
©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

RNA Biology 10:7, 1136–1145; July 2013; © 2013 Landes Bioscience

 Research paper

1136	 RNA Biology	 Volume 10 Issue 7

*Correspondence to: Blaton S. Tolbert; Email: bst18@case.edu
Submitted: 04/14/13; Revised: 05/18/13; Accepted: 05/21/13
http://dx.doi.org/10.4161/rna.25107

Introduction

Enterovirus 71 (EV71), the major etiological agent of hand foot 
and mouth disease, is an emerging threat to public health.1-3 EV71 
infections typically manifest with only mild illness; however, 
more serious infections can lead to severe neurological disorders, 
morbidity and death.1,2,4,5 In a recent outbreak, 78 Cambodian 
children were infected with EV71 of which 54 died from com-
plications associated with the virus (WHO, Global Alert and 
Response report July 2012). There are currently no vaccines or 
antivirals to prevent EV71 outbreaks, thus underscoring the 
urgent need to better understand mechanisms of host-enterovirus 
interactions.

EV71 is a positive sense, single-stranded RNA Enterovirus 
that belongs to the Pircornaviridae family. Like other picorna-
viruses, infection proceeds via a cytoplasmic replication cycle 
where the approximately 7,500-nt RNA genome serves as tem-
plate for negative strand amplification, viral protein synthesis 
and genomic RNA for new virions.6,7 Given their limited cod-
ing capacity, picornaviruses coordinate these different viral RNA 
functions through mechanisms that co-opt host proteins.6,8,9 

Human Enterovirus 71 (EV71) is an emerging pathogen of infectious disease and a serious threat to public health. 
Currently, there are no antivirals or vaccines to slow down or prevent EV71 infections, thus underscoring the urgency 
to better understand mechanisms of host-enterovirus interactions. EV71 uses a type I internal ribosome entry site (IRES) 
to recruit the 40S ribosomal subunit via a pathway that requires the cytoplasmic localization of hnRNP A1, which acts 
as an IRES trans-activating factor. The mechanism of how hnRNP A1 trans activates EV71 RNA translation is unknown, 
however. Here, we report that the UP1 domain of hnRNP A1 interacts specifically with stem loop II (SLII) of the IRES, via 
a thermodynamically well-defined biphasic transition that involves conserved bulge 5'-AYAGY-3' and hairpin 5'-RY(U/A)
CCA-3' loops. Calorimetric titrations of wild-type and mutant SLII constructs reveal these structural elements are essential 
to form a high-affinity UP1-SLII complex. Mutations that alter the bulge and hairpin primary or secondary structures 
abrogate the biphasic transition and destabilize the complex. Notably, mutations within the bulge that destabilize the 
complex correlate with a large reduction in IRES-dependent translational activity and impair EV71 replication. Taken 
together, this study shows that a conserved SLII structure is necessary to form a functional hnRNP A1-IRES complex, 
suggesting that small molecules that target this stem loop may have novel antiviral properties.
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Upon viral entry, EV71 initiates translation via a type I inter-
nal ribosomal entry site (IRES) located within the 5'-non-coding 
region (5'-UTR).10 The 5'-UTR is a highly structured multi-
functional RNA element composed of six stem loops (SLI-SLVI; 
Fig. 1). Stem loop I facilitates viral genome replication, whereas 
stem loops II–VI function as the basic IRES-active unit, recruit-
ing ribosomal components in a cap-independent pathway.11 The 
molecular mechanism of EV71 RNA translation remains largely 
unknown; although, earlier studies have implicated several non-
canonical host initiation proteins, collectively known as ITAFs, 
as key IRES trans acting factors in modulating internal ribosomal 
recruitment.12 The current dogma supports a model where ITAFs 
reshape and stabilize the IRES structure in a conformation that 
facilitates ribosome assembly.13-20 A molecular description of how 
RNA structure remodeling by ITAFs modulates internal transla-
tion efficiency is lacking, however.

The multifunctional RNA-binding protein, hnRNP A1, was 
shown to stimulate EV71 IRES-mediated translation.21 HnRNP 
A1 consists of two N-terminal RNA recognition motifs (RRM1 
and RRM2, collectively known as UP1) that interact specifi-
cally with nucleic acids and a C-terminal glycine-rich domain 
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knockdowns of hnRNP A1 impair IRES mediated translation, 
RNA synthesis and markedly reduce enteroviral replication.21 
IRES mapping studies localized the hnRNP A1-binding sites 
to stem loops II and VI; however, the specific binding surfaces, 
mechanisms of interaction and correlative structure-function 
properties remain unknown.21 To gain more insight into how 
hnRNP A1 trans activates EV71 RNA translation, we performed 
a systematic structural analysis of SLII and characterized its mode 
of binding to the UP1 domain of hnRNP A1. Here, we show that 
the ability to form a 40-nt SLII domain, interrupted by a 5-nt 
bulge and capped by a 6-nt hairpin, is a conserved structural fea-
ture among enteroviral IRES elements. The bulge and hairpin 
loops act synergistically to form a (UP1)

