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ABSTRACT

The polypyrimidine tract binding protein (PTB) is a
multi-domain protein involved in alternative splic-
ing, mMRNA localization, stabilization, polyadenyla-
tion and translation initiation from internal ribo-
some entry sites (IRES). In this latter process,
PTB promotes viral translation by interacting exten-
sively with complex structured regions in the 5'-
untranslated regions of viral RNAs at pyrimidine-rich
targets located in single strand and hairpin regions.
To better understand how PTB recognizes structured
elements in RNA targets, we solved the solution
structure of the N-terminal RNA recognition motif
(RRM) in complex with an RNA hairpin embedding
the loop sequence UCUUU, which is frequently found
in IRESs of the picornovirus family. Surprisingly, a
new three-turn a3 helix C-terminal to the RRM, folds
upon binding the RNA hairpin. Although « 3 does not
mediate any contacts to the RNA, it acts as a sensor
of RNA secondary structure, suggesting a role for
RRM1 in detecting pyrimidine tracts in the context of
structured RNA. Moreover, the degree of helix forma-
tion depends on the RNA loop sequence. Finally, we
show that the a3 helix region, which is highly con-
served in vertebrates, is crucial for PTB function in
enhancing Encephalomyocarditis virus IRES activity.

INTRODUCTION

RNA binding proteins (RBPs) are essential in the reg-
ulation of diverse processes in RNA biology, such as
mRNA splicing, RNA transport, storage, degradation,
post-transcriptional modification and translation. Critical

in all of these functions, is the ability of RBPs to recognize
binding sites on the RNA in the proper structural context,
i.e. RNA secondary structure and spacing between binding
sites. It is important to understand how this contextual in-
formation is used by RBPs to determine the recognition of
the binding site and to modulate RBP functions. Whereas
many RBPs have been identified, the structural features of
the RNA that determine where they bind are only beginning
to be understood, although this is essential for elucidating
their function (1).

Polypyrimidine tract binding protein (PTB or PTBP or
PTBP1) also called heterogeneous nuclear ribonucleopro-
tein [ (hnRNP 1) is a nucleocytoplasmic protein, which reg-
ulates diverse processes in mRNA metabolism (2-4). In al-
ternative splicing, PTB acts primarily as a repressive splic-
ing regulator. However, it can also enhance exon inclusion
and the role it plays depends on the relative position of
its binding site, exons and the polyadenylation signal (5—
8). PTB can also increase mRNA stability: for example,
binding of PTB to a pyrimidine-rich sequence located in
the 3’ untranslated region of insulin mRNA increases its
life time (9). In the process of cap-independent transla-
tion initiation, PTB is a frans-acting factor of several cellu-
lar and viral internal ribosome entry sites (IRESs) located
in the 5 untranslated region of the mRNA (2). PTB in-
teracts in particular with a number of viral IRES RNAs
from the picornoviridae family, which comprises poliovirus
(PV), human rhinovirus (HRV), hepatitis A virus (HAV),
foot and mouth disease virus (FMDYV), Theiler’s murine
encephalomyelitis virus (TMEV) and encephalomyocardi-
tis virus (EMCV). These IRES RNAs adopt highly com-
plex structures, which contain short and long pyrimidine
stretches identified as PTB binding sites. It has been pro-
posed that PTB plays the role of an RNA chaperone and
that it may stabilize or rearrange IRES RNA structure in or-
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der to enable, with the help of eukaryotic initiation factors,
the recruitment of the ribosome (10). It has been character-
ized mainly as an enhancer of viral IRES-mediated transla-
tion, and as a promoter of RNA replication (11,12).

PTB, which is 531 amino acid long, is a monomer in so-
lution and adopts a linear arrangement (13-15). It consists
of a nuclear localization signal (NLS), a nuclear export sig-
nal (NES) both located at the N terminus and four RNA
recognition motifs (RRM) (Figure 1A) (16). The RRM is
the most common RNA-binding domain in RNA-binding
proteins, and consists of a four-stranded B-sheet backed
by two a-helices. B-strands 1 and 3 of the RRM usually
contain the RNA-binding motifs, RNP2 and RNPI respec-
tively which frequently include aromatic residues to stabi-
lize interactions with the RNA bases via stacking (17). The
first two N-terminal RRMs of PTB are separated by a 42
amino acid linker and tumble independently, whereas the
two C-terminal RRMs (RRM3 and RRM4) interact ex-
tensively with each other (18). By binding two pyrimidine
tracts distant in sequence, RRM3 and RRM4 can remodel
RNA tertiary structure. This interdomain interaction was
shown to be important for the ability of PTB to efficiently
repress alternative splicing (19). PTB also acts in concert
with its isoforms and homologues, which have distinct ac-
tivities in alternative splicing and IRES mediated trans-
lation (20-23). In addition to the ubiquitously expressed
PTB variants there are two tissue specific homologues that
share ~70-80% amino acid sequence identity with PTB:
nPTB, mainly expressed in neurons (neural PTB also called
brPTB/PTBP2), and regulator of differentiation 1 (RODI1
also called PTBP3) expressed in hematopoietic cells (24).

Because of its RNA binding properties and domain
topology, PTB can accomplish its functions by competing
directly with other factors at specific RNA binding sites
and/or by inducing structural rearrangements of the tar-
geted RNA. The solution structure of each RRM in com-
plex with a short CU repeat RNA revealed that each RRM
bound canonically to the single-stranded RNA on their 8-
sheet surface (15,17,25).

In the context of natural RNA substrates, pyrimidine
tracts can be embedded in internal loops, bulges or hair-
pin loops and this local structural context may influence
PTB binding or conformation. The secondary structures
of a small number of IRESs, which bind PTB, have been
modeled and characterized in vitro (26-29). EMCV IRES
shows pyrimidine tracts mostly embedded in hairpin loops
and internal loops rather than in extended single stranded
regions and two studies identified PTB binding sites in CU-
rich hairpin loops (30,31) (Figure 1B). The mapping of
PTB binding sites on EMCYV IRES identified by hydroxyl-
radical probing has demonstrated that the IRES sequence
binds two PTB molecules with a unique orientation (32).
Hydroxyl-radical footprinting also revealed PTB binding
sites on PV-1 (poliovirus type 1) IRES and showed that
RRMI1 and RRM2 both bind on a long stem in domain
V containing several pyrimidine-rich internal loops (33).
Moreover, Clerte et al. observed in their biochemical study
that RRM1 and RRM2 of PTB preferentially bind short
CU tracts embedded in stem-loops whereas the C-terminal
RRM3 and RRM4 prefer to bind long flexible CU-rich
sequences (34). Both RRM1 and RRM2 have also been

shown to recognize a pyrimidine-rich internal loop present
in the Ul snRNA (SL4), and it was proposed that PTB
may repress splicing through the binding of one of these
RRMs to SL4, thus preventing the assembly of a produc-
tive spliceosomal complex (30).

