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ABSTRACT

Human Transformer2-p (hTra2-f) is an important
member of the serine/arginine-rich protein family,
and contains one RNA recognition motif (RRM). It
controls the alternative splicing of several
pre-mRNAs, including those of the calcitonin/calci-
tonin gene-related peptide (CGRP), the survival
motor neuron 1 (SMN1) protein and the tau protein.
Accordingly, the RRM of hTra2-p specifically binds
to two types of RNA sequences [the CAA and (GAA),
sequences]. We determined the solution structure
of the hTra2-p RRM (spanning residues Asni10-
Thr201), which not only has a canonical RRM fold,
but also an unusual alignment of the aromatic amino
acids on the p-sheet surface. We then solved the
complex structure of the hTra2-p RRM with the
(GAA), sequence, and found that the AGAA tetra-
nucleotide was specifically recognized through
hydrogen-bond formation with several amino acids
on the N- and C-terminal extensions, as well as
stacking interactions mediated by the unusually
aligned aromatic rings on the f-sheet surface.
Further NMR experiments revealed that the

hTra2-p RRM recognizes the CAA sequence when
it is integrated in the stem-loop structure. This
study indicates that the hTra2-p RRM recognizes
two types of RNA sequences in different RNA
binding modes.

INTRODUCTION

According to various biological circumstances, ~100 regu-
latory factors control the splicing-site selection on
pre-mRNAs, The serine/arginine-rich (SR-rich) proteins
are known as splicing regulatory factors. SR-rich
proteins have RNA recognition motifs (RRMs) for
binding to specific RNA sequences on pre-mRNA, and
also contain repeated serine and arginine di-peptides,
which are believed to mediate protein—protein interactions
for the recruitment of specific initiation factors on the
pre-mRNA (1). Consequently, after the SR-rich proteins
bind to the specific RNA sequence, they facilitate the
binding of initiation factors to the nearby splice sites,
and enhance the possible utilization of these sites in the
splicing reaction. The specific RNA sequences targeted by
the SR-rich proteins are referred to as exonic splicing en-
hancers (ESEs) (2), because they are located on the exon
sequence.
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The human Transformer2- (hTra2-f) protein belongs
to the SR-rich like (SR-like) protein family (1), and
contains one RRM flanked by N- and C-terminal
SR-rich regions (Figure 1A). hTra2-f is a homolog of
the Drosophila  melanogaster transformer-2 (Tra2)
protein, which plays a significant role in the regulation
of male-specific splicing of the doublesex (dsx)
pre-mRNA with the transformer (Tra) protein (3).
hTra2-B also controls the pre-mRNA splicing of several
gene products, such as the calcitonin/calcitonin gene-
related peptide (CGRP), the survival motor neuron 1
(SMNI1) protein and the tau protein. In many cases,
hTra2-B collaborates with other splicing co-regulators
(4,5). For instance, the specific binding of hTra2-B to the
ESE on exon 7 of the SMNI1 pre-mRNA, along with the
heterogeneous nuclear ribonucleoprotein-G (hnRNP-G)
(6), the splicing factor arginine/serine-rich 9 (SFRS9/
Srp30c) (7) and the alternative splicing factor/splicing
factor 2 (ASF/SF2) (8,9), is necessary for the inclusion
of exon 7 in the mature mRNA. Similarly, the specific
binding of hTra2-B to the ESE on exon 10 of the tau
pre-mRNA, with ASF/SF2 and SFRS9/Srp30c, is
required for the pre-mRNA maturation of the tau
protein. The aberrant exclusion of exon 7 from the
SMNI1 mRNA and that of exon 10 from the tau mRNA
produces functionless proteins, resulting in spinal
muscular atrophy (SMA) and frontotemporal dementia
(FTD), respectively (4,5).

Several RNA sequences have been reported as the
targets of the hTra2-B protein. A SELEX experiment
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revealed that a GAA repeat sequence is a target of the
hTra2-f protein (10), and actually this RNA sequence
was identified in the ESEs on both exon 7 of the SMNI1
pre-mRNA and exon 10 of the tau pre-mRNA. On the
other hand, hTra2-f also targets other RNA sequences in
addition to the GAA repeat. hTra2-f reportedly interacts
with the 13-nt sequence, ACUUCAACAAGUU, on exon
4 of the pre-mRNA of the calcitonin/calcitonin gene-
related peptide (CGRP) (11). Accordingly, the
Drosophila Tra2 protein, a homolog of hTra2-f, binds
to the similar 13-nt sequence, UC(U/A)(U/A)C(A/G)AU
CAACA, in the female-specific exon 4 of the Drosophila
dsx gene with the Tra protein (3). As described above,
hTra2-B plays significant roles in several alternative-
splicing events. However, the binding specificity of the
hTra2-f protein still requires clarification. Therefore, the
precise RNA recognition mode by the RRM fold of
hTra2-B must be elucidated to understand the pathogenic
mechanisms of SMA and FTD.

RRMs are widespread in many kinds of eukaryotic
RNA binding proteins, and play important roles in
sequence-specific RNA binding (12-14). For instance,
901 RRM-containing human proteins are included in the
Pfam database release 23.0 (15,16). The canonical RRM
consists of a four-stranded anti-parallel B-sheet packed
against two a-helices, with a typical Boaffaf topology
(14). RRMs contain two well-conserved consensus se-
quences, termed RNP2 ([I/L/V]-[F/Y]-[I/L/V]-X-N-L)
and RNP1 ([K/R]-G-[F/Y]-[G/A]-[F/Y]-[I/L/V]-X-[F/Y]),
which correspond to the 1 and B3 strands, respectively
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Figure 1. Primary structures of the RRMs of hTra2-f, Nup35, RBMY and PTBP

. (A) Schematic diagram of the hTra2-$ protein. hTra2-f possesses

one RRM flanked by the N- and C-terminal SR-rich regions. (B) Multiple sequence alignment of the hTra2-f RRM (P62995), the hTra2-o0 RRM
(Q13595), the Drosophila Tra2 RRM (P19018), the Nup35 RRM (Q8R4R6), the RBMY RRM (Q15414) and the first RRM domain of PTBP
(P26599), based on the 3D structures. Secondary-structure elements are marked by green arrows for B-strands and red bars for a-helices above the
sequence alignment. The amino-acid sequences corresponding to RNP1 and RNP2 are indicated by the boxes below the sequences. The amino acids
located at the positions of the well-conserved amino acids in the RRM folds are indicated by the colored boxes (aromatic amino acid: red; aliphatic:
flesh; positively charged: cyan; negatively charged: pink; G, P and T: gray). The solid black triangles indicate the amino-acid residues interacting with
each other for the fixation of the N-terminal extensions, and the open triangle indicates the residue in the C-terminal extension that interacts with the

residues located on the B-sheet surface in the hTra2-p RRM.
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(17) (Figure 1B). The canonical RRM interacts with the
RNA surface through specific hydrogen bonds on its
B-sheet surface, and by stacking interactions mediated
by the conserved and exposed aromatic rings located on
the B1 and B3 strands (14). Interestingly, the putative
RRM fold of hTra2-B lacks the typical RNP2 sequence,
suggesting a unique RNA recognition mode by hTra2-$
(Figure 1B).

