subsequently in PEMV2 ( 28 , 29 ). PTEs have been discov-
ered in panicoviruses , auresviruses , carmoviruses and um-
braviruses ( 12 ). They adopt a structure that binds plant,
and in one case mammalian, eIF4E ( 10 ). PTEs cannot bind
any other eIF4 proteins like eIF4G or eIF4(Iso)E, but PTE
affinity for eIF4E is enhanced in the presence of eIF4G
(Figure 1 B) ( 29 ). These PTE elements are among the most
well-characterized CITEs biochemically, making them ideal
targets for structural studies. A PTE’s ability to induce cap-
independent translation or compete with the nati v e cap
structur e r elates dir ectly to its affinity for eIF4E as deter-
mined by Wang et al. ( 29 ). 

Homolo gy anal ysis, secondary structure computational
predictions and chemical structure probing with SHAPE
have shown that PTEs adopt a T-shaped secondary struc-
ture ( 28 ). A basal stem is made up of three helical segments,
helix 1 (H1), helix 2 (H2) and helix 3 (H3), separated by
small internal bulges (Figure 1 A) ( 28 ). Between H2 and H3,
there is an asymmetrical G-rich bulge (J2 / 3) on the 5 

′ side,
known as the G domain ( 28 ). At the top of H3, a three-way
junction branches the structure into stem–loop 1 (SL1) and
stem–loop 2 (SL2). SL1’s 3 

′ end is connected to SL2’s 5 

′ end
by a C-rich bulge (JSL1 / SL2), known as the C domain ( 28 ).
The lengths of SL1 and SL2 vary across PTEs ( 28 ). In al-
most all PTEs with the exception of PEMV2, loop 1 (L1)
shares sequence complementarity with a hairpin (5H2) in
the 5 

′ UTR ( 28 ). The interaction between L1 and 5H2 cir-
cularizes the RNA and helps recruit the preinitiation com-
plex in a manner analogous to eIF4E and poly(A)-binding
protein ( 11 ). 

Generally, the G domain bulge contains a G-rich region
that exhibits apparent complementarity to the C-rich region
in the C domain; mutations to either of these tracts elimi-
nate or se v er ely r educe PTE-induced translation and eIF4E
binding (Figure 1 A) ( 28 , 29 ). The C domain is largely un-
reacti v e to SHAPE structure probing ( 28 ), leading to the
hypothesis that the G and C domains form a pseudoknot
in the PTE ( 28 ). Curiously, the C and G domains from dif-
ferent PTEs cannot be m utationall y transferred into other
PTEs without loss of function, suggesting that their eIF4E
binding activity is dependent on the structural context of
their respecti v e PTEs ( 28 ). The G domain of e v ery PTE
examined by SHAPE probing contains a single G that is
‘hyper-reacti v e’ in the presence of magnesium ions, sug-
gesting that it occupies a solv ent-e xposed, fle xib le posi-
tion in the structure ( 28 ). In the footprinting experiments
where PTEs were treated with RNase T1 or 1-methyl-7-
nitroisatoic anhydride (1M7), this so-called hyper-reacti v e
G showed reduced modification in the presence of increas-
ing concentrations of eIF4E suggesting that this residue re-
sides within the eIF4E binding interface. Mutation of ei-
ther of the two tryptophans (W62 and W108) in the cap-
binding pocket drastically reduces eIF4E’s affinity ( K d = 58
nM) for the PTE ( 28 , 29 ), consistent with the hypothesis that
eIF4E binds the PTE using its cap-binding pocket. Based
on these observations, tertiary models of the PEMV2 and
PMV PTEs were made, in which the SHAPE hyper-reacti v e
G of the G domain flips out from the presumed pseudo-
knot and docks into m 

7 G cap-binding pocket of eIF4E
( 28 , 29 ). 
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Figure 1. Genome organization of PEMV2 RNA and PTE secondary and tertiary structure scheme. ( A ) General secondary structure of PTE class of 
CITEs; r egions ar e color ed to match coloring of regions used throughout. ( B ) Genomic organization of PEMV2 illustra ting the rela ti v e positions of the 
3 ′ UTR CITEs, their binding partners and the 5 ′ proximal hairpin 5H2 kissing-loop interaction with kissing-loop TSS (kl-TSS). p33 and −1 ribosomal 
frameshifting product p94 are expressed from the gRNA. p26 and p27 are expressed from the overlapping open reading frames on the sgRNA, adapted 
from ( 18 ). ( C ) PEMV2 PTE secondary structure determined by Wang et al. ( 29 ). ( D ) PEMV2 PTE secondary structure determined by the crystal structure; 
interactions are denoted using the Leontis–Westhof notation ( 31 ) and pair and junction nomenclature ( 29 ). ( E ) Over all arr angement of PEMV2 PTE and 
Fab BL3–6 in the crystal structure. ( F ) The final two base pairs of P1. ( G ) P2 and P3 helical stack region illustrating the relati v e rotation of P3 (green) to 
P2 (yellow). 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad649/7238143 by U

niversity of C
hicago D

'Angelo Law
 Library user on 08 August 2023



4 Nucleic Acids Research, 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad649/7238143 by U

niversity of C
hicago D

'Angelo Law
 Library user on 08 August 2023
In this work, we focus on PEMV2 RNA, which con-
tains three CITEs in its 3 

′ UTR: one PTE and two TSS
elements (Figure 1 B) ( 16 , 30 , 31 ). The kl-TSS element con-
tributes to genome circularization during translation by
binding a small hairpin structure in the 5 

′ UTR, thus al-
leviating the PEMV2 PTE’s role in genome circularization
( 16 , 30 ). Interestingly, PEMV2 PTE is the only PTE found
to not use its L1 to hybridize to a 5 

′ UTR hairpin to circu-
larize the RNA ( 11 ). The other TSS element in the PEMV2
3 

′ UTR binds the 60S ribosome subunit. Even in the con-
text of the full-length 3 

′ UTR containing all three CITEs,
mutations to critical regions of the PTE element reduce
eIF4E affinity and translation efficiency ( 28 , 29 ). Mutations
that alter the sequence of either loop 1 or 2 do not alter
eIF4E af finity or transla tion inhibition; howe v er, mutating
residues in the G and C domains reduces translation ef-
ficiency by 95% ( 29 ). Mutation of the ‘hyper-reacti v e’ G
in particular decreases eIF4E binding and substantially re-
duces translation efficiency ( 29 ). 

Underscoring the importance of understanding viral
replication mechanisms, viral epidemics and pandemics
hav e al wa ys threatened f ood security, and a growing global
population only magnifies their devastating effects ( 32 ). Ad-
ditionally, the proliferation of genetically modified crops
dri v es monoculture farming, a practice that leaves crops
particularly susceptible to disease due to an absence of nat-
ural genetic variation ( 32 ). Climate change also increases
plant’s susceptibility to viral infection by upregulating abi-
otic str ess r esponse gene expr ession pathways ( 33 ). Despite
the increasing threat that plant viruses pose, study of their
molecular biology lags behind that of human pathogens,
which leaves society less pr epar ed to r espond to agricul-
tural disasters ( 32 ). As crucial components to many plant
viral replication mechanisms, CITEs are an excellent target
to study using structural biology with the long-term goal
of de v eloping strategies to enab le plants to evade viruses
and improve agricultural resilience ( 12 , 34 , 35 ). Understand-
ing the structural mechanism of translation factor recruit-
ment of CITEs could guide the de v elopment of genetically
modified crops that use mutant transcription factors resis-
tant to CITE hijacking ( 12 , 34 , 35 ). 