It is critical to understand how PTB can discriminate
between structured RNA targets such as hairpin-loops
or internal loops, and single stranded RNA containing
pyrimidine-tracts, since this is likely to be key in PTB recog-
nition of the complex RNA topologies of its natural sub-
strates, and its ability to act as a scaffolding protein for mul-
tiprotein complexes involved in RNA-based gene regula-
tion. Whereas RRM?2 was recently shown to display only lo-
cal adaptions of the backbone upon binding to a stem-loop
(35) and the tandem RRM3/RRM4 prefers single stranded
RNA sites (34), the behavior of RRM1 upon interacting
with a structured RNA target is unknown. To gain better
insight on the ability of PTB to recognize structured RNA
targets, we therefore determined the structure of the N-
terminal RRM of PTB (RRM1) in complex with an RNA
hairpin containing a UCUUU apical loop (Figure 1B). Sur-
prisingly, the structure revealed a new C-terminal helix in
RRM1, which folds upon binding the RNA hairpin. NMR
analysis presented here shows that the C-terminal helix acts
as a sensor of the RNA secondary structure, and mobil-
ity shift assays and in vivo IRES translation assays indicate
that this helix is crucial to promote EMCV IRES activity
by PTB.

MATERIALS AND METHODS
Protein and RNA preparation

PTB RRMI and its variants were expressed recombinantly
as an intein-tagged fusion protein, which contains only
the native amino acid sequence after purification. The N-
terminal amino acid was chosen for optimal self-cleavage of
the intein tag. The PCR-amplified cDNA fragment, which
encodes residues 41-163 of human polypyrimidine-tract
binding protein, (PTB1, accession number X62006) was
cloned into the pTYBI11 vector between the Ndel and Xhol
sites. Mutants were generated by site-directed mutagene-
sis using specific primers and verified by Sanger sequenc-
ing. The protein was purified as previously described (30).
All RNAs were in vitro transcribed from chemically syn-
thesized oligonucleotides using a Pro266Leu mutant ver-
sion of RNA T7 polymerase (36). Magnesium concentra-
tion was optimized for in vitro transcription reactions with
both commercially available unlabeled NTPs and '3C,>N-
labeled NTPs produced in house. The RNAs were puri-
fied by anion exchange chromatography in denaturing con-
ditions as previously described (30). In addition to the in
vitro transcribed RNAs, we chemically synthesized RNAs
with 13C-labeled sugar moieties at either five or three posi-
tions in the apical region to make RNA stem—loops labeled
with either of two patterns: GoU;(Cy1U,U3U14Cy5 or
GoU;19C11U2U3U14C5, where bold characters indicate
positions of nucleotides with '3C isotope labeled riboses
(37). To reduce the probability of forming RNA-duplexes,
RNA samples were diluted in about 25 ml of water, heated
to 95°C and snap cooled in liquid nitrogen before lyophiliza-
tion and resuspension in NMR-buffer.
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Figure 1. (A) Domain structure of PTB with its four RRMs. (B) Schematic representation of the secondary structures of the picornavirus IRESs of type
II: encephalomyocarditis virus (EMCV), foot and mouse disease virus (FMDV) and Theiler’s murine encephalomyelitis virus (TMEV). The RNA binding
sites of PTB identified in EMCV and FMDYV, and the pyrimidine tracts in TMEYV, are colored magenta and pink respectively. The secondary structures of

several hairpin binding sites containing a UCUUU motif are highlighted.

NMR measurements

All NMR measurements were performed in low salt buffer
(20 mM NacCl and 10 mM NaH,PO, adjusted to pH 6.5
with NaOH solution with protein and RNA concentra-
tions of 1 mM) at a temperature of 40°C except for exper-
iments used to detect NOEs involving imino proton reso-
nances of the SL UCUUU RNA which were obtained at
5°C in order to reduce their exchange with water. Chemi-
cal shifts were referenced using internal DSS. Data were ac-
quired on Bruker AVIII-500 MHz, 600 MHz, 700 MHz, 750
MHz and AVANCE 900 MHz spectrometers all equipped
with cryo-probes with the exception of the 750 MHz spec-
trometer. Data were processed using Topspin 2.1 (Bruker)
and analyzed with Sparky (http://www.cgl.ucsf.edu/home/
sparky/) (T.D. Goddard, D.G. Kneller, SPARKY 3, Univer-
sity of California, San Francisco) and CARA (www.nmr.ch)
(38). The backbone and side-chain resonances of the wild
type (WT) PTB RRMI1 construct were assigned using 3D
HNCA, 3D HNCOCA, 3D HNCACB, 3D CBCACONH,
3D HNCO and 3D HC(C)H-TOCSY and 3D (H)CCH-
TOCSY (23 ms mixing time), 3D NOESY 'H-"N HSQC
and 3D NOESY 'H-!*C aliphatic and aromatic HSQC (150
ms mixing time) (39). The backbone of the L151G mu-
tant of PTB RRMI1 was assigned similarly. Backbone res-
onance assignments of PTB RRM1 bound to SL RNAs
with variant loop sequences were obtained by transferring
the assignments from the SL UCUUU complex augmented
by systematic comparison among the complexes with vari-
ant SL RNAs. A similar strategy was used to assign PTB
RRMI1 mutants bound to SL UCUUU. Aromatic proton
resonances were assigned using a 2D '"H-'H TOCSY and
the 3D NOESY 'H-'3C aromatic HSQC. Nonexchange-
able proton resonances of the SL UCUUU RNA in both

free and protein-bound states were assigned using 2D 'H—
'H TOCSY, 2D 'H-'H NOESY (mixing time of 200 ms),
3D NOESY 'H-3*C HSQC (mixing time of 200 ms) and 3D
HCP NMR experiments with samples in NMR buffer dis-
solved in 99.97% D, 0O solution. The use of chemically syn-
thesized RNAs, with specifically '*C-labeled sugars at dif-
ferent nucleotide positions in the UCUUU loop region, fa-
cilitated the resonance assignment especially in the protein-
bound form. Imino resonances were assigned by sequential
walk of imino—imino NOEs in the stem of the RNA, sup-
plemented by the through-bond 2D H(NC4C5)HS experi-
ments in the loop (40). Intermolecular NOEs were extracted
from a 3D '3C f1-filtered, f3-edited NOESY aliphatic '*C—
'"H HSQC, and a 2D 'H-'"H NOESY with '3C filter in the
direct dimension. Intermolecular NOEs between the pro-
tein and the imino proton of U12 uracil were assigned us-
ing a 2D '"H-'H NOESY and a 3D NOESY '3C aliphatic
HSQC with 3-9-19 WATERGATE solvent suppression at
5°C in 90% H,0/10% D,0O. We determined the residual
dipolar couplings of the protein H-N amides, RNA H-
N iminos and proton-carbon correlations (H2C2, H8CS,
H6C6, H5C5, HI'C1’) using IPAP-TROSY experiments
implemented in an interleaved manner. Residual dipolar
couplings were calculated from the difference between the
one bond scalar couplings ('Jcy) obtained in the absence
and in the presence of alignment medium (13 mg/ml Pf1
phage from ASLA biotech). Chemical shift mapping of
PTB RRMI1 upon RNA binding was calculated accord-
ing to the formula A3 = ((A3N/6.51)> + A8H?))!/? where
ABN and ASBH are the nitrogen and proton chemical shift
differences respectively, between the free and RNA bound
states. Secondary !*C shifts were calculated by subtracting
sequence-corrected random coil chemical shifts at the ap-
propriate temperature and pH (41,42). Amide shifts of the
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L151G mutant of PTB RRM1 at 45°C and some shifts of
WT at 40°C were calculated by extrapolation of data at a
series of temperatures.