In this study, we solved the solution structure of the
region spanning residues Asnl10-Thr201 of hTra2-B
(hereafter, denoted as the hTra2-f RRM), containing
the putative RRM fold. Our NMR experiments revealed
that the hTra2-f RRM strongly binds to the [5'-(GAAGA
A)-3] sequence, and we subsequently determined the
solution structure of the hTra2-p RRM in complex with
the [5-(GAAGAA)-3] sequence. This defined the specific
RNA recognition mechanism of the hTra2-f RRM.
Further NMR experiments indicated that a longer RNA
segment, containing the CAA sequence, is also recognized
by the hTra2-f RRM in a different binding mode. Our
study provides significant insight into the dual specificity
of RNA sequence recognition by hTra2-f.

MATERIALS AND METHODS
Protein expression and purification

The DNA fragments encoding the RRM fold of hTra2-§
(spanning residues Asnl10-Thr201 and Argl11-Thr201)
(SwissProt accession no. P62995) were subcloned by PCR
from the human full-length cDNA clone [hereafter, the
regions spanning residues Asnl10-Thr201 and Arglll-—
Thr201 are referred to as the hTra2- RRM and the
hTra2-f RRM-(Argl11-Thr201), respectively]. Each of
these amplified DNA fragments was cloned into the ex-
pression vector pCR2.1 (Invitrogen), as a fusion with an
N-terminal 6-His affinity tag and a TEV protease cleavage
site. The '*C/'>N-labeled fusion proteins were synthesized
by a cell-free protein expression system (18-20). The
reaction mixtures were first adsorbed to a HiTrap
chelating column (Amersham Biosciences), which was
washed with buffer A (50 mM sodium phosphate buffer,
pH 8.0, containing 500mM sodium chloride and
20mM imidazole). The proteins were eluted with buffer
B (50 mM sodium phosphate buffer, pH 8.0, containing
500 mM sodium chloride and 500 mM imidazole). In order
to remove the His-tag, the eluted proteins were incubated
at 30°C for 1 h with TEV protease. The tag-free hTra2-p3
RRMs were further purified by HiTrap Q and HiTrap SP
columm chromatography (GE Healthcare).

Nuclear magnetic resonance spectroscopy

For nuclear magnetic resonance (NMR) measurements,
the samples were concentrated to 0.8-1.2mM in 20 mM
d-Tris—HCI buffer (pH 7.0), containing 100 mM NaCl,
ImM 1,4-pL-dithiothreitol-d;y (d-DTT) and 0.02%
NaN; (in 90% H,0/10% D,0), using an Amicon
Ultra-15 filter (3000 MWCO, Millipore). NMR experi-
ments were performed at 298 K for the RNA-free form,
and at 283 and 298 K for the RNA-bound form on Bruker
AV700 and AV800 spectrometers. The 'H, '°’N and '°C

chemical shifts were referenced relative to the frequency of
the H lock resonance of water. Backbone and side-chain
assignments of the hTra2-f RRM were obtained by using
a combination of standard triple resonance experiments
(21,22). Two-dimensional (2D) ['H, '"N]-HSQC and
three-dimensional (3D) HNCO, HN(CA)CO, HNCACB
and CBCA(CO)NH spectra were used to obtain the 'H,
SN and '*C assignments of the protein backbone. The 'H
and "°C assignments of the non-aromatic side-chains,
including all prolines, were obtained using 2D ['H, '*C]-
HSQC, and 3D HBHA(CO)NH, H(CCCO)NH,
(H)CC(CO)NH, HCCH-COSY and HCCH-TOCSY
spectra. Assignments were checked for consistency with
3D "“N-edited ['H, 'H]-NOESY and ')C-edited ['H,
"H]-NOESY spectra. The '"H and '*C spin systems of
the aromatic rings of Phe, Tyr and His were identified
using 3D HCCH-COSY and HCCH-TOCSY experi-
ments, and 3D "*C-edited ['H, "H]-NOESY was used for
the sequence-specific resonance assignment of the
aromatic side-chains. A 3D HNHA spectrum was
measured to determine the restraints for the ¢ dihedral
angle. 3D '"N- and '*C-resolved NOESY spectra were
recorded with mixing times of 80 and 150 ms. For the as-
signments of the RNA molecules, 2D filtered-NOESY
spectra with mixing times of 80 and 150ms and 2D
filtered-TOCSY spectra with a mixing time of 43ms
were recorded. The conformation of the sugar rings was
identified based on the intensity of the cross peaks between
H1’ and H2' in the 2D filtered-TOCSY spectra. The NMR
data were processed using NMRPpipe (23). Analyses of
the processed data were performed with the programs
NMRView (24) and KUJIRA (25).

For the amide chemical-shift titration experiments, the
RNA oligonucleotides {[S-(GAAGAA)-3], [Y-(AAAAA
A)-3, [5-(UCAAU)-3] and [5-(GACUUCAACAAGUC
)-3’] (Dharmacon)} were dissolved in 20 mM d-Tris—HCI
buffer (pH 7.0), containing 100mM NaCl and 1mM
d-DTT, to a final RNA concentration of 6 mM. 2D [lH,
>N]-HSQC spectra were recorded while increasing the
concentration of the RNA relative to the hTra2-f RRM
solution (200 uM) to a final hTra2-p RRM:RNA ratio
of 1:2.

In order to observe the imino proton resonances of the
RNA molecules, we performed the 1D NMR measure-
ments and the 2D ['H, 'H]-NOESY experiments using
the jump-return pulse train (26), at a sample temperature
of 283 K.