Using the e xtensi v e biochemical characterization as a
guide, we generated a crystallization construct of the
PEMV2 PTE to determine its structure experimentally. To
crystallize RN As, w hich often can be recalcitrant to crys-
tallization, we applied chaperone-assisted RNA crystallog-
raphy ( 36 ). By mutating a solv ent-e xposed loop to a Fab-
binding epitope, we can create a complex of Fab and RNA
element, which may crystallize more readily than RNA
alone ( 36 ). The Fab not only facilitates RNA crystalliza-
tion but also serves as a model for determining X-ray phases
through molecular replacement. While considerable evi-
dence exists to support the PTE secondary structure and the
long-range, putati v e pseudoknot interaction between the C
and G domains, it was unkno wn ho w the PTE forms a struc-
ture that competes with the nati v e 5 

′ cap structure for bind-
ing eIF4E with high affinity. Our crystal structure agrees
with the biochemical model that a single G of the G domain
projects into solvent poised to engage eIF4E. How ever, w e
find that the PTE adopts an unexpected fold to accomplish

this.  
MATERIALS AND METHODS 

Construct design 

To create a version of the PEMV2 PTE element likely to fold
into the nati v e conformation, we began with a construct
that r epr esented nucleotides 3820–3907 in the PEMV2 vi-
ral genome ( 29 ). This region was identified as the minimal
sequence necessary to induce cap-independent translation
( 28 ). To create a continuous helix at the base of the con-
struct, residue C3822 was mutated to a U to form a base
pair with A3906. This construct was also designed to con-
tain an extra G at the 5 

′ end to improve transcriptional ef-
ficiency in an in vitro transcription reaction. To construct
a version of the PEMV2 PTE element that can bind our
crystallization chaperone, Fab BL3–6 ( 37 ), and its mutant
K170A, one of the solv ent-e xposed RNA loops needed to
be mutated to the Fab-binding sequence without disruption
of the nati v e fold or function. Pre vious mutational assays
have determined that both loops 1 and 2 can tolerate mu-
ta tions without af fecting eIF4E binding activity. Ther efor e,
we anticipated that loop 1 or loop 2 can tolerate a mutation
to the Fab-binding epitope, an AAACA pentaloop closed
by a GC base pair ( 29 ). Howe v er, onl y the loop 1 m utant
was able to bind Fab efficiently. Ther efor e, crystallization
trials were only attempted using the mutated L1 construct;
this construct is henceforth r eferr ed to as PEMV2 BL3–6. 

RNA transcription and purification 

Single-stranded DNA templates and primers for poly-
merase chain reaction (PCR) and transcription were or-
dered from IDT encoding the transcription template for
each RNA construct with a T7 promoter (Supplementary
Tab le S1). Forwar d primers were or dered matching the T7
promoter region and the first two nucleotides of the re v erse
primers contained a 2 

′ O -methyl modification to avoid 3 

′
end untemplated additions by T7 polymer ase. Tr anscription
template DNA was amplified into double-stranded DNA
using PCR. RNA was transcribed from the purified PCR
product using an in vitro transcription reaction as follows:
50 pmol / ml DNA template was incubated for 3 h at 37 

◦C
in buffer containing 40 mM Tris–HCl (pH 8.0), 2 mM sper-
midine, 10 mM NaCl, 25 mM MgCl 2 , 10 mM DTT, 40
U / ml RNase inhibitor, 5 U / ml thermostable inorganic py-
rophosphatase, 5 mM of each NTP and 50 �g / ml T7 RNA
polymerase. Reactions were halted by addition of RNase-
free DNase I at 5 U / ml and incubation at 37 

◦C for 30 min.
RNA was purified on a 10% denaturing polyacrylamide gel
in 0.5 × TBE running buffer. The RNA was visualized with
UV shadowing, extracted and eluted into 10 mM Tris (pH
8.0), 2 mM EDTA and 300 mM NaCl buffer via overnight
incuba tion a t 4 

◦C . The eluted RNA was then concentra ted
and exchanged into double-distilled H 2 O using a 10K Am-
icon filter and stored at −80 

◦C until further use. 

Fab purification 

The Fab BL3–6 expression vector or its mutant version Fab
BL3–6 K170A (available upon request) was transformed
into 55 244 chemically competent cells ( www.atcc.org ) and
grown on LB plates supplemented with carbenicillin at

http://www.atcc.org
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00 �g / ml. Nine colonies from the plates were chosen and 

noculated to a starter culture with 100 �g / ml carbeni- 
illin, which was grown at 30 

◦C for 8 h. Once the starter 
ultur e r eached an OD 600, 15 ml of starter cultur e was
sed to inoculate 1 l of 2 × YT media and grown for 24 h
 t 30 

◦C . The cells were then pelleted via centrifuga tion a t
oom temperature, and the cell pellet was resuspended in 

 l of fr eshly pr epar ed CRAP-Pi media supplemented with 

00 �g / ml carbenicillin. The cells were set to grow for 24 h
 t 30 

◦C , harvested via centrifuga tion a t 4 

◦C and frozen a t
20 

◦C. Frozen cell pellets were lysed in phospha te-buf fered 

aline (PBS) supplemented with 0.4 mg / ml lysozyme and 

.01 mg / ml DNase I. After 30 min, phen ylmethylsulf on yl 
uoride (PMSF) was added to a final concentration of 0.5 

M. After 30 min, the mixture containing cellular debris 
nd lysate was centrifuged for 45 min, 12 000 rpm, with a ro- 
or type JLA 16.250 (Beckman) at 4 

◦C. Lysate was trans- 
erred to new sterile bottles and centrifuged again for 15 

in, 12 000 rpm, a t 4 

◦C . Superna tant was filtered through
.45- �m filters into a sterile bottle (Millipore Sigma, www. 
igmaaldrich.com ), and Fab proteins were purified using 

he AKTAxpress fast protein liquid chromato gra phy purifi- 
ation system (Amersham, www.gelifesciences.com ) as de- 
cribed previously ( 37 , 38 ). The lysate in PBS (pH 7.4) was
oaded into a protein A column, and the eluted Fab in 1 

 acetic acid was buffer exchanged back into the PBS (pH 

.4) using 30-kDa cutoff Amicon filter and loaded into a 

rotein G column. The Fab was eluted fr om pr otein G col-
mn in 0.1 M glycine (pH 2.7) and then buffer exchanged 

nto 50 mM NaOAc and 50 mM NaCl buffer (pH 5.5) and 

oaded into a heparin column. Finally, the eluted Fab in 

0 mM NaOAc and 2 M NaCl (pH 5.5) was dialyzed back 

nto 1 × PBS (pH 7.4), concentrated and analyzed by 12% 

odium dodecyl sulfate–polyacrylamide gel electrophore- 
is using Coomassie Blue R250 staining for visualization. 
liquots of Fab samples were tested for RNase activity us- 

ng the RNaseAlert kit (Ambion, www.thermofisher.com ). 
he aliquots of Fab samples were flash frozen in liquid ni- 

rogen and stored at −80 

◦C until further use. 

heat eIF4E expression 

he gene for wheat eIF4E (GenBank Z12616.2) was cloned 

nto a pET21a vector to include an N-terminal 6 × histi- 
ine tag. The resulting plasmid sequence was verified and 

ransformed into BL21 Rosetta DE3 Esc heric hia coli. Cells 
ere grown in LB supplemented with 100 �g / ml carbeni- 

illin at 37 

◦C first in a 50 ml small-scale culture overnight, 
hich was then used to induce a 1 l culture. The 1 l cul-

ure was grown a t 37 

◦C , until log phase was achie v ed. Cells
ere induced for protein expression using 100 mM IPTG 

nd grown for 3 h before harvesting through centrifugation 

t 6000 rpm for 10 min at 4 

◦C in 1 l batches. 

heat eIF4E purification 

ell pellets were lysed using lysis buffer (25 mM HEPES, pH 

.6, 100 mM KCl, 2 mM MgCl 2 , 10% glycerol, 0.4 mg / ml
ysozyme, 0.1 mg / ml DNase I, 1 mM PMSF and 0.5% Tri- 
on X-100) and a single freeze–thaw cycle, followed by an 

ncuba tion a t room tempera ture for 1 h with 0.4 mg / ml
ysozyme and 0.1 mg / ml DNase. Cell debris was removed 

rom the lysis by a 45-min centrifuga tion a t 12 000 rpm. 
larified lysate was filtered and applied to a Qiagen His trap 

olumn, washed with 5 CV running buffer (50 mM HEPES, 
H 7.6, 2 mM MgCl 2 , 10% glycerol, 10 mM imidazole, 100 