2
SLII complex, char-

acterized by two distinct thermodynamic transitions. Notably, 
mutations that disrupt the apparent biphasic binding transition 
correlate with a significant decrease in IRES-dependent trans-
lation and impair EV71 replication. Taken together, this study 
shows that a conserved EV71 SLII structure actively defines a 
functional hnRNP A1-IRES complex, and further suggests that 

that contributes to protein-protein contacts, among other func-
tions.22,23 Like most RRM-containing proteins, the UP1 sub-
domain adopts a mixed α/β fold where the four strand β sheet 
surfaces of RRM1 and RRM2 pack tightly against two pair of 
α helices, respectively (Fig. 1). Nucleic acid-binding specificity is 
conferred primarily through signature RNP motifs located in β 
strands 1 and 3, with additional RNA contacts directed through 
connecting loops.24 HnRNP A1 has been associated with a num-
ber of cellular functions, most notably as a regulator of alterna-
tive splicing.22,23 The nucleic acid binding properties of hnRNP 
A1 have been studied extensively, usually with model RNA or 
DNA oligomers that lacks well-defined secondary structure.25-31 
However, hnRNP A1 is known to regulate RNA processes 
where the RNA targets contain elements of higher-order struc-
ture.12,21,32-38 Indeed, the EV71 IRES is a highly structured target 
for hnRNP A1 (Fig. 1), where an understanding of the influence 
of RNA structure to molecular recognition is lacking.

Lin et al. demonstrated that cells infected with EV71 
show a cytoplasmic redistribution of hnRNP A1, and siRNA 

Figure 1. Overview of cis and trans acting factors that affect EV71 RNA translation. (A) Schematic representation of the RNA secondary structure of the 
EV71 5' UTR. Stem loop I functions in negative strand synthesis, whereas stem loops II–VI comprise the type I IRES element. (B) Consensus secondary 
structure of the SLII domain derived from sequence alignments (n = 147; see SI for accession codes) coupled with RNA structure prediction. SLII can 
be divided into four conserved elements of secondary structure: a five bp lower stem (LS, 89%); a five nt bulge loop (BL, 86%); a nine bp upper stem 
(US, 95%) and a six nt hairpin loop (HP, 100%), where percent values correspond to conservation of secondary structural elements not sequence. The 
BL and HL closing base pairs are invariably AU and CG, respectively. Consensus sequence motifs for the bulge and hairpin loops are depicted using 
the WebLogo format.55 (C) Domain organization of hnRNP A1 showing the N-terminal RNA recognition motifs (collectively known as UP1) and the 
C-terminal glycine rich domain. Signature RNP motifs are designated for RRM1 and RRM2. (D) Cartoon representation of the UP1 structure (PDB 2LYV) 
where aromatic residues from RNP1 and 2 are drawn as sticks.
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conventional 1H-1H nuclear Overhauser enhancement spectros-
copy (NOESY) collected in water (283K; pH 6.5). As shown in 
Figure 2, sequential and long-range (G/U)NH-(G/U)NH nOe 
cross peaks can be traced for 7 out of 9-bps for US and 4 out of 
6-bps for the LS. NOE cross peaks from the terminal 5'-G:C-
3' pair, and both BL closing 5'-A:U-3' pairs were not observed 
due to rapid exchange with solvent. Strong nOe cross peaks were 
detected between the imino protons of G143/U158, indicat-
ing these nucleotides form a stable wobble pair. By comparison, 
the weaker nOe cross peaks between G146/U155 suggest these 
nucleotides form a less stable wobble pair, likely resulting from 
helical fraying at the adjacent HL junction (Fig. 2). Consistent 
with this conclusion, more intense nOe cross peaks are observed 
between G146/U155 for a SLII construct where the 6-nt HL loop 
was replaced with a GCGA tetraloop (Fig. S1C). This construct 
also gave well-defined stacking nOe interactions between G154 
and the adjacent G146/U155 base pair. Collectively, the NMR 
chemical shifts and nOe cross peak patterns are consistent with 
the SLII secondary structure prediction and confirms that SLII is 
an independently folding IRES domain.

RNA structural elements are necessary to form a high-
affinity (UP1)

2
SLII2231 complex. To gain insight into the ther-

modynamics of hnRNP A1-SLII2231 interactions, we performed 
calorimetric titrations with the UP1 sub-domain of hnRNP A1. 
UP1 is composed of two RRM domains connected through a 13 
amino acid linker, and previously we showed that both RRMs 
interact cooperatively to form a high-affinity 1:1 complex with 
the HIV-1 exon splicing silencer 3 (ESS3) stem loop.33 Figure 3A 
shows the results of the UP1-SLII2231 calorimetric titration. 

molecules that can disrupt this interaction 
may have novel anti-enteroviral properties.