Structure calculation and refinement

We calculated an ensemble of structures of the complex
in a semi-automated manner using the ATNOSCANDID
(43,44) and CYANA (45) software packages. Initial calcula-
tions with ATNOSCANDID were performed with the com-
plete resonance assignments of the protein together with
the following NOESY spectra as input; a 3D NOESY ’N-
edited HSQC obtained in 90% H,0/10% D,0, 3D NOESY
13C-edited aliphatic HSQC spectra acquired in both 90%
H,0/10% D,0O and in 99.97% D,0, and a 3D NOESY
BBC-aromatic edited HSQC in 99.97% D,0. ATNOSCAN-
DID peak lists were then used to derive distance constraints
with CYANA. In addition, hydrogen bond restraints were
defined between carbonyls and amides, which had slow
hydrogen—deuterium exchange (visible 1 h after dissolution
of a lyophilized sample in D,0). Dihedral angle constraints
for the protein were derived using TALOS (46). Intermolec-
ular and intra-RNA restraints for the UCUUU loop of
the bound RNA were derived from NOEs calibrated in a
similar manner to the CYANA software using fixed dis-
tances from the covalent structure. In addition, the final
CYANA calculation included RNA stem restraints derived
from a 3D NOESY '3C-edited HSQC of the free RNA
for those nucleotides with shifts which were unchanged
in the complex because this avoided overlap in NOESY
spectra of the complex. & torsion angle restraints for the
RNA were determined experimentally from a 2D 'H-'H
TOCSY experiment (80°-90° for C3’ endo, 55°-115° for
loose C3’ endo, 130°-190° for C2’ endo and 55°-190° for nu-
cleotides exchanging between both conformations). In ad-
dition, Watson—Crick hydrogen bond restraints and loose
dihedral angle restraints were defined for phosphodiester
linkages of the RNA stem region (47). From the 250 cal-
culated structures, the fifty structures with the lowest target
function were refined in AMBER 12 (48) and the 20 lowest
energy structures retained. During the final minimization,
the force constants of the square-well penalty functions de-
fined for NOE, torsion angle and RDC restraints were held
fixed to 50 kcal mol~" A=2, 1000 kcal mol~! rad=2 and 0.1
kcal mol~! Hz~? respectively. We implemented an annealing
protocol similar to one which was previously described (49).
The quality of the structure ensemble was analyzed with the
PROCHECK software (50). The agreement of RDCs with
the imposed RDC constraints were checked by the Q-factor
(51). All the structures were displayed and analysed with
MOLMOL software (52).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
performed at 30°C on a VP-ITC instrument (Microcal).
Both protein and RNA samples were dialyzed together in
the same NMR buffer. The concentration of the protein in
the cell was 10 wM and the RNA concentrations in the sy-
ringe varied from 70 to 120 wM (280 wl). The titrations were
performed with 30 or 50 injections. Data were analyzed with
Origin 7.0 software.

Plasmids, cell culture, transient transfection and reporter
gene assay

Dicistronic pRF (Renilla luciferase and Firefly luciferase)
and pRemcvF plasmids were a generous gift from Prof.
Dr A. Willis (MRC Toxicology Unit, Leicester, UK) (53).
Mammalian expression vector pcFlag-PTB was a gener-
ous gift from Prof. Dr D. Black (UCLA, USA). pRem-
cvF, pUC-emcv-5 (281-450 spanning stem—loops D to H),
pcFlag-PTB and pET28a-PTB mutants were created by
site directed mutagenesis using specific primers and ver-
ified by sequencing. For the loop mutant constructs, the
loop E UUGUCUAU sequence as well as loop F and
loop H UCUUU sequences were substituted by the UUCG
tetraloop. Sequences of the mutagenic primers are available
upon request.

To test EMCV IRES activity, in vivo translation assays
were performed using human HEK293T cells. Cells were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal calf serum (Gibco-
BRL) and antibiotics. Cells were plated on six-well plates
the day before transfection and were transfected in dupli-
cate with calcium phosphate precipitation using 250 ng of
dicistronic emcv wild type or loop mutant reporter plas-
mids according to the original manufacturer protocol. All
EMCV-IRES activity tests were performed in biological
duplicates. For RNA interference experiments, cells were
plated on 24-well plates the day before transfection. On
Day 1, cells were transfected with 30 nM siRNA targeting
PTBI1 (P1),nPTB (N1) and control siRNA (C2) (9,54) using
Lipofectamine 2000 following the supplier’s instructions.
On Day 2, cells were transfected with siRNA, dicistronic re-
porter assay and wild type or mutant PTB1 expression vec-
tor. For all experiments, cells were lysed in 1 x Passive Lysis
Buffer (Promega) 24 h after the last transfection. The activ-
ities of Firefly and Renilla luciferases were measured using
the dual-luciferase reporter assay system (Promega) accord-
ing to the manufacturer’s instructions. Light emission was
measured with a Berthold MicrolumatPlus luminometer.

Western blot analysis

Forty g of cell extracts, prepared either in 1 x Passive Lysis
Buffer (Promega) or in Lysis buffer (50 mM Tris pH 8, 125
mM NacCl, 0.5% (v/v) NP-40, 20% (v/v) glycerol, 0.5 mM
dithiothreitol (DTT), | mM phenylmethylsulfonylfluoride
and protease inhibitor (Roche)), were separated with 10%
SDS-polyacrylamide gel electrophoresis. PTB1 and nPTB
knockdown and ectopic PTB1 expression was analyzed by
western blot with anti PTB-NT (1:3000), anti nPTB-1S2
(1:500) and anti GAPDH (1:5000) antibodies (Sigma) us-
ing the Immun-Star WesternC kit from Bio-Rad. Chemi-
luminescence was detected on a Typhoon Trio (Amersham
Biosciences).

Expression of PTB1 mutants, in vitro transcription and elec-
tromobility shift assays

PTBI mutants were overexpressed in BL21 DE3 Escherichia
coli and purified on a Nickel affinity column. Purified pro-
teins were dialyzed against a buffer containing 20 mM
NaH,PO4 (pH 7.2), 100 mM NaCl, 5 mM MgCl,, 10%



(v/v) glycerol, ] mM DTT. Concentrations of proteins were
determined using optical density absorbance at 280 nm.
Both wild type and loop mutants of EMCV 5" RNA, were
transcribed in vitro from linearized pUC-emcv-5" vector and
purified using the Total RNA isolation kit from Macherey-
Nagel. RNAs were subsequently dephosphorylated using
Calf Intestine Phosphatase (Fermentas) and 5 labeled us-
ing y-3>P-ATP. Unincorporated nucleotides were removed
using a [llustraMicrospin G-25 column (GE Healthcare).
RNAs were incubated with a range of protein concentra-
tions in a buffer containing 20 mM NaH,PO, (pH 7.2),
100 mM NacCl, 5 mM MgCl,, 5% (v/v) glycerol, 1 mM
DTT, 50 wg/ml yeast tRNA (R9001, Sigma), 40 wg/ml BSA
(New England Biolabs) and SUPERase-In RNase Inhibitor
(AM2696, Ambion) for 20 min at room temperature. After
addition of loading buffer, samples were loaded on a 4%
acrylamide/bisacrylamide (29:1) gel in 0.5% TBE and elec-
trophoresed for 1.5 h at 200 V at room temperature. Gels
were dried and exposed on a PhosphoScreen (GE Health-
care).