M KCl, pH 7.5) and eluted with running buffer supple- 
ented with 250 mM imidazole. Fractions containing high 

V absorbance were pooled and buffer exchanged into run- 
ing buffer and applied to the Ni + column once more. The 
olumn was then washed with running buffer supplemented 

ith additional 20 mM imidazole and 500 mM NaCl for 
0 CV followed by a second wash with 30 mM imidazole 
nd 1 M NaCl for 40 CV. Finally, protein was eluted using 

unning buffer supplemented with 250 mM imidazole. Frac- 
ions with a high UV absorbance were collected and pooled; 
he purified protein was then buffer exchanged into storage 
uffer containing 50 mM HEPES (pH 7.6), 2 mM MgCl 2 , 
0% glycerol and 100 mM KCl (pH 7.5), and flash frozen 

ith liquid nitrogen at 0.12 mg / ml aliquots for further use 
n electrophoretic mobility shift assays (EMSAs). 

lectrophoretic mobility shift assay 

o facilitate refolding, purified RNA constructs in double- 
istilled H 2 O were heated to 90 

◦C for 1 min, then cooled 

n ice for 2 min and held at room temperature for 3 min. 
efolding buffer (10 mM Tris, pH 7.5, 10 mM MgCl 2 , 100 

M KCl) was added, and the RNA was then incubated at 
0 

◦C for 10 min, followed by a 5-min incubation on ice. 
Refolded RNA was then mixed with either eIF4E stor- 

 ge b uffer as a negati v e control or a 1.5 molar excess of
Nase-free eIF4E and incubated on ice for 15 min to estab- 

ish equilibrium state binding. eIF4E RNA complexes were 
eparated by gel electrophoresis in a 10% polyacrylamide 
el made in 0.5 × TBE buffer supplemented with 11 mM 

gCl 2 . The gel was loaded while running to avoid com- 
lex dissociation and was run at 4 

◦C for 1 h. The gel was
tained with ethidium bromide and visualized via UV light 
nd photo gra phed, then stained in Coomassie, destained 

nd photo gra phed a second time. 

rystallization 

he crystallization construct was analyzed by EMSA under 
ondenaturing conditions. Refolded wild-type and BL3–6 

inimal RNA constructs migra te a t the same positions in 

he nati v e gel supplemented with an effecti v e concentration 

f 10 mM MgCl 2 , consistent with retention of the wild-type 
old. In the presence of a stoichiometric amount of eIF4E, 
oth constructs shifted quantitati v ely to the bound state. 
he same shift did not occur for a non-PTE RNA construct, 

ndica ting tha t this complex is not the result of nonspecific 
NA binding activity by eIF4E. We conclude that the BL3– 

 construct folds and functions in a way that closely resem- 
les the wild-type PEMV2 PTE such that it retains the na- 
i v e eIF4E binding activity. 

Validated RNA construct in ultrapure H 2 O was heated 

o 90 

◦C for 1 min, then cooled on ice for 2 min and held at
oom temperature for 3 min. Refolding buffer (10 mM Tris, 
H 7.5, 10 mM MgCl 2 , 100 mM KCl) was added, and the 
NA was then incuba ted a t 50 

◦C for 10 min, followed by

http://www.sigmaaldrich.com
http://www.gelifesciences.com
http://www.thermofisher.com
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Table 1. Crystallo gra phic da ta collection and refinement sta tistics 

PEMV2 PTE and Fab BL3–6 

Wavelength 0.9792 
Resolution range 59.42–2.75 (2.848–2.75) 
Space group P 1 2 1 1 
Cell dimensions 

a , b , c ( ̊A ) 63.346, 65.46, 89.817 
α, β, γ ( ◦) 90, 110.29, 90 

Total reflections 69 129 (6664) 
Unique reflections 18 060 (1760) 
Multiplicity 3.8 (3.7) 
Completeness (%) 97.27 (97.01) 
Mean I /σ ( I ) 14.45 (2.35) 
Wilson B -factor 61.71 
R -merge 0.1914 (0.5717) 
R -meas 0.2188 (0.6634) 
CC1 / 2 0.979 (0.793) 
CC* 0.995 (0.941) 
Reflections used in refinement 17 640 (1752) 
Reflections used for R -free 1600 (162) 
R -work 0.2517 (0.4800) 
R -free 0.2970 (0.5793) 
CC(work) 0.942 (0.683) 
CC(free) 0.762 (0.516) 
RMS(bonds) 0.002 
RMS(angles) 0.59 
Ramachandran favored (%) 96.33 
Ramachandran allowed (%) 3.67 
Ramachandran outliers (%) 0.00 
Rotamer outliers (%) 0.27 
Clashscore 5.97 
Average B -factor 97.47 
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a 5-min incubation on ice to facilitate refolding. Four hun-
dred eighty micrograms of refolded RNA was mixed with
a 1.1 molar equivalent of Fab BL3–6 K170A (r eferr ed to
here as Fab BL3–6 to form a complex of RNA and Fab) in
buffer (10 mM Tris, pH 7.5, 10 mM MgCl 2 , 100 mM KCl).
The complex was then concentrated to 6 mg / ml final con-
centration of RNA (80 �l). The 100 nl + 100 nl hanging
drop crystal trials were set in commercially available crystal-
lization kits from Hampton Research and Jena Bioscience
and allowed to grow for 2 −3 weeks at room temperature.
Crystals grew in 5 mM MgCl 2 , 50 mM HEPES (pH 7.0)
and 25% PEG 550, and were further optimized with an ad-
diti v e scr een r esulting in a final condition of 5 mM MgCl 2 ,
50 mM HEPES (pH 7.0), 25% PEG 550 and 2% benzami-
dine hydrochloride. Crystals were then looped and frozen in
liquid nitrogen. 

Diffraction data collection 

Dif fraction da ta were collected a t APS beamline 24-ID-E.
All of the datasets were then integrated and scaled using its
on-site RAPD automated programs ( https://ra pd.nec.a ps.
anl.gov ). Crystals of PEMV2 and Fab were small, so data
were collected in two 180 

◦ halves with a pause between the
tw o to tak e a snap dif fraction to confirm tha t the crystal was
still in the beam. The last 300 images from the diffraction set
wer e r emoved due to radiation damage and the r emaining
images were merged together into a final dataset that was
then processed in the Phenix software suite ( 39 ). 

Crystallographic data processing 

A dataset was collected out to 2.1 Å , but the data were
highly anisotr opic. After anisotr op y corr ection with Xia2
dials server ( 40 ), the dataset was truncated to 2.75 Å . The
structure was solved using molecular replacement of the
Fab model in Phenix. Only one copy of the RNA and Fab
was discovered in the P 1 2 1 1 space group. Using the initial
phases from the molecular replacement solution, the RNA
was able to be built into the emerging density after multiple
rounds of refinement using Coot and phenix.refine ( 41–43 ).
Simulated annealing and composite omit maps were applied
to the model during refinement and building to combat ac-
cumulating model bias as identified by a growing gap be-
tween the R work and R free values. 

RESULTS 

Structural analysis 

The global architecture of the PEMV2 BL3–6 crystal struc-
ture. The final structure was solved to 2.75 Å with an R work
of 25% and an R free of 29%. Additional statistics are re-
ported in Table 1 . The coordinates for this structure have
been deposited in the Protein Data Bank (PDB) under ac-
cession code 8SH5. The secondary structure determined by
the crystal structure closely resembles the secondary struc-
tur e pr eviously pr edicted (Figur e 1 C and D), but differs in
important ways (Figure 1 D and E) ( 28 , 29 ). Beginning at
the 5 

′ end, P1 forms through pairing between residues 2–
9 and residues 81–88 in our numbering, with the first G of
the construct numbering position 1 (Figure 1 D). P1 ends
in an uncommon A9–G81 Watson–Crick–Franklin (WCF)
pair (Figure 1 D and E). This purine–purine pair locally
widens the helical diameter and increases the separation
between adjacent C10 and A80 nucleotides. Ne v ertheless,
their WCF faces point toward one another and the nucle-
obases remained in the helical stack (Figure 1 F). 