Results

Stem loop II of the EV71 IRES folds into a 
phylogenetically conserved and independent 
structural domain. Phylogenetic alignments 
coupled with computational prediction of 
human EV71 sequences (n = 147; see SI for 
accession codes), corresponding to the SLII 
region, revealed a high level of RNA structural 
conservation. Overall, the consensus SLII sec-
ondary structure was conserved in 95% of the 
sequences analyzed (Fig. 1). Stem loop II can 
be sub-divided into four elements of secondary 
structure: a five base-paired lower stem (LS), 
a five nucleotide bulge loop (BL), a nine base-
paired upper stem (US) and a six nucleotide 
hairpin loop (HL). Of the aligned sequences, 
the length of the US and HL were 95% and 
100% conserved, respectively. The primary 
sequence of the HL also showed conserved 
features, allowing definition of a consensus 
motif: 5'-RY(U/A)CCA-3'. Using a smaller 
data set (n = 57) that included Enteroviridae 
and Rhinoviridae strains, Klinck et al. deter-
mined a similar HL consensus motif, 5'-ANNCCA-3'.39 Of note, 
the CCA motif was invariant using their smaller data set as well as 
in the much larger data set used here. Interestingly, the HL clos-
ing base pair for all aligned sequences corresponds to 5'-C:G-3', 
which likely reflects favorable stacking energetics on the adjacent 
5'-R:A-3' mismatch.40 A similar high level of structural conser-
vation was observed for the LS and BL. The lengths of the LS 
and BL were 89% and 86% conserved, respectively. The consen-
sus motif for the bulge loop determined here is 5'-A(Y/A)AGY-
3'. Moreover, the BL closing base pairs are invariably 5'-A:U-3' 
(Fig. 1). Taken together, the EV71 stem loop II folds into a phy-
logenetically conserved structural domain that exposes invariant 
BL (AGY) and HL (CCA) sequence motifs.

To determine if SLII is an independent folding IRES domain, 
we characterized a 41-nt construct (corresponding to strain 2231; 
Fig. 2) by two-dimensional NMR spectroscopy. The SLII2231 
construct was prepared by in vitro transcription where a non-
native terminal 5'-G:C-3' pair was included to increase tran-
scription yield.41 The oligomeric state of SLII2231 was analyzed 
under different solution conditions by resolving samples on non-
denaturing PAGE (not shown). Under high monovalent cation 
concentration, SLII2231 migrated both as a fast and slow moving 
species, presumably representative of a hairpin and dimer con-
formation, respectively. Adjusting the buffer conditions (60 mM 
total K+) shifted the equilibrium primarily to the hairpin confor-
mation (> 95%). Moreover, the line widths of the 1D H1 NMR 
signals at low ionic strength were sharp (not shown); indicating 
SLII2231 primarily adopts a single conformation under these con-
ditions. The secondary structure of SLII2231 was confirmed using 

Figure 2. The EV71 stem loop II is an independent folding domain. (A) RNAStructure56 predic-
tion of EV71 SLII from isolate 2231. The terminal GC pair is nonnative and was included to 
increase transcription yields. The blue and red boxes correspond to those helical stretches 
observed by NMR. (B) Six hundred megahertz 1H-1H NOESY spectrum of the imino protons of 
SLII2231 collected at 288K. Blue and red lines trace sequential imino assignments in the lower 
and upper helix, respectively.
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(SLIICCC). Two-dimensional 1H-1H NOESY spectra were col-
lected for the mutant constructs to verify the RNAs fold as pre-
dicted (Fig. S1). Representative isotherms for each titration are 
shown in Figure 4 and a summary of the thermodynamic param-
eters is provided in Table 1. Since hnRNP A1 is known to bind 
single strand 5'-UAG-3' stretches with high affinity and specific-
ity,27 we first tested binding with the SLIIΔLS ΔBL construct, which 
lacks the only exposed 5'-UAG-3' motif and lower base paired 
stem. Surprisingly, titration of UP1 into SLIIΔLS ΔBL resulted in a 
well-defined monophasic transition (Fig. 4). The binding event 
is driven by a large favorable change in enthalpy (ΔH = −28.2 ± 
0.2 kcal/mol) and opposed by an unfavorable change in entropy 
(−TΔS = 17.9 ± 0.2 kcal/mol). This enthalpy-entropy signature 
leads to a stable 1:1 complex, characterized by a nanomolar bind-
ing affinity (K

d
 = 28.4 ± 2.0 nM). To test if the lower stem con-

tributes to binding, the titration was repeated with the SLIIΔBL 
construct. Like SLIIΔLS ΔBL, the titration displayed a monopha-
sic transition that was fit to a single-site isotherm with similar 
thermodynamic parameters (Table 1). Given the observation 
that UP1 binds SLIIΔLS ΔBL (and SLIIΔBL) as a stable 1:1 complex, 
calorimetric titrations were repeated with the SLIIGNRA construct. 
SLIIGNRA retains the 5-nt BL (and 5'-UAG-3' site); however, the 
6-nt HL is replaced with a GCGA tetraloop. Relative to SLII2231, 
UP1 associates with SLIIGNRA weakly and with a single transition 
(Fig. 4). The titration profile and thermodynamics suggest the 
5-nt BL is a second, albeit weaker, site of interaction for UP1. 
Lastly, calorimetric titrations were performed using the SLIICCC 
construct, where CCC replaces the BL 5'-UAG-3' site. As shown 
in Figure 4, UP1 binds SLIICCC with moderate affinity, consis-
tent with the SLIIΔLS ΔBL and SLIIΔBL titrations.