The measurements of the nitrogen relaxation times, T
and T», and the '"H-">N heteronuclear NOE values were
performed on a Bruker AV600 spectrometer equipped
with a cryo-probe at 298 K, using the '°N, '*C-labeled
hTra2-f RRMs in the RNA-free and RNA ([5-(GAAG
AA)-3'])-bound forms at a concentration of 200 uM (27).
The eight different values for the relaxation delays were 5,
65, 145, 246, 366, 527, 757 and 1148 ms for measuring °N
T, and 32, 48, 64, 80, 96, 112, 128 and 144 ms for '°N 7.
The >N 7, and "N T, values were extracted using the
curve-fitting subroutine included in the Sparky program
(T. D. Goddard and D. G. Kneller, SPARKY 3,
University of California, San Francisco, CA, USA). The
'H-'SN heteronuclear NOE values were calculated as the



ratio between the cross-peak intensities with and without
'"H saturation. The errors were estimated from the
root-mean-square values of the baseline noise in the two
spectra (27).

Structure calculations

The 3D structures of the hTra2-f RRM in the RNA-free
and RNA-bound forms were determined by combining
the automated NOESY cross-peak assignment (28) and
the structure calculations with torsion angle dynamics im-
plemented in the program CYANA 2.1 (29,30). Dihedral
angle restraints for ¢ were obtained by analyzing the 3D
NOESY and 3D HNHA spectra. Restraints for the x'
dihedral angles were obtained from the 3D HNHB and
HN(CO)HB spectra or by analyzing the pattern of the
inter- and intra-NOE intensities (31).

For the determination of the 3D structures of the
RNA-bound form, the intermolecular protein-RNA
NOEs were manually assigned, using 2D filtered-
NOESY spectra. Protein-RNA NOEs from the 2D
filtered-NOESY spectrum with a mixing time of 80ms
were divided into two groups with upper distance
bounds of 3.5 and 5.0 A, respectively, according to their
intensity. Upper distance bounds of 6.0 A were applied for
the intermolecular NOEs that could only be identified
from the 2D filtered-NOESY spectrum with a mixing
time of 150ms (32). In total, 90 intermolecular NOEs
between the hTra2-f RRM and RNA were used for the
structure calculations.

The structure calculations started from 200 randomized
conformers and used the standard CYANA simulated an-
nealing schedule (30), with 40000 torsion angle dynamics
steps per conformer. The 40 conformers with the lowest
final CYANA target function values were further
refined with the AMBERY9 program (33), using an
AMBER 2003 force field and a generalized Born solvation
model, as described previously (32). The force con-
stants for distance, tors10n anigle and ® angle restraints
were set to 32 kcalmol_ 60 kcalmol'rad™' and
50 kcalmol ™' rad 2, respectlvely The 20 conformers that
were most consistent with the experimental restraints were
then used for further analyses. PROCHECK-NMR (34)
and MOLMOL (35) were used to validate and to visualize
the final structures, respectively.

Estimation of the binding constant by the NMR method

The dissociation constants (K4) for two RNA fragments,
[5-(AAAAAA)-3'] and [5-(UCAAU)-3], were estimated
on the basis of the NMR titration experiments. We
selected several obvious resonances, with trajectories that
could be traced upon the addition of RNA (36). The
average amide group chemical shift changes (Ad) were
calculated using Equation (1):

2
AS = \/ (AS‘H)2+<A2§N> , @

where A 8'H and A §'°N are the amide proton and amide
nitrogen chemical shift differences between the free and
RNA-bound states of the protein, respectively. The Ky
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values were obtained by a nonlinear fit of the NMR
chemical shift changes to a simple bimolecular binding
model, using Equation (2):

{(Kd+(1 +1[Ply) — \/ (Kd+(1+r)[P]0)2—4[P]gr}

2[P]y ’
(2)

where Ad, denotes the observed chemical shift, Ad,.x 1S
the maximum chemical shift and [P], is the total protein
concentration, respectively. In addition, r and Ky denote
the hTra2-p RRM/RNA ratio and the dissociation
constant of the complex, respectively.

A‘sobs = ABmax

Isothermal titration calorimetry measurements

Isothermal titration calorimetry (ITC) measurements were
performed at 25°C by using a Microcal (Amherst, MA)
VP-ITC calorimeter. Samples were buffered with 20 mM
Tris (pH 7.0), 100mM NaCl and 1 mM DTT, and were
thoroughly degassed before use. At first, a 2.0 ml portion
of a 40 uM hTra2-f RRM solution was placed in the cell
chamber. Then, a 20-fold higher concentration of four
different RNAs, [5-(GAAGAA)-3], [5-(AAAAAA)-37],
[5-(UCAAC)-3] and [5-(GACUUCAACAAGUCQ)-3],
was injected into the protein solution. The data were
analyzed with the Microcal ORIGIN software, assuming
a single site binding model. The binding activities of the
hTra2-B RRM to the [5-(AAAAAA)-3'] and [5-(UCA
AC)-3] sequences were very weak, and the data were
not properly fitted when the stoichiometry (n) value was
also searched in the fitting analysis. Thus, for the analysis
of the K4 values of the [5-(AAAAAA)-3'] and [5-(UCA
AC)-3] sequences, we fitted the raw data to a theoretical
curve by setting the stoichiometry (n) value to one, and
estimated the Ky values.

RESULTS
Solution structure of the hTra2-p RRM

We determined the solution structure of the region
spanning Argl11-Thr201 in the hTra2-f protein, which
contained the RRM domain [the hTra2-3 RRM-
(Argl11-Thr201)], by NMR experiments. In total, 1257
NOE distance restraints derived from 3D '’N-edited
['H, 'H]-NOESY and "C-edited ['H, 'H]-NOESY
spectra were assigned and used in the structure calcula-
tion, together with 37 dihedral angle restraints (Table 1).
The 40 structures obtained from the CYANA calculation
were further refined with the AMBER program, resulting
in the 20 energy-refined conformers that represent the
solution structure of the hTra2-p RRM (Figure 2A).
The region spanning Leul20-Phel93 is the core RRM
body that adopts the canonical RRM fold, consisting of
a four-stranded anti-parallel B-sheet and two a-helices
with a PoPpap topology (Bl: Leul20-Phel23, ol:
Glul31-Phel38, p2: Aspl46-Vall50, p3: Phel6l-
Phel66, o2: Vall69-Alal79 and p4: Argl90-Phel93, re-
spectively) (Figures 1B and 2B). In addition, the hTra2-$
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Table 1. Structural statistics for the free hTra2-p RRM and its
complex with the [5-(GAAGAA)-3] RNA