Stack ed abo ve P1, P2 forms between residues 11–16 and
74–79. J2 / 3, known as the G domain, was predicted to in-
clude 11 residues on the 5 

′ side (residues 16–26) and two
residues on the 3 

′ side (J3 / 2; residues 72–73) ( 28 , 29 ). How-
e v er, in the structure, some of the residues in these regions
engage in pairing interactions with each other (Figure 1 D).
At the top of P2, A16 and G74 use their WCF faces to form
a purine–purine pair that extends and widens the helix. At
the bottom of P3, G25 forms a WCF pair with C73, which
extends the helix and consequently subsumes A26 into P3
as a bulged nucleotide (Figure 1 D and G). These interac-
tions leave no unpaired nucleotides in J3 / 2 and effecti v ely
shorten the region considered to be in the G domain by
three nucleotides. P3 stacks upon P2 with a ∼90 

o twist angle
between the final pair of P2 and the initial pair of P3 (A16–
G74 in P2 and C25–G73 in P3; Figure 1 G). This P2 / P3
stacking forces the 3 

′ and 5 

′ ends of the G domain (J2 / 3)
close together with the backbones of each end crossing over
one another (Figure 1 G). 

Aside from the secondary structure adjustments around
the asymmetric bulge, the remaining secondary structure
(C27 to G72) matches the biochemically deri v ed secondary
structur e (Figur e 1 C) ( 28 , 29 ). The top of P3 leads into the
P4L1 stem–loop, which stacks upon P3, followed by the
P5L2 stem–loop. Together, P3, P4L1 and P5L2 form the

https://rapd.nec.aps.anl.gov
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Figure 2. ( A ) Overall arrangement of PEMV2 PTE in the crystal structure. ( B ) G domain position in the PEMV2 PTE structure. ( C ) The image shown in 
panel (B) but rotated by 90 ◦. 
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-shaped region at the top of the secondary structure (Fig- 
re 1 D). P4L1 encompasses paired nucleotides 34–38 and 

4–48 and loop nucleotides 39–43 (L1). P5L2 encompasses 
aired nucleotides 53–56 and 61–64 and loop nucleotides 
7–60 (L2). An internal bulge, J4 / 5, joins the 3 

′ end of P4L1
nd the 5 

′ end of P5L2, known as the C domain, which en-
ompasses residues 49–52. The J5 / 3 region contains a single 
esidue, U65, as predicted ( 28 , 29 ). 

he P3 / P4 / P5 three-way junction. The lengths of the join- 
ng regions connecting P3, P4 and P5 and the relati v e ori- 
ntation of the helices define this region as an A-type three- 
ay junction ( 44 ). In an A-type three-way junction com- 
rising pair ed r egions A, B and C (PA, PB and PC) with
he first two helices coaxially stacked, the JA / B region typi- 
ally contains 0–4 residues, JB / C typically 3–9 residues and 

C / A typically 1–3 residues but less than JB / C. PEMV2 

onforms to these ranges with J3 / 4 = 0, J4 / 5 = 4 and
5 / 3 = 1 (Supplementary Figure S1A and B). An addi- 
ional defining feature of an A-type junction pertains to the 
rientation of the third helix (P5 in PEMV2), which usu- 
lly runs perpendicular to the central axis of the two coax- 
ally stacked helices ( 44 ) as is the case for PEMV2 (Sup-
lementary Figure S1C and D). Compared to other junc- 
ion types, interactions between the junction and the join- 
ng r egions ar e the least e xtensi v e in A type. This feature
xtends to PEMV2’s junction, where we observe only two 

nteractions, both of them involving the P3 phosphodiester 
t G67 (Supplementary Figure S2) with OP1 forming a hy- 
rogen bond with C49’s (J4 / 5) N4 e xocy clic group and OP2

orming a ribose–phosphate zipper ( 45 ) interaction with 

he U65’s (J5 / 3) 2 

′ OH (Supplementary Figure S2). We also 
bserve additional ribose–phosphate zipper interactions in 

lose proximity to the junction (Supplementary Figure S3) 
nvolving the phosphates of A26 and C27 at the base of P3 

nd the 2 

′ OHs of C54 and C64, respecti v ely, in the minor
roove of P5 (Supplementary Figure S3). 

 and C domains form a structured motif containing base 
airs formed by parallel strands. The crystal structure of 
he PEMV2 PTE has an overall bent shape, with the G do- 
ain emerging from the middle of the stack at the P2–P3 

unction (Figures 1 D and E and 2 A). The G domain has 
 compressed, elongated loop conformation, with one side 
acing the PEMV2 PTE structural elements and the other 
ide being exposed to solvent (Figures 1 E and 2 B). This po- 
itioning is facilitated by long-range interactions with the C 

omain (J4 / 5) and J5 / 3, enabled by the arrangement of the
hree-way junction. The C domain is sandwiched between 

he G domain on one side and the P5 stem–loop on the 
ther side (Figure 2 ). The long-range interactions between 

he G domain and the three-way junction form an unusual 
r chitectur e that involves parallel strand WCF base pair- 
ng within a unique stacked scaffold. This scaffold consists 
f four columns of nucleobases: A (G19, A23 and U24); B 

G20 and G22); C (C49, U65 and A26); and D (C50, C51 

nd U52). Together, these nucleotides form four layers of 
tacked nucleobase planes (Table 2 and Figure 3 and 4 ) but- 
ressed by the P5 helix. 

At the 5 

′ end of the G domain, U17 and A18 flip out 
rom the P2–P3 helical stack into solution (Figure 3 C and 

). The electron density for the phosphates of these nu- 
leotides is clearly defined as illustrated in Figure 3 C, but 
he nucleobases lack clear electron density, suggesting free 
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Table 2. G domain and the three-way junction scaffold organized into 
four nucleobase stacking columns (A, B, C and D) and four stacking layers 
( 1–4 ) 

Nucleobase stacking column 

Stacking layer A B C D 

1 G20 C50 
2 G19 C49 
3 A23 G22 U65 C51 
4 U24 A26 U52 
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rotation about the glycosidic bond in these residues. The
phospha te backbones a t the 5 

′ and 3 

′ ends of the G do-
main are in close proximity. The OP1 atoms of U17 and
A18 are within 3.0 and 4.2 Å of U24:OP1, respecti v ely. Ad-
ditionally, a ribose–phosphate zipper interaction occurs be-
tween A18:2 

′ OH and A23:OP1 (Figure 3 F). An analogous
interaction could occur between A18:OP2 and A23:2 

′ OH
as these atoms reside just outside of hydrogen bond distance
(3.8 Å ; Figure 3 F). Together, these interactions presumably
restrain the backbone at A18 and U17 (Figure 3 C, E and
F), consistent with the well-defined electron density. 

Four layers of stacked nucleobase planes. Moving beyond
U17 and A18 through the G domain in the 5 

′ to 3 

′ direction,
G19 and G20 form the first two base pairs with the C49 and
C50 of the C domain, respecti v ely; these two pairs consti-
tute the first two stacking layers of the core scaffold (Table
2 , Figures 3 C and 4 A, B and D, and Supplementary Figure
S4). Instead of forming a standard antiparallel A-form he-
lix, in which G19 would pair with C50 and G20 would pair
with C49, we observe unusual parallel base pairing for G19–
C49 and G20–C50, with their glycosidic bonds arranged in
cis to one another (Figure 4 A and B). In each pair, one sugar
is C2 

′ - endo (G20 and C49) and the other is C3 

′ - endo (G19
and C50). Each of these four nucleobases rotates away from
its sugar in the anti -conformation. To achie v e the parallel
cis WCF pairing, the backbone is flattened and extended
compared to a standard antiparallel helix, creating a wider
minor groove into which downstream residues can pack and
stack (Figure 4 A and Supplementary Figure S4). The G20–
C50 (layer 1) and G19–C49 (layer 2) pairs form the upper-
most two layers of the core scaffold (Figure 4 A, B and D).
In addition to stacking, a possible hydrogen bond between
C50:N4 and C49:O2 located 2.7 Å (Figure 4 B and Supple-
mentary Figure S4) awa y ma y contribute to this unique nu-
cleobase arrangement. Due to this uncommon parallel pair-
ing, we have chosen not to refer to the G and C domain
structure as a pseudoknot ( 46 ). 