Altogether, the calorimetric and chromatographic titrations 
show that UP1 interacts with SLII2231 through multiple modes 
that involve conserved elements of RNA secondary structure. 
Additional NMR and biophysical studies are underway to deter-
mine the mechanism of interaction between UP1 and SLII2231.

The SLII bulge loop is necessary for IRES activity and 
EV71 replication. To assess the functional role of high-affinity 
hnRNP A1 assembly, we introduce the BL, CCC substitution 
into an in vivo translation construct and tested IRES activity in 
HeLa cells. A bicistronic reporter plasmid, pRHF-EV71-5'UTR, 
was used as template for the synthesis of CMV-RLuc-EV71-
5'UTR-FLuc RNA transcript. As hnRNP A1 could be possibly 
involved in nuclear export of mRNA, to avoid this confounding 

Under the conditions used here (see Methods), the titration pro-
file reproducibly displayed a biphasic transition. Fitting of the 
normalized data to a non-sequential (independent sites) model 
isotherm provided the best physical description of the binding 
event. Both transitions are characterized by favorable changes 
in enthalpy and opposed by unfavorable changes in entropy 
(Table  1). The thermodynamic signatures are consistent with 
recent calorimetric studies of other RRM-RNA systems, which 
show large exothermic enthalpies associated with complex for-
mation.42 Control reverse titrations of SLII2231 into UP1 gave a 
thermodynamic signature in general agreement with the for-
ward titration (Fig. S2); however, the binding profile cannot be 
directly compared due to differences in the number of apparent 
receptor sites of each titrand (presumably two for SLII2231 and one 
for UP1). Nevertheless, both the forward and reverse titrations 
are consistent with a binding event that is more complex than a 
simple one-to-one stoichiometry (Fig. 3A; Fig. S2).

As a further probe of the solution properties and stoichiome-
try of the UP1-SLII2231 complex, analytical gel filtration chroma-
tography was used to monitor the interaction. Figure 3B shows 
the chromatographic trace of UP1-SLII2231 prepared at different 
molar ratios, where the SLII2231 concentration was held constant at 
5 μM (note concentration of binding sites is 10 μM). Consistent 
with the calorimetric titrations, the SLII2231 chromatographic 
trace shifted to lower elution volumes as a function of increasing 
UP1 amount (Fig. 3). At a molar ratio of 0.5, a new peak corre-
sponding to a 1:1 UP1-SLII2231 complex is observed well-resolved 
from the free SLII2231 peak. Increasing the UP1 concentration 
to 5 μM causes a reduction in the free SLII2231 peak along with 
a proportionate increase in the peak for the 1:1 complex. At a 
molar ratio of 2, SLII2231 is completely bound; however, a second 
earlier eluting component is observed as a shoulder on the peak 
corresponding to the 1:1 complex. This leading shoulder is fur-
ther resolved into a distinct peak at higher UP1-SLII2231 molar 
ratio. The slight asymmetry observed in this new peak indicates 
a mixture of protein-RNA species, corresponding to the 1:1 and 
perhaps a 2:1 complex.

To gain insight into the mode of recognition of the UP1-
SLII2231 complex, calorimetric titrations were performed with 
a series of SLII2231 structural mutants (Fig. 4), strategically 
designed to probe elements of secondary structure: (1) BL dele-
tion (SLIIΔBL); (2) LS + BL deletion (SLIIΔLSΔBL); (3) HL to GNRA 
substitution (SLIIGNRA) and (4) BL, UAG to CCC substitution 

Table 1. Thermodynamic parameters for the binding of UP1 to wild-type SLII and structural mutants

SLII construct Kd (nM) n ΔG° ΔH° −TΔS°

WT

site 1 0.5 ± 0.1 0.7 ± 0.1 −12.7 ± 0.1 −38.3 ± 0.5 25.6 ± 0.6

site 2 178.1 ± 22.7 1.5 ± 0.2 −9.2 ± 0.1 −17.6 ± 0.3 8.4 ± 0.4

SLIIΔL ΔBL 28.4 ± 2.0 0.87 ± 0.01 −10.2 ± 0.1 −28.2 ± 0.2 17.9 ± 0.2

SLIIΔBL 239.0 ± 9.0 0.95 ± 0.3 −9.01 ± 0.2 −30.22 ± 5.3 21.14 ± 5.5

SLIIGNRA 967.3 ± 159.2 1.10 ± 0.05 −8.2 ± 0.04 −56.5 ± 1.3 48.3 ± 1.3

SLIICCC 138.5 ± 14.8 1.4 ± 0.4 −9.4 ± 0.1 −35.9 ± 3.4 26.5 ± 3.5
aMeasurements were made at 298K in 40 mM KCl and 5 mM K2PHO4, pH 6.5; bThermodynamic parameters presented as avg +/− std taken from two 
replicates.
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protein-RNA interactions that facilitate 40S ribosomal assembly. 
The work presented here offers some insight into the molecular 
determinants of functional hnRNP A1-IRES interactions, and 
provides a gateway to better understand the contribution of IRES 
RNA structure to EV71 replication fidelity.