RESULTS

Major amide chemical shift changes at the C-terminus of
PTB RRM1 upon RNA hairpin binding

Sequence alignments of PTB, nPTB and RODI homo-
logues, and of PTB in many vertebrate species show residue
conservation, which extends both N-terminally and C-
terminally well beyond the canonical RRM, suggesting a
functional role for these flanking regions (Supplementary
Figure S1). We therefore cloned, expressed and purified iso-
tope labeled protein encompassing the N-terminal RRM
flanked by 20 and 30 residues, respectively (residues 41-163,
referred to as PTB RRM1) as described in Methods.

We investigated by NMR titration the binding of PTB
RRMI to a 23 nucleotide RNA (Figure 2A) that embeds
the UCUUU apical loop sequence found in SL F and SL
H of EMCYV IRES, and also in stem-loops of other picor-
navirus IRES (Figure 1B). In what follows, we refer to this
generic RNA as SL UCUUU. SL UCUUU formed a sin-
gle hairpin conformation in solution under our NMR con-
ditions with standard Watson-Crick base-pairing indicated
for the stem by an imino walk in 2D NOESY spectra and
an imino—imino NOE detected between the uridines at the
5" and 3’ end of the loop. The pattern of pyrimidine aro-
matic TOCSY correlations was preserved at elevated tem-
peratures indicating the same conformation was present at
40°C where we obtained optimal NMR spectral quality for
protein and RNA. Amide resonances of the protein (and its
variants) showing large chemical shift changes between free
and bound state (indicated in Figure 2B) exhibited slow ex-
change behavior during the titration of SL UCUUU, as well
as all other stem—loops described in this study, with separate
signals observed for free and bound forms, whereas signals
exhibiting smaller shift changes exhibited either exchange
broadening or fast exchange behavior. We observed major
chemical shift differences for most of the amide resonances
of the protein (Figure 2B). As expected, large perturba-
tions in the RNA-binding B-sheet region were observed but
more surprisingly, additional large chemical shift changes
were seen in the N-terminal region immediately upstream of
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the RRM domain (56-60) and in the C-terminal extension
(131-154) (Figure 2C). In addition, the amide resonance of
Glu72 at the N-terminus of a1 helix, which is outside of the
expected RNA binding surface, also showed a fairly large
chemical shift change.

To determine PTB RRM1 affinity for SL UCUUU, we
measured the dissociation constant of the complex by ITC.
Fitting of the experimental data with a single binding site
model resulted in a stoichiometry close to 0.5 indicating
that one RNA molecule binds two protein molecules. We
therefore fit the data with a model for two independent
binding sites. This gave better fits to the experimental data
and we could extract two dissociation constants (Kgq =
0.10 £ 0.02 pM and Ky = 3.0 £ 0.9 pwM; Supplemen-
tary Figure S2). Even though our ITC analysis showed two
binding events, only one set of protein amide resonances
is observed for the bound state under our NMR condi-
tions, which represent the high affinity binding complex
(Figure 2B, Supplementary Figure S3). With the exception
of the first two N-terminal residues Gly41, Asn42 as well
as His133, all the observed amide resonances could be as-
signed in the 1:1 complex. These NMR data reveal the pres-
ence of only one detectable bimolecular complex at equimo-
lar ratio and millimolar concentrations and are consistent
with the measured dissociation constants, which predict a
negligible amount of protein populating the 30-fold weaker
RNA binding state.

The structure of PTB RRM1 in complex with SL UCUUU
reveals a newly folded C-terminal helix

We determined the solution structure of PTB RRMI1 in
complex with SL UCUUU using a combination of 2318
distance constraints derived from NOEs and 71 orienta-
tional constraints derived from residual dipolar couplings
(RDCs). The protein/RNA interface was defined by 98 in-
termolecular NOEs (Supplementary Table S1). Samples uti-
lizing synthesized RNA with '3C labeled sugars at specific
positions in the apical loop facilitated unambiguous assign-
ments of the ribose resonances, and were very useful for
obtaining intra and intermolecular restraints (Supplemen-
tary Figure S4). The U12 and U13 nucleotides displayed a
dense network of intermolecular restraints whereas fewer
such restraints could be defined for C11 because of severe
line broadening in this region of the interface (Supplemen-
tary Figure S5). The structural ensemble of conformers is
well defined with a heavy atom RMSD of 1.22 + 0.44 A for
ordered regions (Supplementary Table S1 and Figure 3A).
In the ensemble, contacts between protein and RNA involve
mainly the B-sheet of the protein, and the UCUUU pen-
taloop of the RNA. The nucleotides of the CUU triplet in-
teract with the B-sheet surface whereas U10 and U14 form
a mismatched base-pair which is also present in the free
RNA as indicated by the small chemical shift differences
of the H5-H6 TOCSY correlations observed for these nu-
cleotides between the free and protein-bound forms (Sup-
plementary Figure S5C). The UU base pair is recognized by
loops of the RRM at the base of the B-sheet. The regions
immediately N- and C-terminal to the RRM are structured
and interact with the RNA, a feature which has been ob-
served often in RRM—-RNA interactions (55). Particularly,
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Figure 2. (A) Secondary structure of SL UCUUU. (B) Superposition of 'H->N HSQC of PTB RRM 1 in SL UCUUU RNA free and bound states acquired
at 40°C (blue and red respectively). Boxed regions have lower contour thresholds. Selected amide shift changes from residues at the RRM-a3 interface are
indicated in bold. (C) Amide chemical shift perturbation mapping of PTB RRM1 upon binding SL UCUUU.

the extended loop following 4, which forms an arch above
the CUU triplet on the B-sheet, engages in many contacts
with the RNA. Residues His133, Leul36 and Thr138 in-
teract with Val60, Leu89 and Phe98 from the 3-sheet (Fig-
ure 3B). More surprisingly, the C-terminal region located
ten residues downstream of 4 (140-155), which was shown
to undergo large amide chemical shift changes upon RNA
binding, embeds an additional twelve residue a-helix (a3)
(residues GInl44-Vall54). This helix is in a region that
forms part of the 42-residue linker between RRM1 and
RRM2 of PTB. Importantly, the helix itself does not inter-
act with the RNA. The newly formed helix o3 packs against
the RRM, contacting B2 and the helix a1 (Figure 3A and
B). A set of five hydrophobic residues, Leul51 and Vall54
from a3, Ile76 from «l, and Val85 and Leu88 from the
B2-strand, form the interface between the domain and a3
(Figure 3B). Immediately N-terminal to o3, a trans proline
(Pro142) induces a hinge directing a3 to run anti-parallel to
the B2-strand.