Following G20, the G domain strand acutely inverts on
itself, folding back over to position the plane of the G22
nucleobase 3.4 Å from O4 

′ of G20 (Figure 4 D and E). Un-
derscoring the acuteness of the turn, the ribose C1 

′ atoms of
G20, G21 and G22 subtend an angle of 47 

◦ (Supplementary
Figure S5). This abrupt turn flips the G21 nucleobase out of
the stacked core toward solvent (Figure 4 D and E, and Sup-
plementary Figure S5). Despite the high SHAPE reactivity
of G21, its electron density is clearly defined (Figure 3 A–
C and Supplementary Figure S5), likely reflecting a crystal
contact between G21 and a pocket in the heavy chain scaf-
fold from the symmetry mate Fab molecule (Supplementary
Figure S6). 

The backbone re v ersal due to the acute turn at G21 places
G22 and A23 below G20 and G19, respecti v el y, w here they
interact with C51 and U65, respecti v ely, from the three-way
junction, forming the third stacking layer of the scaffold
(Figure 4 D and F). G22 forms a trans WCF / sugar edge
interaction with C51, the third residue of the C domain,
and A23 forms a cis WCF base pair with U65, the sin-
gle J5 / 3 nucleotide, which inserts into the stacking scaffold
with C49 above and A26 below. The two pairs in this layer
also interact with each other through a hydrogen bond be-
tween the e xocy clic amine of C51 and the O4 keto group of
U65 (Figure 4 F). In contrast to the nearly planar arrange-
ment of the first two C domain residues (C49 and C50),
which face the opposing G domain strand to form the par-
allel base pairs, C51 turns inward toward the RNA’s struc-
tural core, positioning its nucleobase plane below C50 (Fig-
ures 3 B and 4 D). The nucleobase planes of both G22 and
C51 tilt with respect to the stacking axis, allowing this non-
canonical GC pair to make additional interactions with the
minor groove edge of the G19–C49 pair in the preceding
layer. G22 engages in a cis sugar edge / sugar edge interac-
tion with G19, and C51 directs its imino nitrogen and exo-
cyclic amine within hydrogen bonding distance of the amino
group of G19 and the keto group of C49, respecti v ely (Fig-
ure 4 C and Supplementary Figure S7). 

In the fourth layer of the stacking scaffold, the final
nucleotide of the G domain, U24, participates in a base
triple interaction with the cis WCF pair formed by A26,
the bulged nucleotide at the base of P3, and U52, the last
nucleotide of the C domain (Figure 4 D and H). Figure
4 illustrates this complex network of hydrogen bonds and
cross-strand stacks involving the G and C domains, P3, P5
and J5 / 3. Additionally, two nucleotides from this fourth
stacking layer make interactions with nucleotides from the
third stacking lay er : U24’s O4 

′ ether oxygen and U52’s
O2 keto group reside within hydrogen bonding distance of
A23’s 2 

′ OH and N6 e xocy clic amine, respecti v ely (Figure
4 G and Supplementary Figure S8). Beneath the U24–A26–
U52 base triple, P5 forms a platform for the scaffold stack
starting with a simple GC pair between G53 and C64 (Fig-
ure 4 D and Supplementary Figure S9). This base pair helps
orient the base planes of all the layers that stack above it. 

Mutational analysis of PTE’s structurally inferred scaffold
inter action netw ork 

PEMV2 PTE function correlates directly with eIF4E bind-
ing activity ( 28 , 29 ); in wheat germ extract, addition of re-
folded PTE in isolation inhibits translation of a luciferase
reporter construct; the magnitude of translation inhibition
correlates with the affinity the exogenous PTE because it
competes for the available eIF4E ( 28 , 29 ). Ther efor e, we used
an EMSA to detect eIF4E binding and investigated the ef-
fect of PTE single mutations expected to disrupt or dou-
ble mutations that could potentially r estor e the structurally
inferred scaffold interaction network. We found that con-
structs containing mutations expected to disrupt the core
migrated slower in the gel relati v e to wild-type RNA, sug-
gesting that the tertiary interactions of the folded motif
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Figure 3. Core motif created by long-range interactions between the G domain and the C domain including the associated 3-4-5 three-way junction. 
2Fo–Fc electron density map shown as gray mesh, contoured at 2.0 σ . ( A ) Stacked scaffold consisting of four columns of nucleobases: A (G19, A23 and 
U24); B (G20 and G22); C (C49, U65 and A26); and D (C50, C51 and U52), f orming f our la yers of stacked nucleobase planes. ( B ) The image shown in 
panel (A) but rotated to show layer 1 (G20, C50), layer 2 (G19, C49), layer 3 (A23, G22, U65, C51) and layer 4 (U24, A26, U52). ( C ) G domain overall 
crystal structure. ( D ) C domain overall crystal structure. ( E ) U17, A18 and U24 phosphate backbone distances. ( F ) A18:2 ′ OH-A23:OP1 ribose–phosphate 
zipper. 
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Figure 4. Base pairing interactions within the PTE core. Dashed colored rectangles represent each of four layers; residue denotation color is analogous to 
its la yer, except f or panel (D). ( A ) La yer 1 (G20 and C50, pink rectangle) and layer 2 (G19 and C49, gray rectangle). ( B ) The image shown in panel (A) but 
rotated by 90 ◦ to show cross-layer interactions between layers 1 and 2: G19:N2 (layer 2) interacts with G20:O6 (la yer 1); G19:2 ′ OH (la y er 2) inter acts with 
G20:O4 ′ (layer 1); and C50:N4 (layer 1) interacts with C49:O2 (layer 2). ( C ) Cross-layer interactions between layers 2 and 3: hydrogen bond interaction 
between C49:O2 (layer 2) and C51:N4 (layer 3); G19 (layer 2) interacts with C51:N3 (layer 3) by its N2, with G22:N2 by its N3 and with G22:N3 by its 
2 ′ OH. ( D ) Structured motif containing base pairs formed by parallel strands with each stacking layer r epr esented by a colored rectangle. Residue color 
corresponds to its structured region. Colored arrows represent 5 ′ to 3 ′ RNA direction of the corresponding structural region. ( E ) G20, G21 and G22 
undergo an abrupt phosphate backbone turn. ( F ) Layer 3 (G22, A23, C51, U65, blue rectangle). ( G ) Cross-lay er inter actions between layers 3 and 4: 
U24:O4 ′ and U52:O2 (both in layer 4) reside within hydrogen bonding distance of A23:2 ′ OH and N6 (layer 3), respecti v ely; U65:O2 (layer 3) interacts with 
A26:2 ′ OH. ( H ) Layer 4 (U24, A26, U52, green rectangle). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad649/7238143 by U

niversity of C
hicago D

'Angelo Law
 Library user on 08 August 2023
render the RNA more compact compared to an unfolded
core ( 47 ). The effects of these mutations on the nati v e fold
are detected as a shift in the position of the free RNA band
in an EMSA relati v e to wild-type RNA. Binding to eIF4E
manifests as a shift in electrophoretic mobility of the RNA
in the presence of eIF4E relati v e to RNA mobility in the ab-
sence of eIF4E due to the change in size and charge to mass
ratio. Pre vious studies hav e re v ealed tha t muta tions to cru-
cial residues in the C and G domains often eliminate eIF4E
binding entirely instead of simply reducing affinity ( 28 , 29 ).
Ther efor e, in this assay excess eIF4E was used to allow de-
tection of weakened binding. 