Bioinformatic analysis of the EV71 stem loop II domain 
revealed that it is composed of highly conserved RNA structural 
and sequence elements. The consensus structure of SLII (Fig. 1) 
was derived from folding 147 aligned Enteroviral 71 sequences, 
and the predicted secondary structure was further validated by 
solution NMR (Fig. 2). The lower and upper stems are con-
nected through a purine-rich bulge loop. Positions 1, 3, and 
4 are invariably A, A and G, respectively. Pyrimidine residues 
occupy the remaining two positions, with a preference for U at 
position 2 and C at position 5. Searches of the RNA CoSSMos 
database43 for structures that contain the bulge loop consensus 
motif (AYAGY) yielded zero hits. Using a more relaxed search 

issue, the CMV-RLuc-EV71-5'UTR-
FLuc RNA transcripts, wild-type or 
with CCC substitution was transfected 
into cells to measure the IRES activ-
ity of EV71. The bicistronic transcript 
contained the EV71 5'UTR flanked 
by the Renilla luciferase (RLuc) and 
Firefly luciferase (FLuc) open reading 
frames (Fig. 5A). Translation of RLuc 
is cap-dependent, whereas translation 
of FLuc is EV71 IRES-dependent. The 
RLuc and FLuc expression levels were 
measured 2 d after transfection. The 
relative translation efficiency of EV71-
IRES was determined by comparison 
of the level of downstream reporter 
gene product with the level of upstream 
reporter gene product. A bicistronic 
transcript with the anti-sense of the 
EV71-IRES (pRHF-EV71-5'UTR-AS) 
was used as a control to confirm that 
the EV71-IRES is actually functional 
in these assays.

As shown in Figure 5B, the EV71 
IRES activity was reduced dramati-
cally in cells transfected with CMV-
RLuc-EV71-5'UTR-CCC-FLuc RNA 
compared with that in cells transfected 
wild-type RNA transcript. The result 
suggested that the UAG element is 
critical for EV71 RNA translation. To 
investigate effects on virus replication, 
the CCC mutation was introduced into 
the infectious clone of EV71 and the 
full-length viral RNA was synthesized 
and transfected into RD cells. Virus 
released into medium was harvested 2 
d after transfection and the titer was 
determined by plaque assay on RD 
cells. To determine the effect of the CCC mutation on virus rep-
lication, equal moi of wild-type and CCC mutant viruses were 
used to infect RD cells. Medium was collected at various times 
and the virus titer was determined by plaque forming on RD 
cells. As shown in Figure 5C, the CCC mutant virus replicates 
slower than the wild-type throughout the infection. The titer of 
mutant virus is about four logs less than that of the wild-type. 
Taken together these results suggest that the BL 5'-UAG-3' ele-
ment is important for virus translation and replication.

Discussion

Translation events in Enterovirus 71 are driven through the syn-
ergistic action of a type I IRES element and several ITAFs.8-10 
Like other members of the Picornaviridae family, the mechanism 
of ITAF-mediated protein synthesis remains unknown, partly 
due to a paucity of structural and mechanistic descriptions of 

Figure 3. UP1 interacts with SLII2231 through distinct modes of recognition. (A) Representative calori-
metric titration of (His)6-UP1 into SLII2231 at 298K. The upper panel shows the raw thermogram along 
with the SLII2231 secondary structure. The processed isotherm is shown in the lower panel along with 
the nonlinear least squares fit of the data to a two-independent sites binding model. Average values 
and standard deviations of the dissociation constants (two replicates) are provided. (B) Analytical 
size exclusion chromatographic titration of (His)6-UP1 into SLII2231. Titrations were performed by pre-
incubating a fixed amount (5 uM) of SLII2231 with increasing amounts of (His)6-UP1 until a final molar 
ratio of 2:1 (taken as concentration of binding sites on SLII2231) was reached. Complexes were resolved 
on a Superdex 200 10/300 GL column (GE Healthcare Life Sciences). Vertical dashed lines are drawn 
to help visualize the different molecular species present during the titration: red, free SLII2231; blue, 
UP1-SLII2231; and green, (UP1)2SLII2231.
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function as a site of recognition for trans factors or form long-
range interactions with a distant site within the IRES. Both 
postulates were in agreement with the contemporary virologi-
cal and phylogenetic studies on polioviruses.46,47 Indeed, Le and 
coworkers used sequence alignments to propose that stem loop 
VI, which has a similar ANCCA motif as stem loop III, par-
ticipates in a pseudoknot structure with complementary residues 
downstream.46 We also observed a high-level of conservation of 
the AANCCA motif in stem loop V using our Enterovirus 71 
alignments (not shown). Additional structural studies on larger 
EV71 IRES constructs will shed light on potential tertiary inter-
actions between these highly conserved hairpin loops.