Free hTra2-B
hTra2-p ~ RRM-(GAA),
complex
RRM RRM RNA
NMR restraints
Distance restraints
Total NOE 1257 1266 23
Intra-residue 401 386 15
Inter-residue
Sequential (|i—j| = 1) 279 287 8
Medium-range (1 < [i~j| <5) 181 177
Long-range (|i-j| >5) 396 416
Hydrogen bond restraints® 11 11
Protein—RNA intermolecular 90
Dihedral angle restraints
b and 6 15
x angle 31 36
Sugar puckering 2
Structure statistics (40 structures)
CYANA target function (A%) 0.02 0.34
Residual NOE violations
Number >0.10 A 1 4
Maximum (A) 0.16 0.34
Residual dihedral angle violations
Number >5.0° 0 0
Maximum (°) 0.47 2.04
AMBER energies (kcal/mol)
Mean AMBER energy —3752 —5038
Mean restraints violation energy 2.16 5.56
Ramachandran plot statistics (%)
Residues in most favored regions 89.3 91.4
Residues in additionally allowed regions 10.2 7.8
Residues in generously allowed regions 0.2 0.8
Residues in disallowed regions . 0.2 0.1
Average R.M.S.D. to mean structure (A)
Protein backbone® 0.280 0.242
Protein heavy atoms® 0.947 0.822
RNA heavy atoms® 0.794
Complex heavy atoms® 0.852

“Only used in CYANA calculation.
°For residues Leul20-Phel93 of the protein and nucleotides G3-A6 of
the RNA.

RRM has an additional B-hairpin, B3'—p3” (residues:
Glul83—-Argl88), between helix o2 and strand P4
(Figures 1B and 2B), and a 10-residue loop structure
between the B2 and B3 strands (the p2—B3 loop).

As described above, the canonical RRM fold possesses
two well-conserved sequences, termed RNP2 and RNPI,
which correspond to the f1 and B3 strands, respectively.
The consensus RNP2 and RNP1 sequences are defined as
[I/L/V]-[F/Y]-[I/L/V]-X-N-L and [K/R]-G-[F/Y]-[G/A]-
[F/Y]-[I/L/V]-X-[F/Y]. Based on the present structural in-
formation, we found that RNP2 and RNP1 of the hTra2-
RRM have the sequences L-G-V-F-G-L and
R-G-F-A-F-V-Y-F, respectively (Figure 1B). The second
position of RNP2 is occupied by a Gly residue (Gly121),
instead of an aromatic amino acid, while a Phe residue
(Phel123) is found at the fourth position of RNP2. Thus,
the hTra2-f RRM has an unusual RNP2 sequence
(Fig 1B). In RNP1 of the hTra2-B RRM, all of the

solvent-exposed amino acids are aromatic amino acids
(Figures 1B and 2B).

Consequently, the hydrophobic side-chains of Phel23
(B1), Vall50 (B2), Phel6l (B3), Phel63 (B3) and Tyrl65
(B3) form a hydrophobic patch on the B-sheet surface of
the hTra2-B RRM (Figure 2B). The positively charged
amino acids [Argl57 (the p2—B3 loop), Argl59 (the p2—
B3 loop), Argl87 (B3”), Argl88 (B3”) and Argl90 (B4)] are
gathered at the bottom of the B-sheet surface (Figure 2B
and C). This renders the surface of the B-sheet quite
suitable for interactions with RNA molecules.

The N- and C-terminal extensions (the regions spanning
residues Argl11-Cys119 and Ser194-Thr201, respectively)
are unstructured in solution, and the 'H-""N
heteronuclear NOE data indicated that these regions are
flexible in the absence of the target RNA molecule, as
described below.

Effect of the addition of the [5'-(GAAGAA)-3'] RNA
fragment to the hTra2-f RRM

As described above, the SELEX experiment indicated that
the (GAA), sequence could bind to the hTra2-p RRM-
(Argl11-Thr201). Accordingly, upon the addition of [5'-
(GAAGAA)-3'] to the hTra2-f RRM-(Argl11-Thr201),
some of the main-chain '"H-"°N resonances of the free
form gradually disappeared, and correspondingly new res-
onances of the bound form appeared in the 2D ['H, "*NJ-
HSQC spectra (Figure 3A). This indicated that the
exchange between the RNA-bound and RNA-free forms
is in the intermediate to slow regime on the NMR time
scale. A more detailed analysis of the resonances that
shifted upon the addition of [5-(GAAGAA)-3'] revealed
that the amino acids on the B-sheet surface of the core
RRM body of hTra2-B (especially, Gly124 at the end of
the B1 strand and Ile189, Argl90 and Vall91 on the 4
strand) were obviously shifted (Figure 4A). Intriguingly,
the resonances originating from the N-terminal extension
(Alal12, Asnl13, Asnll7, Cysl18 and Cys119) and the
C-terminal extension (Ser194, Ilel95, Thr196, Lys197
and Argl98) were also strongly affected (Figure 4A),
indicating that both the N- and C-terminal extensions
contributed to the interaction with [5-(GAAGAA)-3].
Based on the ITC experiment, we estimated a Ky value
of 1.5uM for the complex with the [5-(GAAGAA)-3']
sequence (Supplementary Figure S1A). This clearly
indicated that the hTra2-B RRM binds to [5-(GAAGA
A)-3'] tightly enough for the complex structure determin-
ation. After considering the possibility that the Arglll
residue in the N-terminal extension may also be involved
in the RNA binding, we prepared the protein sample for
the region spanning Asnl10-Thr201 (the hTra2-f RRM)
to analyze the RNA binding activity of hTra2-f.

Solution structure of the hTra2-p RRM in complex with
the [5-(GAAGAA)-3'] RNA fragment

In order to elucidate the RNA recognition mechanism of
the RRM fold of hTra2-p, we determined the solution
structure of the hTra2-f RRM in complex with the [5-
(GAAGAA)-3'] RNA fragment. Using multidimensional
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Figure 2. Solution structure of the hTra2-p RRM in the RNA-free form. (A) Superposition of the 20 conformers of the hTra2-f RRM (Argl11-
Thr201) for the best fit of the backbone atoms of residues Leul20-Phe193. The N-terminal extension (Argl11-Cys119) and the C-terminal extension
(Ser194-Thr201) are colored cyan and magenta, respectively. (B) Ribbon representation of the hTra2-f RRM. The B-strands and a-helices are
colored green and pink, respectively. The side chains of Phel23, Vall50, Phel61, Phel63 and Tyrl65 are shown in green; and the side chains of
Argl57, 159, 187, 188 and 190 are shown in blue. (C) Electrostatic potential surface of the hTra2-f RRM. Positively and negatively charged regions
are colored blue and red, respectively. All of the structural representations were prepared with the software MOLMOL (35).

heteronuclear NMR spectroscopy, 94.1% of the main-
chain resonances and 91.9% of the side-chain resonances
of the hTra2-B RRM in the complex were assigned. The
solution structure of the complex was determined using

1289 '"H-'H distance restraints from the 2D filtered
NOESY, 3D ""N-edited ['H, 'H]-NOESY and "*C-edited
['H, '"H]-NOESY spectra, including 90 inter-molecular
and 23 intra-RNA distance restraints (Table 1).
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Figure 3. Close-up views of the ['H, '""N]-HSQC spectra of the hTra2-p RRM, showing selected amide shift changes in the absence and presence of
the RNAs: (A) [Y-(GAAGAA)-3], (B) [Y-(AAAAAA)-3], (C) [Y-(UCAAU)-3] and (D) [5-(GACUUCAACAAGUC)-3] [molar ratios of the
hTra2-p RRM:RNA were 1:0 (black), 1:0.2 (magenta), 1:0.4 (blue), 1:0.8 (orange), 1:1 (green) and 1:2 (red)].