To determine whether the identity of first two residues

of the G domain U17 and A18 contributes to eIF4E bind-  
ing, these r esidues wer e mutated to C and U, r especti v ely, in
a double mutant construct. This U17C:A18U double mu-
tant PEMV2 PTE RNA in the absence of eIF4E had the
same electrophoretic mobility as wild type, suggesting that
the nati v e fold was not altered by these mutations (Figure
5 and Supplementary Figure S11, lane U17C:A18U ‘ −’).
This mutant also retains eIF4E binding capacity (Figure
5 and Supplementary Figure S11, lane U17C:A18U ‘+’).
These results suggest that the residue identities of U17 and
A18 do not play a role in eIF4E recruitment. Ne v ertheless,
backbone atoms of U17 and A18 may contribute to folding
through interactions with A23 and U24. 

To probe the role of the first two pairs of the C and G
domains, each C was mutated to a U individually and the



Nucleic Acids Research, 2023 11 

Figur e 5. Anal ysis of eIF4E complex formation with PEMV2 constructs by EMSA. Gel and running buffer contained 10 mM MgCl 2 . RNA was visualized 
using ethidium br omide. Pr otein was visualized using Coomassie staining of this gel (Supplementary Figure S11). Mutations present in each tested construct 
are indicated above their respecti v e lanes. Lanes labeled with a ‘ −’ contain RN A alone, w hile lanes labeled with a ‘+’ contain 1.5-fold excess of recombinantly 
expressed wheat eIF4E in addition to the refolded RNA. 
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orresponding compensatory G to A mutations were made 
n double mutants. In the absence of eIF4E, C49U migrates 
s two bands, suggesting two conformations (Figure 5 and 

upplementary Figure S11, lane C49U ‘ −’). One band mi- 
rates with a mobility similar to the wild-type nati v e fold 

nd the other migrates as the open conformation, possi- 
ly reflecting disruption of the interaction between C49’s 
 xocy clic amine with the phosphodiester of G67 (Supple- 
entary Figure S2). Despite the misfolded fraction of the 
49U mutant, in the presence of eIF4E the RNA–protein 

omplex migrates as a single band, and Coomassie stain- 
ng of the gel shows eIF4E co-migrating with the RNA 

Figure 5 and Supplementary Figure S11, lane C49U ‘+’). 
ossibly, eIF4E can bind to both conformations and the 
especti v e comple xes migrate as a single species. Alterna- 
i v ely, the two RNA conformations may interconvert, and 

IF4E binding to the compact conformation e xclusi v ely 

hifts the equilibrium to draw the RNA into complex for- 
a tion. These observa tions suggest that C49U ma y f orm fa- 

or able inter actions with G19 through formation of a wob- 
le pair, which could help G19 to maintain native interac- 
ions with G22 and C51 (Supplementary Figure S7). Mak- 
ng the compensatory G19A mutation in the C49U back- 
r ound more str ongly favors the open conformation rep- 
esented by the upper band and abolishes eIF4E binding. 

hile G19A would be able to use its sugar edge to maintain 

he interaction with G22, the absence of the C2 e xocy clic 
mine precludes the interaction with C51 (Supplementary 

igure S7). 
In the second base pair, the C50U mutant quantitati v ely 

etains the compactness of the nati v e fold based upon elec- 
rophoretic mobility (Figure 5 and Supplementary Figure 
11, lane C50U ‘ −’), suggesting an e v en greater tolerance 
o wobble pairing than the C49U mutant. Ne v ertheless, in 

ontrast to C49U, C50U eliminates eIF4E binding activ- 
ty (Figure 5 and Supplementary Figure S11, lane C50U 

+’). The compensatory G20A mutation also retains the 
ati v e-like electrophoretic mobility but does not recover 
IF4E binding (Figure 5 and Supplementary Figure S11, 
ane C50U:G20A ‘+’). This result suggests that eIF4E re- 
ruitment may be more complex than simply recognizing 

he exposed G in the folded PTE structure, possibly involv- 
ng direct recognition of the G20–C50 pair or other features 
f the scaffold surface. Despite some covariation of pairing 

artners among close homologs of PEMV2 PTE, the base 
air corresponding to G20–C50 remains strictly conserved. 
ntriguingl y, the Hoo gsteen edge of the G20–C50 pair en- 
ages in a base triple crystal contact with the WCF face of 
1 (Supplementary Figure S10) underscoring its potential 

or macromolecular recognition. 
To perturb the quadruple base interaction involving G22, 
23, C51 and U65, we mutated U65 to C and its part- 
er A23 to G separately (Figure 5 and Supplementary Fig- 
re S11, lanes U65C ‘ −’ and A23G ‘ −’). The U65C mu- 
ant migrates as a single slower moving band compared 

o wild type and does not bind eIF4E, presumably reflect- 
ng the expected disruption to interactions with A23 and 

51. The A23G mutant migrates as two bands; the major 
and migrates with the mobility of the nati v e conformation 

nd the minor one with the mobility of the open confor- 
ation. Despite the apparent ability to maintain the na- 

i v e fold, the A23G mutant does not bind eIF4E. Although 

23G maintains some compaction, the compensatory mu- 
ation A23G U65C disrupts this (Figure 5 and Supplemen- 
ary Figure S11, lane G22A:A23G:U65C ‘ −’). These results 
stablish the structural importance of A23 and U65 pair 



12 Nucleic Acids Research, 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad649/7238143 by U

niversity of C
hicago D

'Angelo Law
 Library user on 08 August 2023
beyond their ability to pair. Consistent with the apparent
specific r equir ement of an A–U base pair, the sequence and
SHAPE-deri v ed secondary structures of PTE homologs
from other viruses indica te tha t uridine predominates as the
J5 / 3 nucleotide. 

To perturb the U52–A26–U24 base triple at the base of
the motif, we constructed a U52C m utant, w hich would be
expected to disrupt the U52–A26 base pair within the base
triple. This construct migrates similarly to wild type (Figure
5 , lane U52C ‘ −’), but we observe no mobility shift in the
pr esence of eIF4E (Figur e 5 and Supplementary Figure S11,
lane U52C ‘+’). A second compensa tory muta tion A26G in
the context of U52C gives results similar to those for the
U52C single mutation alone (Figure 5 and Supplementary
Figure S11, lanes U52C:A26G ‘ −’ and ‘+’). Possibly, the
presence of four consecuti v e Cs in the C domain (residues
49–52) of the U52C variant results in pairing with the four
Gs in the G domain (residues 19–22) to form an antiparallel
pseudoknot. This alternate pairing mode would be expected
to retain and possibly enhance compaction and eliminate
eIF4E binding through alteration of the structure, including
sequestration of the critical G21 residue. 

To disrupt the U24–A26 WCF–sugar edge interaction
within the triple, we constructed the U24C mutant. In the
EMSA, this mutation drastically alters the electrophoretic
signature of the PTE, creating three conformers, one mi-
grating close to the nati v e conformation, one migrating like
the open conformation observed with other mutants and
one significantly slower migra ting conforma tion tha t could
involve multimerization (Figure 5 and Supplementary Fig-
ure S11, lane U24C ‘ −’). None of these conformations ap-
pears to bind eIF4E (Figure 5 and Supplementary Figure
S11, lane U24C ‘+’). 

To probe the role of G21 in eIF4E binding, we con-
structed two mutants G21A and G21C. PTE constructs
bearing these mutations retained compactness (Figure 5
and Supplementary Figure S11, lanes G21A ‘ −’ and G21C
‘ −’) but lacked the ability to bind eIF4E (Figure 5 and Sup-
plementary Figure S11, lanes G21A ‘+’ and G21C ‘+’).
These data together suggest that the PTE interacts with
eIF4E via G21 using the same binding pocket as m 

7 GTP
( 28 , 29 ). Collecti v ely, the current mutational analysis sup-
ports the functional relevance of the crystal structure and
illustrates the specific and complex network of hydrogen
bonds at work stabilizing the unusual conformation of the
G domain. 