Using RNA pull downs, Lin et al. identified hnRNP A1 as 
one of 15 proteins that interact with the EV71 IRES element.21 
The biological significance of this interaction, including global 
hnRNP A1-binding sites along the IRES, were later determined. 
The work presented here clearly shows the UP1 domain of hnRNP 
A1 binds SLII2231 via a well-defined biphasic transition (Fig. 3). 
Each binding event is driven by favorable changes in enthalpy and 
opposed by unfavorable changes in entropy (Table 1). Titrations 
of UP1 into various SLII structural mutants revealed the hairpin 
and bulge loops function synergistically to form a high-affinity 
complex (Fig. 4 and Table 1). Deletion or substitution mutations 
within the bulge loop in either SLIIΔLS ΔBL or SLIICCC reduced the 
UP1 binding affinity between ~280–480-fold (Table 1), relative 
to the first transition of wild type SLII2231. Furthermore, substi-
tution of the hairpin loop with a GNRA tetraloop reduced the 

(ANAGN), an AAAGA bulge loop (nucleotides 2812–2816) 
was identified in domain VI of the H. marismortui 23S rRNA 
subunit.44 Interestingly, the AAAGA bulge loop protrudes out 
from helix 94, where ribosomal proteins L3 and L13 contact the 
base edge of G2815. Additional long-range interactions are made 
between A2814 and C533, located in domain II. Apparently, the 
AAAGA bulge loop forms an important site of molecular rec-
ognition within the context of the ribosome. Structural studies 
of the EV71 SLII bulge loop domain will provide insight into 
its free form conformation and facilitate comparisons with the 
ribosomal AAAGA loop.

Contrast to the bulge, the apical hairpin shows a stronger 
preference for pyrimidine residues. Positions 4 and 5 are invari-
ably cytosines, whereas position 2 is either C or U, and position 3 
shows a slightly higher preference for U over A (Fig. 1). Purines 
occupy the remaining two positions, with an immutable A at 
position 6. Klink and coworkers determined the solution NMR 
structure of an upper hairpin analog of SLIII derived from polio-
virus type II Lansing (note, numbering system of stem loops off 
by +1 in early PV secondary structures).45 The sequence of their 
hairpin construct was AAUCCA, which shows good agreement 
with the consensus sequence determined here for all available 
EV71 strains (Fig. 1). The Lansing hairpin loop adopts a two-
sided structure where the first two bases are exposed to the major 
groove, the third base represents the turning nucleotide and the 
remaining three bases form a continuous stack along the closing 
5'-C:G-3' base pair.45 Klink et al. postulated the hairpin might 

Figure 4. The bulge and hairpin loops of SLII contribute to high affinity UP1 recognition. Calorimetric titrations of (His)6-UP1 into various SLII structural 
mutants: (A) A SLIIΔLSΔBL; (B) SLIIΔBL; (C) SLIIGNRA, and (D) SLIICCC. Titrations were performed at 298K. Secondary structures for each structural mutant are 
drawn. Processed isotherms shown along with non-linear least squares fits to a single site binding model. Average values and standard deviations of 
the dissociation constants (two replicates) are provided.
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mutation into the bicistronic pRHF-EV71-5'UTR reporter con-
struct reduced IRES driven translation to within ~20% of wild-
type levels, supporting previous work by Lin et al. showing that 
hnRNP A1 stimulates IRES activity through interactions with 
SLII and SLVI.21 The observed reduction in translation activ-
ity also correlates nicely with an impaired EV71 growth phe-
notype (Fig. 5). The question remains, how does hnRNP A1 
trans activate the EV71 IRES? Taking into consideration earlier 
phylogenetic and structural work on poliovirus, which provided 
evidence that the apical hairpins of SLIII and SLVI may form 
pseudoknot structures,46 we propose that hnRNP A1 binds the 
apical loop in the hairpin (exposed) conformation, thus prevent-
ing pseudoknot (sequestered) formation (Fig. 6). In this context, 
the hnRNP A1-bound IRES associates with translational activi-
ties whereas the predicted pseudoknot conformation functions 
in some other RNA process, such as strand synthesis or genome 
packaging. While additional structural and virological studies 
are needed to test this postulate the work presented here clearly 
shows a functional link between high-affinity UP1-SLII bind-
ing and EV71 replication. Binding of hnRNP A1 to the SLII 
apical loop would compete with it forming a long-range pseu-
doknot structure. Lastly, the proposed model differs subtly from 
other predictions of ITAF functions, which posits ITAFs act to 

apparent binding affinity by approximately 
three orders of magnitude relative to the first 
transition. Taken together, these results clearly 
indicate the bulge and hairpin loops act syn-
ergistically to assemble a stable UP1-SLII2231 
complex. Titrations from size exclusion chro-
matography further support the calorimetric 
data and help resolve the stoichiometry. At 
this time, the mechanism of this interac-
tion is unknown and will require additional 
structural/biophysical studies to fully eluci-
date; however, we hypothesize that the native 
bulge sequence induces a kink in the RNA 
backbone that likely facilitates stable protein-
protein and protein-RNA contacts. The bulge 
loop in the SLIICCC constructs likely adopts a 
different tertiary conformation that does not 
support the biphasic binding transition.