Among the 200 independently calculated structures, the 40
conformers with the lowest CYANA target function were
further refined by restrained energy minimization in the
AMBER program (see ‘Materials and Methods’ section).
The 20 conformers that were most consistent with the ex-
perimental restraints were used for further analyses.

In the presence of the RNA molecule, the core RRM
body (spanning residues Leul20-Phe193) adopts the same
structure as in the RNA-free form (Figure SA). However,
the structures of the N- and C-terminal extensions become
well-defined in the presence of the RNA molecule, and are
involved in the recognition of [5-(GAAGAA)-3]
(Figure 5A and C). Namely, in the presence of the RNA
molecule, the C-terminal extension crosses over the
B-sheet surface of the hTra2-p RRM, and a pocket is
formed between the C-terminal extension and the
B-sheet surface. In addition, the N-terminal extension
passes just behind the starting point of the C-terminal ex-
tension, and folds back on the B-sheet surface to interact
with the RNA molecule (Figure 5A and C). This structural
information is consistent with the result of the NMR ti-
tration experiment. Thus, we elucidated that the hTra2-f
RRM interacts with [5-(GAAGAA)-3'] on its B-sheet
surface, and that both the N- and C-terminal extensions
adopt specific structures for the recognition of the RNA
molecule.

The NMR relaxation experiments indicated that in the
RNA-free form, both the N- and C-terminal extensions of
the hTra2-p RRM are flexible, as compared to the core
RRM body (without the region corresponding to the f2—
B3 loop), because the '"H-""N heteronuclear NOE values
for the N- and C-terminal extensions were low (black
marks in Supplementary Figure S2). However, in the
RNA-bound form, the 'H-'°N heteronuclear NOE
values for the N- and C-terminal extensions approached
those observed for the core RRM body (red marks in
Supplementary Figure S2), confirming that the presence
of the RNA induced ordered structures in both the N- and
C-terminal extensions of the hTra2-p RRM.

Sequence-specific RNA recognition mechanism of the
AGAA sequence by the hTra2-f§ RRM

In the structure of the complex between the hTra2-f RRM
and the [5-(GAAGAA)-3'] RNA, the four base moieties
(A3, G4, A5 and AG6) contact the P-sheet surface
(Figure 5). In contrast, the positions of G1 and A2 are
undefined, and thus these two nucleotides were not
recognized by the hTra2-f RRM. These structural
features are supported by the NOE information (Table 1).

The A3 base moiety is located in the space between the
side chains of Argl87 and Argl90 (the B3” strand), and is
stacked with the guanidyl group of Argl90 (Figure 5D,
left). In addition, the A3 base moiety contacts the main
chain of Gly124 by van der Waals interactions (Figure 5D,
left). Furthermore, an intermolecular hydrogen bond may
exist between the side chain of Argl90 and the O2’ of the
sugar moiety of A3 (Figure 5D, left). The guanidyl group
of Argl87 probably forms hydrogen bonds with the
backbone phosphate between A2 and A3 (Figure 5D,
left). The A3-binding site probably has the plasticity
needed for the base recognition, since it was difficult to
confirm the presence of direct hydrogen bonds between
the A3 base moiety and the hTra2-3 RRM. However,
the replacement of the adenine base with a guanine base
would cause steric hindrance between the 2-amino group
of the guanine base and the backbone atoms of the
B4 strand [such steric hindrance around the 2-amino
group of a guanine base was frequently observed in
the discrimination between adenine and guanine bases
(37)]. Moreover, an informatics analysis supports the pref-
erence of an adenine base over a guanine base by an Arg
residue as a stacking partner (37). Thus, the adenosine
base seems to fit well into the space between Argl88 and
Argl90.

The G4 base moiety is stacked with the aromatic ring of
Phel23 as well as the side chain of Arglll on the
N-terminal extension, and is recognized by base-specific
hydrogen bonds with the side chains of Argl90 and
Aspl192 (Figure 5D, middle). The A5 base moicty makes
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Figure 4. NMR chemical shift perturbations of the hTra2-p RRM upon RNA binding (protein:RNA ratio = 1:1). (A) [5-(GAAGAA)-3'],
(B) [Y-(AAAAAA)-3'], (C) [5-(UCAAU)-3] and (D) [5-(GACUUCAACAAGUC)-3']. Left panels: Plot of the magnitudes of the chemical shift
change on the vertical axis, and the amino acid residue numbers on the horizontal axis. Right panels: Chemical shift perturbations mapped on the
tertiary structure of the hTra2-p RRM. The chemical shift perturbation values were obtained from the ['H, "’N]-HSQC spectrum. The absolute
values of the chemical shift change A8 were calculated as follows: A8 = [(A8;5n/6.5)°+A815°]"%. Amino acid residues with significant chemical shift
changes are labeled. Residues with resonances that could not be assigned after the addition of the RNA are indicated by asterisks.

van der Waals interactions with the side chains of Argl11
in the N-terminal extension, Phel23 and Phel63 on the
B-sheet surface, and Ilel95 in the C-terminal extension.
Base-specific hydrogen bonds with the Hoogsteen edge
of the A5 base moiety were found between the amino
group of the A5 base moiety and the carbonyl oxygen of
Phel93, as well as between the N7 atom of the AS base

and the amide proton of Ile195. An adenine base at the AS
position seems more suitable than a guanine base, because
a guanine base could not form the hydrogen bond with the
carbonyl oxygen of Phel93. In addition, an intramolecular
hydrogen bond is formed between the amino group of the
G4 base moiety and the N1 atom of the A5 base moiety
(Figure 5D, middle). This base-specific hydrogen-bond
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Figure 5. Solution structure of the hTra2-f RRM-[5-(GAAGAA)-3'] complex. (A) Backbone traces of the 20 conformers of the hTra2-p RRM
complex. The protein structures are shown in the same orientation as that of the free form of the hTra2-p RRM in Figure 2. Within the RNA
molecules, the well-structured AGAA sequence (corresponding to A3-A6) is shown in gold. (B) Electrostatic potential surface of the hTra2-p RRM-
[5-(GAAGAA)-3'] complex. The atoms of the RNA molecule are shown in red (oxygen), blue (nitrogen) and gold (other heavy atoms). (C) Ribbon
representation of the hTra2-p RRM-[5-(GAAGAA)-3'] complex. The atoms of the RNA molecule are shown as in (B). (D) Close-up views of the
RNA recognition by the hTra2-B RRM. On the ribbon representation of the backbone of protein, the side chains for the RNA recognition in the
hTra2-B RRM and the RNA molecule are colored green for carbons in the protein, red for oxygens, and blue for nitrogens. The RNA molecule is
shown as in (B). The hydrogen bonds were calculated by MOLMOL, and are represented by black dashed lines.

network clarifies the preference for the G—A sequence by
the hTra2-f RRM.