DISCUSSION 

The PTE ar chitectur e cr eates an eIF4E binding surface 

Our structure of the PTE from PEMV2 shows that G21
within the G domain is flipped out into solution, consistent
with computational modeling and SHAPE hyper-reactivity
( 28 ). The 2 

′ - endo sugar pucker at G21, which renders the
2 

′ OH sterically accessible, may also contribute favorably to
the enhanced reactivity with SHAPE ( 6 , 30 ). Supporting the
unusual conformation of the G domain is a complex net-
work of stacking and hydrogen bonding interactions be-
tween joining regions of the three-way junction and the G
domain bulge that pinch and flip the G domain backbone,
leaving no space for G21 to insert into the RNA stack. The
clear and complete density corresponding to G21 suggests
a well-ordered and relati v ely static position in the crystal,
likely reflecting the crystal contact between G21 and the Fab
heavy chain (Supplementary Figure S6). 

Biochemical data and associated computational model-
ing suggest that binding of the PTE to eIF4E involves dock-
ing of the exposed G21 into the m 

7 G cap-binding pocket
of eIF4E. eIF4E binding protects only the G domain in
RNase T1 probing experiments and only the hypermodi-
fiable G in 1M7 SHAPE probing experiments; mutation of
the two tryptophans (W62 and W108) in the cap-binding
pocket drastically reduces eIF4E’s affinity. Moreover, the
G21A mutation in the PTE significantly reduces translation
( 28 , 29 ). Our eIF4E binding analysis showed that mutations
that shift the PTE fold to the open conformation abolished
eIF4E binding, presumably by altering the position or dy-
namic character of the flipped out G21 and the surround-
ing surface. These mutations could not be r ecover ed by
compensa tory muta tions, suggesting tha t the complex net-
work of hydrogen bonds creates site-specific r equir ements
for residue identity. Even mutants that retained a degree of
compactness analogous to wild type, including mutation of
G21 itself, lose eIF4E binding capacity, indicating that a
compact fold, while necessary, is not sufficient to create a
producti v e eIF4E binding interaction. Possibly, docking of
the exposed G into the cap-binding pocket alone is not suffi-
cient for eIF4E binding, and additional constraints on PTE
conformation or interactions between the PTE surface and
eIF4E are necessary. 

Biophysical characterization of eIF4E binding to
m 

7 GpppG re v eals a binding free energy of −10.8 kcal / mol,
reflecting contributions from base stacking, hydrogen
bonding and electrostatic interactions ( 48 ). Pi stacking
interactions between the methylated guanine base and the
two tryptophans above and below make the major binding
contribution ( −4.9 kcal / mol), aided by hydrogen bonding
interactions between the binding pocket and the WCF face
of the guanine. The methylation mark helps to orient and
ad d ad ditional positi v e charge character to the nucleobase,
estimated to strengthen the stacking interaction by roughly
−3 kcal / mol compared to corresponding unmodified cap
analogs. Additional free energy contributions come from
electrostatic interactions between the protein and the three
phosphates of the cap structure ( 48 ). Consistent with the
importance of electrostatic interactions, increasing mono-
valent ca tion concentra tion a ttenua tes binding, whereas
appending the cap structure to an RNA oligonucleotide
strengthens binding ( 49 ). 

PEMV2 PTE binds significantly better to wheat eIF4E
than does GMP or GTP ( 28 , 48 ). If PEMV2’s interaction
with eIF4E were solely mediated by G21 insertion into the
binding pocket, its affinity would likely most closely resem-
ble that of GMP ( K d ∼ 5 mM). Ther efor e, considering the
biophysical properties of eIF4E ca p–analo g interactions, it
is likely that the PEMV2 core fold creates additional inter-
actions with eIF4E. Beyond the expected stacking interac-
tions between eIF4E’s tryptophans and hydrogen bonding
interactions with G21’s WCF face, additional interactions
could consist of hydrogen bonding and electrostatic inter-
actions involving exposed surface of the PEMV2 core, such
as the G20–C50 pair. 
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Table 3. PTE homologs’ revised A-type junction motif comparison 

PTE homologs 

Structured element PEMV2 PMV CMMV TPAV CarMV PFBV 

P2 6 a ( 5 ) 5 7 6 4 a ( 5 ) 8 
G domain 8 a ( 11 ) 6 a ( 8 ) 8 a ( 10 ) 6 a ( 8 ) 6 6 a ( 7 ) 
P3 8 a ( 7 ) 8 a ( 7 ) 8 a ( 7 ) 8 a ( 7 ) 8 a ( 7 ) 8 
J3 / 4 0 0 0 0 0 0 a ( 1 ) 
C domain 4 4 4 4 4 4 
J5 / 3 1 1 1 1 1 1 a (0) 
J3 / 2 0 a ( 2 ) 0 a ( 1 ) 0 a ( 1 ) 0 a ( 1 ) 0 0 

a The length of this region was altered from the predictions made in ( 28 ). 
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omologous PTE sequences have the potential to adopt the 
EMV2-like fold 

he motif described here for PEMV2 involves tertiary in- 
eractions between an asymmetric bulge (the G domain) 
nd a type A three-way junction. Among these tertiary in- 
eractions are edge-to-edge interactions of bases in cis or 
r ans orienta tion of the glycosidic bonds. Two of four WCF 

airs involve a par allel arr angement of the strand back- 
ones; another interaction includes the bulged nucleotide 
ear the base of P3 and engages in an additional interac- 
ion with a G domain nucleotide to form a base triple; we 
lso observe a Hoo gsteen / Hoo gsteen interaction, between 

 residue in the C domain and J5 / 3. The secondary struc-
ures of PEMV2 homologs from other viruses have the po- 
ential to conform to this general strategy for organizing 

he G domain through interactions with a three-way junc- 
ion to expose and present a guanosine residue to eIF4E. 
his organiza tional stra tegy includes coaxial stacking of P3 

nd P4 together with parallel double-strand interactions be- 
ween the C and G domains that topolo gicall y constrain 

he length of P3. Additionally, the lengths of the joining re- 
ions of the three-way junction should conform to the type 
 specifications. Published secondary structure models for 

he PTE homologs can be slightly adjusted to conform to 

he motif described here for PEMV2 ( 28 ) via alterations 
nalogous to those re v ealed by our tertiary structure for 
EMV2. 
In this ex er cise, the secondary structur e models for some 

omologs r equir ed additional r earrangements to cr eate 
unction and paired region lengths tha t ma tch PEMV2’s 
-type junction (Table 3 and Figure 6 ). The paired re- 

ions and junctions of PTEs belonging to PMV, CMMV 

nd TPAV easily accommodated the changes inferred from 

ur PEMV2 secondary structure with no additional adjust- 
ents needed to match the conditions of the PTE three-way 

unction (Table 3 ) ( 28 ). For PMV PTE, G4184 was made 
o pair with C4137, which increases the length of P3 to 8 

p and subsumes G4138 into P3 as a bulged residue. Con- 
equently, the G domain and J3 / 2 become shorter by two 

nd one nucleotide(s), respecti v ely. This adjusted secondary 

tructur e r eadily conforms to the pairing rules outlined 

bove. The analogous operations for CMMV and TPAV, 
n which C4052 and G4050 are made to pair with G4003 

nd C4003, respecti v ely, render the corresponding P3 he- 
ices 8 bp in length and subsume A4004 and G4004 into 