SL UCUUU sequence- and shape-specific recognition by
PTB RRM1

At the binding interface, the nucleotides C11-U12-U13 lie
on the B-sheet surface and the flanking uracils U10 and
Ul14 form a mismatched UU base pair (Figure 3A). The
sugar puckers of the CUU triplet and mismatched UU
base pair adopt a C2’ endo conformation, and an inter-

mediate conformation between C2’' and C3’ endo confor-
mations, respectively. The C11 nucleotide stacks on His62
from B1 (RNP2 motif, Figure 3C). The amide of Asnl132
in the B4-a3 loop is hydrogen bonded to the carbonyl oxy-
gen (O4) of C11. The Ul2 base stacks with Leu89 from
B2 and its Watson-Crick face makes two hydrogen bonds
to the Lys137 main chain. The U12 imino was observed
at 5°C and gave rise to numerous NOEs to the side chain
resonances of Leul36, Lys137 and Thr138 (Supplementary
Figure S4D). The large chemical shift change of the Lys137
amide upon RNA binding (Figure 2C) and the detection of
the U12 imino proton at 10.84 ppm support the presence of
these hydrogen bonds. U13 interacts with Leu89 and Leu91
of B2, which forms one edge of the B-sheet. The side chains
of Asnl43 and Ser140 in the B4—«3 loop contact the O2
base carbonyl and the phosphate of U13, respectively. Fi-
nally, the mismatched base pair between U10 and Ul4 is
recognized by the side chains of Lys65 and GIn96, which
contact the O4 carbonyl and the O2’ sugar of the U10 nu-
cleotide, respectively. In addition, Lys94 from loop B2-33
protrudes into the pentaloop where its side chain stacks
on the U10-U14 base pair and is positioned to make a fa-
vorable ionic interaction with the U13 phosphate. The side
chains of Arg64 and Tyrl27 interact non-specifically with
the phosphate oxygens of G9, and G8 respectively. The re-
gion N-terminal to the RRM folds back onto the B-sheet
surface facilitating interactions of Arg52 with the C11 phos-
phate oxygen. The large chemical shift change of the Ser58
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Figure 3. (A) Overview of the structure of PTB RRMI1 in complex with SL UCUUU RNA. Left: Ensemble of the 20 structures superimposed on the
backbone heavy atoms of the well-defined residues of the protein and RNA (residues 58-155 of the protein and 1-23 of the RNA). The N-terminal extension,
extended B4-a3 loop, a3 helix and pentaloop nucleotides are highlighted in cyan, blue, red and yellow respectively. Middle: lowest energy structure of the
RNA-protein complex. Right: RNA—protein interface, key protein sidechains in green. (B) Contacts between RRM domain and structured parts of the N-
and C-termini. Side chains from the RRM domain, N-terminus, extended f4—a3 loop and a3 helix are represented in cyan, green, blue and red respectively.
(C) Detalils of protein interactions with the loop nucleotides, mismatched U10-U14 base pair and RNA backbone. Hydrogen bonds are represented by
black dashed lines.
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amide proton is consistent with the structural rearrange-
ment of this region upon RNA binding (Figure 2C). In sum-
mary, the structure shows that the CUU triplet of the apical
loop lies on the B-sheet surface and makes base-specific in-
teractions with the extended B4—«3 loop. Loop Bl-al also
contributes to base-specific interactions by contacting U10,
which is base-paired with U14. The B2-p3 loop, B1, B4 and
Ser140 located N-terminal to «3, interact with phosphate
oxygens from the RNA loop and from G8 and G9 of the two
GC base pairs closing the loop. These interactions to the
phosphate backbone contribute to nonspecific RNA bind-
ing affinity and help RRM1 to recognize the shape of the
stem—loop structure.

Affinity measurement of mutant complexes by isothermal
titration calorimetry

In order to evaluate the importance of protein/RNA inter-
actions and the o3 helix for complex formation, we mea-
sured the dissociation constants and thermodynamic pa-
rameters of complexes formed between RNA and protein
by ITC, where either the RNA or the protein were modified
by site-directed mutagenesis (Figure 4 and Supplementary
Figure S6A). All ITC curves were fitted assuming two in-
dependent binding sites, as for the wild type complex. In
all tested mutations, the dissociation constant Ky, corre-
sponding to the weaker binding affinity has a magnitude
similar to the wild type (average of 4.1 £ 0.9 pM) (Supple-
mentary Figure S6A). The first dissociation constant (Kq)
of the different RNA mutants for WT protein showed only
small increases compared to the SL UCUUU (2- to 4-fold,
Figure 4). Surprisingly, deletion of one nucleotide in the api-
cal loop, substitution of either U12 or U13 by a G, or re-
placement of the entire UCUUU loop by the stable UUCG
tetraloop all had minimal impact on the affinity, although
replacement of the UCUUU loop by UUCG was shown
to be detrimental to function (see below). On the protein
side, we generated five mutants, which were designed, on
the basis of the structure of the complex, to affect the RNA
binding affinity (H62A and K94A from the RNP2 motif
and loop B2-B3, respectively) or the folding of helix a3
(P142G, N143G/R146G and L151G from the C-terminal
extension). The mutation K94A caused the strongest ef-
fect with almost a 7-fold loss in affinity, consistent with the
loss of stacking interactions with the mismatched U10-U14
base pair and ionic interactions with the RNA backbone
(Figure 3C).

Mutations in the a3 helix region showed smaller effects,
with up to a 3-fold loss of affinity for the N143G/R146G
double-mutant. Examination of the thermodynamic pa-
rameters revealed more significant differences between the
various complexes. Large favorable enthalpy and unfavor-
able entropy characterize the thermodynamic signature of
the wild type complex. The thermodynamic parameters of
all the mutant complexes indicate smaller enthalpic gain
as expected, but these gains were compensated by smaller
entropic losses, resulting in only moderate impacts on free
energy of binding (Figure 4). The H62A mutation in the
RNP2 motif showed the strongest change of the thermo-
dynamic signature. A plot of —TAS versus AH shows an
excellent linear correlation (Supplementary Figure S6B) in-

dicating that in these different complexes the entropy and
the enthalpy compensate each other resulting in almost the
same binding free energy for each complex. Among the mu-
tations expected to affect the folding of the a3 helix, P142G
and N143G/R146G show only an intermediate effect on
the enthalpy-entropy parameters whereas the L151G mu-
tant displays the most dramatic effect consistent with the
elimination of a large hydrophobic sidechain which made
important contacts to residues in the RRM (Figure 3B).

The C-terminal helix is already partially formed in the free
RRM1 and binding occurs by conformational selection

Comparison of the 'H->'N HSQC spectrum of the wild
type with that of the L151G mutant, designed to negatively
impact the formation of the a3 helix (Supplementary Figure
S7), revealed significant changes in the position of amides in
the a3 helix region (up to 0.22 ppm), B2 strand and a1 helix
(up to 0.1 ppm) (Figure SA, blue line). For the P142G mu-
tant (Figure 5A, green line), the perturbations compared to
WT follow a similar pattern but with a smaller amplitude.

We therefore wondered if these differences might origi-
nate from the presence of a low degree of helicity in the C-
terminal region of the free protein. We assessed helical con-
tent using the deviation of 3Ca and '*CB chemical shifts
from random coil values (A'3Ca and A'*CB, or carbon sec-
ondary shifts) which are sensitive to the backbone confor-
mation. Positive values of A'*Ca—A!3CPB indicate helical
character, negative values extended B-strand conformation
and values near zero are indicative of random coil (56,57).
The C-terminal region from residue 144 to 149 of free PTB
RRMI1 shows values ranging up to 1 ppm, suggesting a
moderate degree of helicity in this region. In contrast, the
same region has values consistent with random coil confor-
mation in the L151G mutant (Figure 5B). As expected from
the structure of the complex of PTB bound to SL UCUUU,
the values of A'*Ca—AB3CB in this region are larger, with a
maximum value of 2.9 ppm, independently confirming that
a3 isfolded. However, the values are significantly lower than
for the al and a2 helices suggesting that even in the com-
plex with SL UCUUU, a3 is less well folded than o1 and
2.