The thermodynamic results also show the 
apical hairpin loop retains significant bind-
ing affinity for UP1 (Fig. 4 and Table  1). 
Indeed, calorimetric titrations with the 
SLIIGNRA construct had the most severe 
impact on UP1 recognition. This observa-
tion is very intriguing since the 6-nt hairpin 
loop does not contain a 5'-UAG-3' motif, 
which is the central element of the hnRNP 
A1 high-affinity “winner” sequence.27 
Rather, the SLII2231 hairpin loop is AC rich 
and the consensus motif determined here 
for all aligned EV71 strains is RY(U/A)
CCA. Thus, hnRNP A1 interacts with the 
SLII hairpin loop using a mode of recogni-
tion likely distinct from its established mode of binding sin-
gle strand nucleic acids.28,30,48 This observation suggests that 
hnRNP A1 can accommodate different RNA substrates using 
sequence and shape-specific recognition principles. The results 
obtained here are in good agreement with our previous study 
that showed UP1 binds the HIV-1 ESS3 hairpin loop as a high-
affinity 1:1 complex; however, the sequence of the ESS3 apical 
loop (5'-GAUUAGU-3') more closely matches the hnRNP A1 
“winner.”33 Similar plasticity has been observed for the PTB 
and La proteins, which both use RRM domains to interact 
with RNA substrates that contain various secondary structures, 
including IRES elements.49,50 Indeed, it was suggested that the 
adaptability of PTB-RNA interactions modulate the struc-
tural composition of the RNP complex, which might influence 
RNA regulatory processes.50 We propose that hnRNP A1 also 
executes its many functions through substrate-specific adap-
tive mechanisms. Therefore, attempts to define the biological 
functions of hnRNP A1 using only simple oligonucleotide sub-
strates might lead to restrictive models.51

Of important interest, we demonstrate that the ability to 
disrupt the UP1-SLII2231-binding transition in vitro correlates 
robustly with impaired EV71 RNA translation and replication 
(Fig. 5). Introduction of the bulge loop 5'-UAG-3' to 5'-CCC-3' 

Figure 5. BL 5'-UAG-3' element is important for EV71 RNA translation and replication. (A) 
Diagram of the bicistronic construct used in the dual luciferase assay. (B) Effect of CCC 
substitution on EV71 IRES activity. Cells were transfected with CMV-RLuc-EV71-5'UTR-FLuc or 
CMV-RLuc-EV71-5'UTR-CCC-FLuc RNA transcript as described in Materials and Methods. Rela-
tive luciferase activity was measured 2 d after transfection. Mean values and standard errors 
from triplicate samples are shown in the bar graph. (C) Replication of CCC mutant EV71 in RD 
cells. RD cells were infected with wild tpe or CCC mutant EV71 at an m.o.i. of 0.01 pfu/cell and 
incubated at 37°C. Medium was harvested at various times and assayed for infectious virus 
by plaque formation on RD cells. Mean values and standard errors from triplicate samples are 
shown.
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NMR spectroscopy. NMR spectra were recorded on a Bruker 
Avance (600 MHz) spectrometer equipped with room tempera-
ture HCN triple resonance probes and a z-axis pulsed field gra-
dient accessory. All NMR data were processed with nmrPipe/
nmrDraw52 and analyzed using Sparky.53 Exchangeable 1H spec-
tra were measured at 283 K with the Watergate NOESY (τ

m
 = 

250 ms) pulse sequence.54

Preparation and calorimetric titrations of UP1. The UP1 
construct was prepared as previously described33 with the excep-
tion that a cysteine-less mutant was used in these studies. To 
avoid complications of using reducing agents in the ITC, we 
mutated cysteine residues 43 and 175 to serines. NMR 1H-15N 
HSQC spectra (not shown) collected on the cysteine-less con-
struct showed that it folds identical to wild-type UP1.

All calorimetric titrations were performed at 25 °C on a 
VP-ITC calorimeter (MicroCal, LLC) as described previously.33 
UP1 was exchanged into titration buffer (5 mM K

2
HPO

4
, 40 mM 

KCl, pH 6.5) by gel filtration. The SLII constructs were prepared 
in titration buffer using a Millipore Amicon® Ultra-4 centrifugal 
filter device and subsequently annealed by heating at 95 °C for 
2 min, followed by flash cooling on ice. (His)

6
-UP1 at 50 uM 

was titrated into ~1.4 mL of 2.0–2.5 uM SLII constructs over 35 
injections of 8 uL each. Prior to non-linear least squares fitting in 
Origin v7.0, the raw data were corrected for dilution by subtract-
ing the average heats from the saturated upper asymptotes.

Analytical gel filtration (FPLC). Analytical gel filtration was 
done with Superdex 200 10/300 GL column (GE Healthcare 
Life Sciences). Samples were manually loaded into 100 μL loop 
and run through column at 0.5 mL/min, with elution volume 
starting at point of column loading. Samples were run at 5 μM 
RNA and UP1-SLII2231 ratios of 0, 0.5, 1.0, 2.0, and 4.0. For 
UP1-SLII2231 complexes, the samples were mixed at dilute vol-
ume (4 mL) and then concentrated down to 250 μL volume with 
Amicon Ultra centrifugal filters. For molecular weight determi-
nation, elution volumes were divided by the void volume and the 
resulting ratios were compared with a standard curve (Fig. S3). 
The void volume and the standard curve were determined using 
Sigma Gel Filtration Molecular Weight Markers (MW-GF-70).

chaperone or stabilize the RNA in a conformation supported for 
40S assembly.