3 as bulged nucleotides, respecti v ely. These adjusted sec- 
ndary structures also readily conform to the pairing rules 
eri v ed from PEMV2. In the case of CarMV PTE, the final 
ase pair (C3748 and G3813) of P2 was broken and G3813 

as instead made to pair with C3753, increasing the length 

f P3 to 8 bp and subsuming G3754 into P3 as a bulged nu-
leotide. Additionally the pair between C3814 and G3747 

as broken and instead C3814 was paired with G3746. 
ther PTEs r equir ed mor e e xtensi v e rearrangements but

ould still meet the constraints defined by the PEMV2 fold. 
FBV was altered by pairing U3718 with A3703 and break- 

ng the C3722–G3742 base pair so that J4 / 5 now consists 
f the sequence UCCC, leaving G3781 as the single residue 

n J5 / 3. At the base of P3, the G3695–U3790 pair was re-
ised so that U3790 could pair with A3694. Further study 
s r equir ed to ascertain w hether these newl y proposed sec- 
ndary structur es, r evised to allow PEMV2-like pairing, r e- 
ect the actual structures. Ne v ertheless, the re vised struc- 
ur es r emain consistent with the r eported chemical probing 

ensitivity. 
Three of the biochemically characterized PTE homologs 

er e too differ ent from PEMV2 to cr eate a secondary struc- 
ure that matches PEMV2’s three-way junction compo- 
ents. HCRSV contains an additional bulge in J3 / 2 absent 

n the other PTEs considered here. JINRV has a shorter P3 

nd a longer J4 / 5, which makes the sites of G and C domain
nteractions more ambiguous. SCV PTE is e v en more di v er- 
ent from the PEMV2 structure with a 6-bp P3, a 1-nt J3 / 4,
 6-nt J4 / 5 and a 3-nt J5 / 3. These differences could substan-
ially alter the alignment of the G and C domain pairing 

esidues from the PEMV2 structure model, making this set 
f interactions difficult to infer from the PEMV2 structure. 
her efor e HCRSV, JINRV and SCV were excluded from 

he covariation analysis that follows. 
In the context of these adjusted PTE secondary struc- 

ure models, we then asked whether the homologs could 

ake long-range pairing interactions between the G do- 
ain and the three-way junction analogous to those ob- 

erved in PEMV2. We found that the PTEs that could adopt 
 PEMV2-like three-way junction also show covariation 

etween predicted interacting residues, consistent with the 
EMV2 model and supporting the functional relevance of 
ur structure. This includes the parallel base pairing be- 
ween J2 / 3 and J4 / 5. 

To create the eIF4E binding site in a PEMV2-like man- 
er, an internal G of the G domain must be extruded from 

he core stack via an acute direction re v ersal of the phos- 
hodiester backbone. In PEMV2, there are two G domain– 

 domain pairs upstream of the eIF4E binding G and two 

airs downstream of the eIF4E binding G. In each of the 
TE homologs, we see that the first of the two residues of 

he C domain covaries with a residue near the start of the 
 domain. Additionally, in accord with the parallel pair- 

ng observed for PEMV2, the covarying positions in the ho- 
ologs are followed by a G residue in the G domain and a C

esidue in the C domain. These two parallel pairs are there- 
or e likely r etained in each of the fiv e PTEs capab le of form-
ng the same three-way junction as PEMV2. In some cases, 
his structure-guided modeling predicts that the extruded G 

 esidue r esides one nucleotide downstr eam of the position 

riginally annotated as hypermodified by SHAPE analysis 
Figure 6 ). This discrepancy possibly results from ambigu- 
ty in assigning the position of re v erse transcriptase stops 
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Figure 6. PEMV2 long-distance interaction network superimposed on the PTE homologs’ revised secondary structures. Homologous PTE sequences 
adjusted to conform to the PEMV2 fold are in color and shown with predicted tertiary interactions. PTE secondary structures proposed in ( 28 ) are 
shown in black, where red bases indicate newly revised structure predictions. Black star indicates the same location of ‘hyper-reacti v e’ G in both depicted 
predictions, and red star indicates different locations of ‘hyper-reacti v e’ G between depicted predictions. 
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via DPAGE ( 28 ). More distant PTE homologs like SCV
with a longer C domain bulge may use different residues
in the C domain to organize the G domain conformation. 

Continuing to view the PEMV2 structure as though it
r epr esents a general arrangement of PTEs, the residue im-
mediately downstream of the bulged G undergoes a back-
bone re v ersal that directs its minor grov e edge towar d the
minor grove of the first parallel base pair and its WCF
edge toward the sugar edge of the third residue of the C
domain. Like PEMV2, the homologs contain G and C at
these respecti v e positions, suggesting that the G–C WCF–
sugar edge interaction observed in PEMV2 may be present
in all of these homologs. Howe v er, in PEMV2 both of
these nucleotides interact with the minor grove edge of the
G19 in the first parallel base pair, whereas some homologs
have a C–G as the first parallel base pair, suggesting that
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lternati v e hydrogen bonding would have to occur to main- 
ain the scaffold’s close-packed structure. 

In PEMV2, the second r esidue downstr eam from the hy- 
er modifiable G for ms a WCF base pair with the J5 / 3
esidue. These positions in homologous PTEs maintain 

CF complementarity: PMV A–U, CMMV A–U, TPAV 

–U, CarMV A–U and covary in PFBV C–G, strongly sug- 
esting that the homologs preserve this pairing feature. 

The final residues of the G domain alternate between P3 

nd the scaffold structure. U24 forms a base triple, sugar 
dge interaction with the bulged nucleotide in P3, A26, 
hich flips out of the P3 stack and intercalates into the scaf- 

old stack to pair with the last residue of the C domain. 
oncomitantly, G25 forms the first base pair of P3 with 

he residue originally attributed to J3 / 2. In PMV, CMMV, 
PAV, JINRV and CarMV, after the proposed secondary 

tructur e r earrangements, the J3 / 2 r esidue within each PTE 

an pair with its respecti v e second-to-last residue of the G 

omain to start P3, leaving the last residue of the G do- 
ain free, as a bulge in P3, to pair with the final residue of

4 / 5. In the published secondary structure for PFBV ( 28 ), 
he P3 helix contains eight base pairs and no bulge near 
ts base. Howe v er, we suggest that U3750 and G3695 can 

e unpaired from each other and made to pair with A3694 

nd C3721, respecti v ely, to adopt the form of PEMV2 (Fig- 
re 6 ). In CarMV’s secondary structure map, the bulged 

3746 can be modeled to pair with the proximal C3814, 
hich w ould mo ve G3747 and C3748 into the G domain 

nd enable G3813 to pair with C3753 at the start of P3. 
evising the secondary structures of the PTE homologs to 

a tch fea tur es of PEMV2 r e v eals a conserv ed pattern of
ong-distance pairing interactions. 

Two PTE subclasses emerge from the proposed sec- 
ndary structure alterations that differ in the number of G 

omain residues and in the presence of the capacity for the 
ase triple interaction involving the P3 bulged nucleotide. 
rom this perspecti v e, CMMV most resemb les PEMV2 

ith the same C domain sequence, CCCU and eight nu- 
leotides in the G domain (after the proposed secondary 

tructure adjustments), including four consecuti v e Gs and 

 U that forms the base triple. The other subclass includes 
MV, TPAV and CarMV. These PTEs have a distinct C do- 
ain sequence, GCCC and two fewer nucleotides in their 
 domains (after the proposed secondary structure adjust- 
ents), which include three consecuti v e Gs and lack the nu- 

leotide for base triple formation. 

ONCLUSIONS 

r esented her e is a high-r esolution crystal structur e of a 3 

′ 
ITE, which, to the best of our knowledge, r epr esents a new
NA structural motif. The structure supports the hypothe- 

is that the PEMV2 PTE uses a flipped G in the G domain 

o bind eIF4E; ne v ertheless, our m utational anal ysis sug- 
ests that architectural features in addition to the flipped G 

r e likely r equir ed f or f orming stable eIF4E interactions. In
ccordance with the crystallo gra picall y defined secondary 

tructure of PEMV2, homologous PTE sequences harbor 
 G-rich bulge and can accommodate topolo gicall y similar 
hr ee-way junction. Mor eover, their sequences accommo- 
ated revisions to their secondary structures and exhibited 
ovaria tion a t crucial positions, suggesting tha t the PEMV2 

ertiary ar chitectur e is conserved in these homologs. No- 
ably, this pattern of conservation would have been difficult 
o identify with phylogeny and chemical probing data alone, 
nderscoring the value of combining these data with high- 
 esolution structur e analysis. 
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