A comparison of the 'H-'SN-HSQC spectra of RRM1
free and bound samples, and of the mutant L151G revealed
that the crosspeaks of many amides in these samples are lo-
cated on a straight line with the resonance of RRM1 free lo-
cated between the L151G mutant and the RRM1 complex
(Supplementary Figure S7). For example, residues Vall54
and Glu72 are far from the RNA binding site and their
amide signal positions are expected to be sensitive to a3
helix folding and its packing against al of the RRM, re-
spectively based on their location in the structure (Figure
6A). The observed co-linear 'H-'’N cross-peak positions
for these resonances are consistent with the presence of a
fast conformational equilibrium with respect to the chem-
ical shift timescale among states of the C-terminus with
varying degrees of helicity, which is influenced by the muta-
tions. In the subsequent analysis, we used the magnitude of
these shifts to characterize the level of a3 helix formation
for different mutants of the free protein and its complexes.
In addition to the amide resonance of Glu72, a number of
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Figure 5. (A) Combined amide chemical shift difference between the WT PTB RRM1 protein and the P142G (green) and L151G (blue) mutant proteins
both in their RNA free state. (B) Smoothed secondary '3C chemical shift values (A3 Ca—A'3CB) of the WT PTB RRMI in free state (purple), in complex

with SL UCUUU (red) and for the free state of the L151G mutant (blue). The experiments were acquired at 40°C for the WT protein in the free and SL
UCUUU bound states, and at 25°C for the L151G mutant.
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Figure 6. (A) Vall54 and Glu72, residues from a3 and a1 respectively, which are monitored in "H-!SN HSQC spectra, highlighted on WT PTB RRM1/SL
UCUUU complex structure. (B, C) Superposition of 'H-'>N HSQC spectra of WT PTB RRM 1 in the free state with (B) spectra of WT PTB RRM1/SL
UCUUU complex and mutants P142G and L151G in the free state, (C) spectra of SL UCUUU-bound states of WT PTB RRM1, P142G and L151G.
(D) Correlation of the magnitude of the amide 'H shift change of Vall54 upon binding SL UCUUU, for WT PTB RRMI, P142G, and L151G relative
to the range spanned by PTB RRM1/UCUUU and L151G, versus the entropic contribution to binding free energy relative to L151G/SL UCUUU. (E)
'H-1N HSQC spectra of complexes of WT PTB RRM1/SL UCUUU, WT PTB RRM1/SL E RNA and complexes of WT PTB RRM1 with various
RNA loop mutants of SL UCUUU. (F) The 'H amide chemical shift difference between WT PTB RRM1/SL UCUUU complex and L151G mutant for
residues 72-86 («1-B2 segment) plotted versus shift difference between WT PTB RRM1, or its complexes with SL RNA mutants, and L151G. A similar
analysis was performed with >N chemical shifts and is shown in Supplementary Figure S10. The color code is the same as that employed to represent
different samples in the "H-'SN HSQC spectra in (E). Fitting parameters for the linear least squares fitting in (E) and Supplementary Figure S10 are given
in Supplementary Table S2. The red line represents a slope of 1 and corresponds to the maximum effect of «3-RRM docking observed for the WT PTB
RRM1/SL UCUUU complex.

other residues in the a1-2 segment (which contacts o3 in
the complex) show a similar pattern (Supplementary Fig-

ing since ITC data showed that L151G can bind RNA with
an affinity only two-fold weaker than the WT (Figure 4).

ure S7). The position of the RRM1 free resonance is con-
sistently between that of L151G, and RRM1 bound to SL
UCUUU, suggesting that o3 helix folding in the free pro-
tein is accompanied by the formation of transient contacts
with the RRM domain. The presence of a partially folded
a3 helix in WT RRMI inferred from these data suggests
that complex formation occurs by a conformational selec-
tion mechanism with SL UCUUU preferentially binding to
PTB RRM1 with a well folded 3. However, the presence of
a C-terminal helix is not essential for stem loop RNA bind-

A comparison of the 'H-'>N HSQC spectra of the
L151G mutant of PTB RRM1 in the free state, and bound
to SL UCUUU, clearly shows that the amide resonance of
Vall54 is unchanged by RNA binding. The chemical shift
mapping data confirm that the a3 helix does not fold even
in the presence of RNA (Figures 6B and C, Supplemen-
tary Figures S§A and S9A). In contrast, for the P142G mu-
tant, SL UCUUU complex formation results in a shift in
the position of Vall54 consistent with increased helicity,
in agreement with the conformational selection hypothe-



sis (compare Figures 6B and C, or Supplementary Figures
S7 and S8A). These data also suggest that the strong de-
crease in entropy and increase in enthalpy of binding when
comparing SL UCUUU binding to L151G, P142G, and
WT complexes (Figure 4) originates primarily from the in-
creasing degree of a3 helix folding that we see in these dif-
ferent complexes. This relationship between the measured
thermodynamics and the helical content is even quantita-
tively demonstrated in Figure 6D since the 'H chemical
shift change in the three complexes which senses the helical
content (e.g. Vall54 amide) is proportional to the entropy
change upon complex formation.

The C-terminal helix acts as a sensor of the RNA secondary
structure

We next examined the behavior of the a3 helix when RRM1
binds SL. RNAs with various loop mutations. As observed
for the different PTB RRM 1 mutants, many signals in the
complexes of PTB RRM1 with mutant SL RNA are located
on a line between the signal of L151G and PTB RRM1/SL
UCUUU (Supplementary Figures S8B, S9B and Figure
6E). From this we can estimate the level of a3 helix forma-
tion by correlating the size of the shift of the amide of many
reporter resonances compared to L151G (no helix, 0%) and
PTB RRM1/SL UCUUU (100%, Figure 6F, Supplemen-
tary Figure S10, Supplementary Tables S2 and S3). The free
protein has a slope of 17% confirming the presence of a par-
tially formed helix a3. In all the stoichiometric complexes
between the WT RRM1 and the mutant RNAs, the slope
is higher than 17% indicating that the degree of a3 helix
content increases upon binding every SL RNA loop mutant
even when the UCUUU loop is replaced by a stable UUCG
tetraloop (slope of 49%, Supplementary Table S2), which as
will be shown below impairs IRES function. For this latter
RNA, the tetraloop structure is conserved upon binding,
as indicated by the nearly identical peak positions for cor-
responding pyrimidine TOCSY peaks of the free and pro-
tein bound states (Supplementary Figure S9C). This sug-
gests that the bases of the tetraloop remain tightly folded in
the complex, and that binding is primarily driven by recog-
nition of the stem-loop structure. Despite the very similar
binding affinities compared to the WT UCUUU loop, none
of the RNA loop mutants reaches the level of helix forma-
tion found in the complex with SL UCUUU (Figure 6E
and F. Supplementary Tables S2 and S3). This indicates that
among the ensemble of PTB RRM 1 conformations present
in solution, those with a pre-folded a3 helix are preferen-
tially bound by all these stem-loop RNAs to varying de-
grees. In contrast to binding with the SL UCUUU, the bind-
ing of CUCUCU ssRNA induces more modest amide shift
changes (Supplementary Figure S11A) and this is consis-
tent with a smaller increase in '*C secondary shifts of the
a3-region (Supplementary Figure S11B). Based on our re-
sults, we conclude that the requirements for forming a fully
folded a3 helix upon RNA binding are the presence of a
stem and an optimal loop sequence containing a sufficiently
long polypyrimidine tract (e.g. UCUUU). To test whether
a larger loop including the optimal CUU sequence bound
by PTB RRM1 could promote the formation of the a3 he-
lix to a similar extent, we compared "N-'"H HSQC spec-
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tra of the protein bound to either SL UCUUU or to hsa-
mir-136 stem—loop RNA. The latter RNA contains a 9-
nucleotide loop incorporating a UUCUU motif at the 5
end of the stem (Supplementary Figure S12) (58). The posi-
tions of signals from Vall54 and Glu72 closely coincide in
the two HSQC:s indicating the a3 helix is formed to a simi-
lar extent with the larger RNA loop. In addition, we tested
RRMI1 binding to SL E of the EMCV-IRES. This stem loop
has also been described as an RRM1 binding site (35) and
embeds the larger loop sequence UUGUCUAU. The chem-
ical shifts of Vall54 and Glu72 (Figure 6E) indicate a lower
extent of a3 helix formation than for SL UCUUU, how-
ever, the analysis of the chemical shift perturbation data re-
veals that the level of helix formation still reaches an 84%
slope (Figures 6F, Supplementary Figure S10, Supplemen-
tary Tables S2 and S3). Again, when the loop of SL E is
replaced by a UUCG tetraloop, the slope showed a pro-
nounced decrease, dropping to 57%. Altogether, these data
reveal that the a3 helix of PTB RRMI1 acts as a sensor
allowing substrate discrimination between stem-loop con-
taining RNA and single-stranded RNA. These data also in-
dicate that affinity is not the only factor important for PTB
to discriminate substrates since the degree of a3 helix for-
mation clearly varies between the RNA loop sequences.