Finally, the A6 base moiety protrudes into the pocket
formed by the side chains of Ser 148, Val150, Phel63 and
Tyr165 on the B-sheet surface and those of Lys197 and
Argl98 in the C-terminal extension (Figure 5D, right).
The A6 base moiety is stacked with the aromatic side
chain of Phel63 on RNPI (corresponding to the B3
strand) and can form hydrogen bonds between the
carbonyl oxygen of Thr196 and the amino group of the
A6 base moiety, and between the NI of the A6 base
moiety and the Hn of Tyrl65 (Figure 5D, right).
Collectively, these findings indicated that mainly the
AGAA nucleotide sequence is specifically recognized by
the hTra2-f RRM (see also ‘Discussion’ section and
Figure 5D for details).

Importance of the guanine base in the target RNA
sequence

The present structural study indicated the importance of
the guanine base moiety for the specific recognition
mediated by the hTra2-f RRM. In order to investigate
the discrimination between the two purine nucleotides,
adenosine and guanosine, by the hTra2-f RRM,

we performed the ITC and NMR titration experiments
with [5-(AAAAAA)-3']. The binding of the hTra2-f
RRM to [5-(AAAAAA)-3'] was very weak, and we
could not obtain reliable data for the estimation of the
Ky value at the protein and RNA concentrations
employed in the ITC experiment (Supplementary Figure
S1B). Thus, based on the NMR titration experiment, we
found that the exchange between the RNA-bound and
RNA-free forms is fast on the NMR time scale
(Figure 3B). We selected three residues, Glyl121, Phel23
and Tyr151, and based on the NMR titration experiment,
estimated a Ky value for [Y-(AAAAAA)-3'] of over
100 uM  (Glyl121: 170.1uM, Phel23: 126.1uM and
Tyrl51: 173.2uM). A comparison of the magnitudes of
the chemical shift changes between [5-(GAAGAA)-3']
and [5-(AAAAAA)-3'] at a protein:RNA molar ratio of
1:1 revealed that the chemical shift changes for [5-(AAAA
AA)-3] are much smaller than those for [5-(GAAGAA)-
3] (Figure 4A and B). Thus, the binding activity of the
hTra2-B RRM for [5-(AAAAAA)-3] is much weaker
than that for [Y-(GAAGAA)-3']. On the basis of the
complex structure, we pointed out that the G4 base
moiety in the [5-(GAAGAA)-3'] sequence plays a
crucial role in fixing the A5 base moiety on the



hTra2-B RRM. The titration experiments confirmed that
the GA di-nucleotide is the key sequence element for tight
binding.

Recognition of the [5'-(UCAAU)-3'] sequence by the
hTra2-p RRM

As described above, besides the (GAA), sequence,
hTra2-B also interacts with the 13-nt sequence, ACUUC
AACAAGUU, on exon 4 in the pre-mRNA of CGRP
(11), and the Drosophila Tra2 protein binds to a similar
13-nt sequence, UC(U/A)(U/A)C(A/G)AUCAACA, in
the female-specific exon 4 of the Drosophila dsx gene
(3). Considering the common features of these two 13-nt
sequences and the similarity to the GAA sequence, the
CAA sequence could be another candidate target
sequence of hTra2-f. Therefore, we performed the NMR
titration experiment for [5-(UCAAU)-3']. Upon an
increase of the protein:RNA molar ratio from 1:0 to 1:2,
some resonances shifted in a continuous manner
(Figure 3C). The exchange between the [5-(UCAAU)-3']
RNA-bound and RNA-free forms was fast on the NMR
time scale, similar to the case of [5-(AAAAAA)-3']
(Figures 3B, C, and 4B and C). The NMR titration ex-
periment yielded a Ky value for the hTra2-p RRM: [5-(U
CAAU)-3'] RNA complex of ~40uM (Gly121: 34.6 uM,
Phel23: 44.5uM and Tyrl51: 42.9uM). We obtained
almost the same Ky value (47.8 uM) from the ITC experi-
ment (Supplementary Figure S1C). The magnitude of the
chemical shift changes for [5-(UCAAU)-3] at a
protein:RNA molar ratio of 1:1 are small as compared
to those for [5-(GAAGAA)-3'], and are comparable to
those for [5-(AAAAAA)-3] (Figure 4A—C). Thus, the
binding of the short [5-(UCAAU)-3'] sequence to
the hTra2-p RRM was weaker, as compared to that of
the [5-(GAAGAA)-3'] sequence. The [5-(UCAAU)-3]
sequence contains the AA dinucleotides, which could fit
well in the AA recognition site on the B-sheet surface of
the hTra2-f RRM. However, the cytidine nucleotide
preceding the AA dinucleotides appears to be insufficient
to fix the A3 nucleotide of [S-(UCAAU)-3'] on the B-sheet
surface, as in the [5-(AAAAAA)-3'] sequence.

Different RNA-binding mode for the CAA sequence by
the hTra2-f§ RRM

In order to find additional factors facilitating the inter-
action between the hTra2-p RRM and the CAA
sequence, we analyzed the 13-mer RNA sequence on
exon 4 in the pre-mRNA of CGRP, ACUUCAACA
AGUU, with the Mfold program (38,39), which suggested
that this 13-mer sequence potentially adopts a stem-loop
structure. Expecting a more stable stem structure, we per-
formed several NMR experiments with the similar 14-mer
RNA sequence, GACUUCAACAAGUC. In the 1D
jump-and-return spectra for the 14-mer RNA molecule,
we observed five imino proton resonances, two sharp
ones and three broad and ambiguous ones
(Supplementary Figure S3A, top). NOEs between these
imino protons were observed in 1D-NOE and 2D ['H,
"H]-NOESY experiments with the jump-and-return pulse
train, which revealed that A2-U13 and C3-G12 formed
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stable core base pairs. In addition, other weak base pairs
are formed around the core base pairs (Supplementary
Figure S3C). As deduced from the Mfold program, the
14-mer RNA fragment could adopt the stem-loop struc-
ture, and the CAAC sequence in the 14-mer RNA
fragment might be located within the loop region
(Supplementary Figure S3C), although the base pairs in
the stem structure seem to be weak.