Materials and Methods

RNA preparation. The SLII constructs used in this study were 
prepared by in vitro transcription using recombinant T7 RNA 
polymerase that was overexpressed and purified from BL21 (DE3) 
cells. Synthetic DNA templates, corresponding to the EV71 2231 
isolate, were purchased from Integrated DNA Technologies. 
Transcription reactions were performed using standard pro-
cedures,41 and consisted of 15–30 ml reaction volumes con-
taining unlabeled ribonucleotide triphosphates (rNTPs; Acros 
Organics). Following synthesis, the SLII constructs were puri-
fied to homogeneity by 12–20% denaturing PAGE, excised from 
the gels, electroeluted and desalted using GE illustra™ NAP™-
25 columns. Additional rounds of desalting were performed by 
exhaustively washing the sample with RNase-free water using 
a Millipore Amicon® Ultra-4 centrifugal filter device. Purified 
constructs were dried under vacuum and stored at −20 °C until 
further use.

The solution properties of the SLII constructs were probed by 
annealing the RNA under different solute conditions, followed 
by native PAGE analysis. Typical RNA folding reactions were 
performed by heating the sample to 95 °C for 2 min followed 
by flash cooling on ice. The samples were prepared with buf-
fer salts only (5 mM K

2
HPO

4
 and 0.5 mM sodium EDTA, pH 

6.5) or with buffer salts plus the addition of 40 mM KCl (NMR 
buffer). Independent of the method of preparation, the pre-
dominant (> 95%) SLess3 species migrated as a hairpin on native 
PAGE; however, a small population (< 5%) of duplex or dimer 
was observed at NMR concentrations. Final NMR samples were 
prepared in NMR buffer, dried under vacuum and resuspended 
in 90% H

2
O/10% D

2
O. The NMR samples were subsequently 

annealed by heating at 95 °C for 2 min and flashed cooled on 
ice. Concentrations were determined using theoretical molar 
extinction coefficients (Ambion Inc.), and typical NMR samples 
ranged from 0.1–0.5 mM at 250 uL.

Figure 6. A model of how hnRNP A1 activates EV71 RNA translation. In this model, stem loop II exists in two conformations, sequestered and exposed. 
The exposed conformation supports hnRNP A1 high-affinity assembly and favors translation, whereas the sequestered state (possible pseudoknot as 
predicted in ref. 46) promotes other RNA functions.
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determined 2 d after transfection by measuring the Renilla lucifer-
ase (RLuc) and Firefly luciferase (FLuc) activity in a 20/20 lumi-
nometer (Turner Biosystems) using a dual-luciferase reporter assay 
system (Promega) according to the manufacturer’s instructions.

Viral growth and plaque assay. Nucleotide 134 CCC muta-
tions were introduced into the infectious clone of EV71 by site-
directed mutagenesis according to the manufacturer’s instruction 
(Strategene). Full-length viral RNA was synthesized by in vitro 
transcription using infectious cDNA as template and transfected 
into RD cells. Supernatant was collected 2 d after transfection. 
Virus titer was determined by plaque forming on RD cells. To 
determine the viral growth curve, RD cells were infected with 
wild-type or mutant virus at an MOI of 0.01 PFU/cell. Medium 
was harvested at various time points and virus titer was deter-
mined by plaque assay on RD cells.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the National Institutes of Health 
(GM101979A to BS.T.).

Supplemental Material

Supplemental materials may be found here:  
http://www.landesbioscience.com/
journals/rnabiology/article/25107

Cells. HeLa cells were cultured at 37°C in Eagle’s minimum 
essential medium (MEM) supplemented with 10% fetal calf 
serum (FCS) (Mediatech). RD (human embryonal rhabdomyo-
sarcoma) cells were grown in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% FCS.

Plasmid construction and in vitro transcription. The RHF 
plasmid was constructed as described previously.21 The bicistronic 
reporter plasmid pRHF-EV71-5'UTR, which contains EV71 
IRES between Renilla and Firefly luciferase, was constructed 
by ligating a NotI-EV71-5'UTR-NotI fragment into pRHF. 
The pRHF-EV71-5'UTR-AS was constructed by inserting the 
reverse sense of NotI-EV71-5' UTR-NotI fragment into pRHF. 
pRHF-EV71-5'UTR-CCC has CCC substitution of TAG at nts 
135–137 of EV71 IRES.

pRHF-EV71-5'UTR, pRHF-EV71-5'UTR-CCC or 
pRHF-EV71-5'UTR-AS was linearized by Drd I digestion and 
used as template for the synthesis of CMV-RLuc-EV71-5'UTR-
FLuc RNA, CMV-RLuc-EV71-5'UTR-CCC-FLuc RNA or 
CMV-RLuc-EV71-5'UTR-AS-FLuc RNA using the MAXIscript 
kit (Life Technologies).

Determination of EV71 IRES activity. HeLa cells were seeded 
in 12-well plates in antibiotic-free MEM. Two hundred nanograms 
of CMV-RLuc-EV71-5'UTR-FLuc, CMV-RLuc-EV71-5'UTR-
CCC-FLuc or CMV-RLuc-EV71-5'UTR-AS-FLuc capped RNA 
templates were transfected along with 5 μl SuperFect transfec-
tion reagent (Qiagen) in 400 μl MEM supplemented with 10% 
FCS following manufacturer’s directions. The IRES activity was 
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