Role of the C-terminal helix for PTB function in enhancing
EMCYV IRES activity

To assess the role of the RRM1 C-terminal helix, in the con-
text of the full length PTB, we compared the IRES activ-
ities of WT and mutant forms of PTB by in vivo transla-
tion assays using a dicistronic luciferase reporter contain-
ing an EMCV IRES as previously described (59). First, we
mutated the apical loop sequence UCUUU in SL F and
SL H (both separately and together) as well as the SL E
UUGUCUAU sequence of EMCV IRES into the highly
stable UUCG tetraloop to examine the functional impor-
tance of these loops for IRES activity (Figure 7A) (60,61).
All three apical loops were previously shown to be poten-
tial PTB binding sites (27,32,35). Introducing the tetraloop
mutations substantially decreased IRES activity: 2-fold for
mutation in SL E, 3.6-fold for mutation in SL F and 11-
fold for mutation in SL H (Figure 7B and C). Simultaneous
substitution of both SL F and SL H by the tetraloop had
the same effect as substitution of SL H alone. This demon-
strates that the apical loop sequences in SL E, SL F and SL
H are important cis-acting elements for EMCV IRES activ-
1ty.

To evaluate the effect of the apical loop mutations on
PTB binding to EMCV IRES RNA, we performed electro-
mobility shift assays (EMSAs) (Figure 7D). We used a ra-
diolabeled construct of EMCV IRES RNA encompassing
domains D to H (169 nts) that contains binding sites for
at least one PTB molecule (32). The EMSA with wild type
IRES RNA and wild type PTB protein shows multiple weak
bands on the gel with intermediate mobility between free
and protein-bound forms which shift toward lower mobility
with increasing PTB amounts reaching a plateau, indicating
saturation of the IRES binding sites (Figure 7D, top left).
The UUCG mutation of one or both UCUUU pentaloops
(SL F and SL H) increases the intensity of the interme-
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and similar expression levels for ectopic wild type and mutant PTBI1.

diate bands indicating the formation of several complexes
of different size and/or conformation (Figure 7D, bottom).
This suggests that a unique PTB-EMCV IRES RNA com-
plex is favored by the presence of the UCUUU pentaloops
in SL F and SL H. To probe the importance of RRMI,
and in particular the region corresponding to RRM1 a3
for IRES binding, we deleted RRM1 from the full length
PTB construct or only the sequence corresponding to the

C-terminal o3 helix region and performed EMSAs (Figure
7D, top right panels). For both PTB mutants, the band of
the complex appears as a smear due to the weaker affinity
of these complexes. Thus although a3 was shown to be dis-
tal to the stem—loop binding site, its removal none-the-less
impacts affinity of PTB-IRES complexes.

To assess which regions of PTB are important for EMCV
IRES activity, we co-transfected FLAG-PTB expression



vector containing either WT or one of the mutant forms of
PTB together with the wild type luciferase dicistronic vec-
tor. To suppress the effect of the endogenous PTBs, we si-
multaneously knocked down endogenous PTB and nPTB
using siRNA targeting their 3’-UTR (Figure 7E). As pre-
viously observed by Ventakatesan ez al. (59), these cellular
assays show that PTB/nPTB knockdown reduces EMCV
IRES activity 1.6-fold and that re-introduction of PTB can
partially recover the IRES activity whereas PTB without
RRMI1 cannot. More importantly, the deletion of the C-
terminal a3 helix of RRM1 alone abrogates the IRES activ-
ity of PTB. In summary, these results show that the apical
loop sequences from SL E, SL F and SL H are cis-acting ele-
ments of EMCYV IRES. Moreover, the a3 helix-forming seg-
ment is required by PTB for optimal IRES-mediated trans-
lation, since both the deletion of the a3 segment and the
replacement of the RNA loops by the UUCG tetraloop,
which exhibited a low level of helix formation (Figure 6E
and F), result in decreased IRES activity.

DISCUSSION

The structure of PTB RRM1 in complex with SL UCUUU
RNA unexpectedly revealed the presence of a3, an addi-
tional secondary structure element extending the canon-
ical RRM motif. Previous structural work on the free
RRMI1 and its complex with CUCUCU RNA did not
detect this helix although the RRM construct (residues
49-163) included the same C-terminal segment possibly
due to the lower induced helical propensity (14,15). Based
upon 3C secondary shifts of the RRM1 construct stud-
ied here (residues 41-163) we have shown that this a3 he-
lix is transiently present in the free state of the protein with
moderate helical character induced on binding CUCUCU
single-stranded RNA (Supplementary Figure S11) whereas
a strong enhancement occurs upon binding to SL UCUUU
(Figure 5B). Together these data demonstrate the folding
of a novel C-terminal a3 helix upon hairpin binding, and
suggest that stem—loop RNA binding occurs by conforma-
tional selection, whereby the well-folded helix is most highly
populated when a SL RNA with optimal loop sequence
binds. The transient nature of the o3 helix implies a dynamic
character, and suggest the presence of a partially ordered
helix already in the free protein and we intend to study the
dynamics of this system in more detail in future work. Re-
markably, the a3 helix of PTB RRM1 bound to the RNA
stem—loop is found in the same position as a fifth g strand
found in PTB RRM2 and RRM3 which is present both in
the free state as well as the RNA-bound state (Figure 8§A)
(15,62). This illustrates once more the critical role of the re-
gions immediately outside the RRM for function as well as
the great diversity of structural extensions that are found in
RRMs (17).