After the addition of the hTra2-f RRM to the 14-mer
RNA molecule, at a molar ratio of 1:1, we also observed
five imino proton resonances (Supplementary Figure S3A,
bottom). The assignments of these resonances were con-
firmed by the 1D NOESY and the 2D ['H, 'H]-NOESY
experiments. The four imino proton resonances of U4,
U5, G12 and GI13 were clear, while that of G1 was
broad (Supplementary Figure S3A, bottom; and
Figure 3B, right). The chemical shift values for the
imino protons of Gl, G12 and Ul3 did not change
between the protein-free and protein-bound forms. This
indicated that the stem-loop structure of the 14-mer RNA
is stabilized upon binding to the hTra2-f RRM.

We performed the NMR titration experiment for the
14-mer RNA molecule. Interestingly, although the
14-mer RNA lacked GAA tri-nucleotides in the loop
region, the [5-(GACUUCAACAAGUC)-3] sequence
strongly affected the protein resonances in the 2D ['H,
>NJ-HSQC spectra (Figure 3D). The chemical shift
changes were similar to those for the [5-(GAAGAA)-3']
sequence, and the amino acids on the N- and C-terminal
extensions were also significantly affected (Figures 3A and
4A; 3D and 4D). On the other hand, a detailed analysis of
the chemical shift changes revealed that the effects on
Glyl24 and the amino acid residues on the B4 strand
(Ile189-Vall191) were significantly smaller than for the
[5-(GAAGAA)-3'] sequence (Figure 4A and D). Instead,
the amino acid residues on the B2—p3 loop region, espe-
cially GIn153, were strongly affected by the addition of the
[5-(GACUUCAACAAGUC)-3'] RNA (Figure 4D). ITC
experiments yielded a Ky value of 3.48 uM for [5'-(GACU
UCAACAAGUCQ)-3] (Supplementary Figure S1D), in
good agreement with the NMR titration experiments.
Therefore, we conclude that the hTra2-f RRM can effi-
ciently recognize the CAA sequence when it is integrated
in the stem-loop structure.

DISCUSSION

Role of the N- and C-terminal extensions in RNA
binding by the hTra2-f§ RRM

When an RRM binds to the target RNA molecule, other
regions besides the core RRM body are involved in the
RNA recognition in several cases, such as the C-terminal
extension for Fox-1 (40) and UlA (41), the N-terminal
extension for the CUG-BP1 RRM3 (32), and both the
N- and C-terminal extensions for the hnRNP A1 RRMI
(42) and the RRMI1 of poly pyrimidine-tract binding
protein (the PTBP RRMI1) (43). Structural similarity
was especially observed in both the N- and C-terminal
extensions between the PTBP RRMI1 and the hTra2-f
RRM, when they were bound to their target RNAs
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Pro199

Figure 6. Comparison of ribbon representations of the hTra2-f RRM in complex with [5-(GAAGAA)-3'] RNA (A); and the first RRM domain of
poly pyrimidine-tract binding protein (PTBP RRMI1) (PDBID: 2AD9) (B). In both structures, the N-terminal extension is colored cyan (the
side-chain of the Pro residue in the N-terminal extension is depicted in blue), and the C-terminal extension is colored magenta (the side chain of
Pro199 of the hTra2-p RRM, and the Leu residue of the PTBP RRMI1 in the C-terminal extension are depicted in red). The side chain of the
aromatic ring residue located at the end of the f4 strand and the side chains interacting with the residue in the C-terminal extension on the f-sheet

surface are depicted in green. The RNA molecule is shown in gold.

(Figure 6B). In the PTBP RRMI1, even without an RNA
molecule, the C-terminal extension is fixed on and tra-
verses the [-sheet surface of the core RRM body,
because the hydrophobic aliphatic amino acid residue
(Leu) in the C-terminal extension interacts with the hydro-
phobic residues on the B-sheet surface (Figures 1B and
8B). When the target RNA molecule is located on the
B-sheet surface, several carboxyl oxygens and/or amide
protons of the C-terminal extension are involved in the rec-
ognition of the poly-pyrimidine tracts. On the other hand,
in the case of the hTra2-f RRM, there are no hydrophobic
aliphatic amino acid residues on the C-terminal extension,
corresponding to the above-mentioned Leu residue of the
PTBP RRMI1, for the interaction with the amino acid
residues on the B-sheet surface. Therefore, without the
RNA molecules, the C-terminal extension is rather
flexible and does not closely contact the B-sheet surface.
However, in the presence of the RNA molecule, Pro199 in
the C-terminal extension forms a van der Waals contact
with the aromatic ring of Tyrl65 on the B-sheet surface
(Figure 6A), and the C-terminal extension adopts a similar
conformation as seen in the PTBP RRM1 for the recog-
nition of the base moieties of the RNA molecule
(Figure 6A and B).

Simultaneously, in the cases of both the hTra2-f RRM
and the PTBP RRM1, several amino acid residues on the
N-terminal extension cover the nucleotides. Interestingly,
the hTra2-f RRM and the PTBP RRMI1 share common
structural features around the root of the N-terminal ex-
tensions: the presence of the Pro residue in the N-terminal
extension [corresponding to Pro116 in the hTra2-f RRM
(Figure 1B)], and that of the Phe residue at the end of the

4 strand (corresponding to Phel93 in the hTra2-f RRM)
(Figure 8A and B). The hydrophobic interactions between
these residues facilitate the folding of the N-terminal ex-
tension back onto the B-sheet surface, which mediates the
RNA recognition (Figure 8A and B).

Role of the aromatic amino acid residue with the unusual
alignment on the p-sheet surface

In the case of the hTra2-p RRM, the alignment of the
aromatic amino acid residues (Phel23, Phel61, Phel63
and Tyrl65) on the p-sheet surface is unusual, as
compared to that in the canonical RRMs, and the
amino-acid sequence of the Bl strand (RNP2) is distinct
from the consensus RNP2 sequence (Figure 7B, top). In
the canonical RRM, the second position of the B1 strand
is occupied by an aromatic amino acid residue, and the
fourth position contains a small amino acid residue, such
as Gly (as a representative canonical RRM, the RRM of
the RNA binding motif Y (RBMY) protein is shown in
Figure 7C, top). In contrast, in the hTra2-f RRM, the
second and fourth positions are occupied by Glyl21 and
Phel23, respectively (Figure 7B, top).