Previous structural studies reported the presence of an
additional helix C- or N-terminal to an RRM in the free
state of RRM-containing proteins (17), as well as the dis-
placement of a C-terminal helix upon RNA binding for the
UIA N-terminal RRM (63-65). Unfolding of a C-terminal
helix upon RNA binding was also observed (66). Recently
it was shown that hnRNP Al, similar to PTB, contains
an RRM whose binding to a cognate RNA stabilizes a
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C-terminal helix (67). However, unlike PTB, the RRM of
hnRNP Al is part of a tandem pair that forms a joint
RNA-binding interface and the C-terminal helix is oriented
perpendicular to the B-sheet strands, and makes contacts
with the RNA, which is single-stranded. PTB RRM1 is the
first example to our knowledge in which folding of a C-
terminal helix occurs in an RRM upon binding to a struc-
tured RNA. Our RRM1-RNA complex presents interest-
ing parallels with the recent solution structure of a ternary
protein complex between the RRM of Snupl7p, and two
peptides from Bud13p and Plm1p (68). The C-terminal ex-
tension of Snupl7p RRM, which is unstructured in the free
state folds into a four-turn helix a3 upon binding of the
two peptides. Snup17p helix a3 adopts a position very sim-
ilar but not identical to the one found in PTB RRM1-SL
UCUUU complex (Figure 8B). In contrast to the helix a3
of PTB RRMI1, which has no direct contact to the RNA,
the a3 helix of Snup17 interacts extensively with PIm1p and
also contacts Budl3p. Together these findings show that
both the binding of proteins and structured RNAs can act
as triggers for the formation of additional RRM structural
elements (15). PTB RRM1 binds a single stranded RNA
much more weakly than stem—loop RNA, with a dissocia-
tion constant of 25 wM, which is 250-fold higher than that
of the hairpin complex (30). Quite surprisingly, our study re-
vealed that the presence of a stem—loop is more important
than the RNA sequence itself for the increased affinity, since
changing the sequence of the loop to the UUCG tetraloop
decreases the affinity only 4-fold. Comparing the structures
of the hairpin and single-strand complexes reveals both sim-
ilarities in the interactions and differences, which help to
explain the enhanced affinity for stem—loop RNA. In both
cases, the CU dinucleotide is arranged similarly on the 3-
sheet surface but the recognition of the Watson—Crick face
of the C is less pronounced in the stem-loop (Figure 8C).
Upstream of the C11-U12 motif in the stem—loop com-
plex, the U10 nucleotide forms a mismatched base pair with
U14. This UU basepair forms important stacking contacts
with Leu94 in the B2-B3 loop, which also makes ionic inter-
actions with the phosphate backbone of U13. In contrast,
U2 the nucleotide upstream of the CU motif in the single
strand complex, is positioned over 34 and stacks with the
Arg64 sidechain which also makes nonspecific interactions
with the U2 phosphate. In the hairpin complex, the side
chain of Arg52 from the region N-terminal to the RRM
interacts with the C11 phosphate, whereas it does not in-
teract with C3 in the complex with single-stranded RNA
(Figure 8C). Additionally, Tyr127 contacts the phosphate
of G8 in the stem-loop whereas there is no correspond-
ing nucleotide in the single-stranded complex. U13, one nu-
cleotide downstream of the CU motif in the stem-loop, is
positioned at the end of the B2 strand and stabilizes the re-
gion just upstream of the a3 helix by interacting with Ser140
and Asnl43, whereas the corresponding nucleotide C5 in
the complex with the single stranded RNA is unstructured.

The many contacts from PTB RRMI1 to the phosphate
backbone help to recognize the shape of the RNA and par-
tially account for the increased affinity for stem—loops (Fig-
ure 8C). These contacts are concentrated at the 5’ end of the
stem (G8 and G9), and the similar binding behavior of hair-
pins containing larger loops such as SL E and hsa-mir-136
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Figure 8. (A) Comparison of the structure of PTB RRM1 in the SL RNA bound state with PTB RRM2 and RRM3 in the unbound state. The additional
C-terminal elements are highlighted; the a3 helix of RRM1 and the fifth B strand of RRM2 and RRM3 (accession code: 1SJR.pdb (RRM?2) and 2EVZ.pdb
(RRM3). (B) Structures of PTB RRM1 and Snup17 RRM superimposed on the RRM domain to highlight the relative position of their a3 helices, (left)
and the position of the binding partners of Snul7p, (right) (accession code: 2MKC.pdb). (C) Schematic representation of PTB RRM1 bound to CU6-mer

RNA and to SL UCUUU RNA.

stem—loop RNA suggests that RRM1 anchors to the stem
via these intermolecular contacts. Moreover, superposition
of the UUCG tetraloop structure (69) onto the coordinates
of SL UCUUU assuming a similar arrangement, shows that
many of these nonspecific intermolecular contacts can be
accommodated (Supplementary Figure S13) and this may
explain the relatively moderate impact of substituting the
UUCG tetraloop on PTB RRM1 binding (Figure 4). Over-
all, the role of RRM1 in PTB might therefore be to specifi-
cally target stem—loop RNA. This would rationalize earlier

findings suggesting that the N-terminal RRMs (RRM1 and
RRM2) prefers U-tracts embedded in stem-loops while the
C-terminal RRMs prefer single-stranded RNA (34).
Although RRM1 shows only modest differences in affin-
ity for different pyrimidine-rich loop sequences when bind-
ing a structured RNA, these sequence differences do impact
o3 helix formation. This may be related to the degree to
which the apical loop bases can form interactions, which
help to stabilize the position of the RRM1 B4-a3 loop on
the B-sheet and organize the binding pocket for U13 just



N-terminal to «3. In this context the high stability of the
UUCG loop may prevent conformational adaption of the
RRM1 which help to stabilize 3. Our in vivo data demon-
strated that the helix «3 is essential for PTB in promot-
ing EMCYV IRES activity, and that the E, F and H apical
loops, which are PTB binding sites, are crucial cis-acting el-
ements for EMCV IRES (Figure 7). It has been shown that
PTB facilitates the functional conformation of viral IRES
sequences and acts as an RNA chaperone (4,33,70). It was
surprising to find that mutating one or two of the apical
loops into UUCG could impair IRES activity since RRM1
shows only a 4-fold decrease in binding affinity for SL
UUCG over SL UCUUU. However, one major difference
between the two complexes resides in the level of folding of
the a3 helix which is significantly lower in the SL UUCG
complexes than in the SL UCUUU complex or the SL E
complex (Figure 6E, F and Supplementary Figure S9B). We
can therefore hypothesize that even though RRM1 can bind
to the RNA, PTB is able to remodel EMCV IRES RNA
only if the a3 helix is fully folded. This may partly explain
the increased heterogeneity in EMSAs of the PTB/IRES
complexes where either a3 is deleted or a stem—loop is sub-
stituted (Figure 7D). PTB RRM1 is the first example of an
RRM transducing the recognition of an RNA, on the ba-
sis of secondary structure and sequence, into the folding of
an additional structural element («3) which is distant from
the binding site, thus representing an allosteric mechanism
for controlling PTB function. The role of helix «3 may be
to favor a defined orientation between RRM1 and RRM2,
since the folding of the a3 helix rigidifies part of the linker
between RRM1 and RRM2. This could facilitate the for-
mation of a productive conformation for binding of eukary-
otic initiation factors, or other IRES trans acting factors. It
remains to be seen if the folding of helix a3 of RRMI is
important in alternative splicing where the RNA secondary
structure also plays an important role (71), either for the
binding of PTB to cis-acting elements or spliceosome com-
ponents (30).
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