A search of the structural database revealed that the
atypical RRM domain of the mouse Nup35 protein also
has the same aromatic alignment on its B-sheet surface
(Figure 7A, top) (44). However, the Nup35 RRM report-
edly lacks RNA binding activity. Instead, it mediates
protein-protein interactions and acts as a homo-
dimerization domain (Figure 7A, middle and bottom).
For the homodimerization, the aromatic rings of the Phe
residue at the fourth position of the 1 strand and the Trp
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Figure 7. Comparison between the Nup35 RRM (PDBID: IWWH) (A), the hTra2-p RRM (B) and the RBMY RRM (PDBID: 2FY1) (C). Top
panel: Schematic representation of the amino acids on the B-sheet surface for the Nup35 RRM, the hTra2- RRM and the RBMY RRM.
Solvent-exposed amino acids are colored black, glycine residues are cyan, and aromatic amino acids are green or magenta. Amino acids involved
in the core formation are indicated by faint colors. Middle panel: Ribbon representations of the tertiary structures of the homodimerized Nup35
RRM, the hTra2-p RRM in complex with [5-(GAAGAA)-3'], and the RBMY RRM in complex with the target RNA molecule. Bottom panel:
Close-up view of the interaction site on the B-sheet surface with the target molecules for the Nup35 RRM, the hTra2-f RRM and the RBMY RRM.
The aromatic side chains, colored green or magenta in the top panel, are shown on the tertiary structures in the middle and bottom panels.

residue at the first position of the B3 strand face each other
to form a concave surface, for the accommodation of the
side chain of the Met residue on the other Np35 molecule
(Figure 7A, middle and bottom). Thus, the aromatic
concave surface mediates the protein-protein interactions
(Figure 7A, middle and bottom). On the other hand, in the
complex structure between the hTra2-p RRM and the
[5-(GAAGAA)-3] RNA sequence, the x' angle of
Phel23 in the hTra2-f RRM (—60°) is different from
that of the corresponding Phe residue in the Nup35
RRM (+60°) (Figure 7A and B, bottom). Therefore,
Phel23 of the hTra2-p RRM cannot form a concave
surface with the Phe residue at the first position of the
B3 strand. Accordingly, in the hTra2-f RRM, the
aromatic ring of Phel23 interacts with that of Phel63,
located at the third position of the B3 strand, to form a
convex surface that stacks with the base moieties of the
GAA tri-nucleotides (Figure 7B, middle and bottom).
The position of the Gly residue on the B-sheet surface
might play a significant role in the control of the x' angle
of the Phe residues at the fourth position of the 1 strand,
for both the Nup35 RRM and the hTra2-f RRM. In the

Nup35 RRM, the Gly residue is located at the first
position of the B4 strand (on the left side of the discussed
Phe residue) (Figure 7A, top). On the other hand, in the
hTra2-f RRM, the Gly residue is located at the second
position of the B1 strand, two residues apart from Phel23
in the same strand (Figure 7B, top). Consequently, the
aromatic ring of this Phe residue occupies the space just
above the Gly residue. In order to avoid steric hindrance
on the B-sheet surface, the x' angle of Phel23 in the
hTra2-p RRM and that of the corresponding Phe
residue in the Nup35 RRM are —60° and +60°, respect-
ively (Figure 7A and B).

Recognition of the consecutive purine bases by the
hTra2-p RRM

As described above, two well-conserved aromatic
amino-acid residues are present in the centers of both
RNP2 and RNPI in the canonical RRM, respectively. A
survey of the RNA recognition mode by RRM (45)
revealed that consecutive nucleotides (5'-[N1-N2J-3") are
normally stacked with these aromatic side-chains; for
instance, N1 was stacked with the aromatic amino-acid
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Figure 8. The two RNA binding modes of the hTra2-} RRM. (A) The model structure of the hTra2-p RRM in complex with the
[5-(GACUUCAACAAGUC)-3'] sequence. The protein structure is represented by a pink ribbon model, which is colored according to the magnitude
of the chemical shift perturbation in Figure 4D. The side chains of the amino acid residues that undergo significant chemical shift changes upon
binding to [5-(GACUUCAACAAGUC)-3'] RNA are represented, and are colored green. The RNA is colored light yellow. In addition, the atoms of
the RNA molecule are colored red (oxygen) and blue (nitrogen). (B) The [5'-(GAAGAA)-3'] sequence was superimposed on the modeled structure of
the complex between the hTra2-f RRM and [5-(GACUUCAACAAGUC)-3'], and a close-up view of the interaction surface of the hTra2-p RRM
with each RNA molecule is represented. The [5'-(GAAGAA)-3'] RNA is colored light cyan.

residue on RNP2 (N1 position), and N2 was stacked with
that on RNP1 (N2 position). In the case of the hTra2-B
RRM, the bases of A5 and A6 occupy the space corres-
ponding to the N1 and N2 positions of the canonical
RRM, although the well-conserved aromatic amino-acid
residue on RNP2 is missing. In addition, as in the canon-
ical RRM, the backbone amide protons and carboxyl
oxygen atoms of the N- and C-terminal extensions, as
well as several side-chain atoms, are involved in the for-
mation of specific hydrogen bonds to the two adenine
bases (Figure 5D), as previously described (46).
Furthermore, the canonical RRM accommodates add-
itional nucleotides that precede N1 and follow N2,
referred to as NO and N3, respectively. The NO nucleotide
is located on the B1 and B4 strands (N0’ position) or in a
binding pocket formed by the Bl-ol and B2—B3 loop (NO”
position). The N3 nucleotide is located on the B2 strand
(N3’ position) or is stacked on the N2 nucleotide (N3”
position). The molecular informatics analysis indicated
that in the canonical RRMs, a uracil nucleotide frequently
occupies the NO' and NO” positions (45), especially in the
case of the NO' position. In the hTra2-p RRM, the purine
base of G4 occupies the position corresponding to the N0’
position in the canonical RRM. The unusually-positioned
Phel23 enables the guanine base moiety to be situated in
close proximity to the following adenine base moiety, for
the formation of the hydrogen bond network between
these base moieties, G4 and A5, along with Argl90 and
Aspl192. This interaction is quite important for the recog-
nition by the hTra2-f RRM. Thus, the replacement of the
guanine nucleotide with another type of nucleotide is

expected to disrupt the attachment of the A5 nucleotide
on the B-sheet surface and dramatically weaken the inter-
action between the hTra2-f RRM and RNA molecules.
Actually, the hTra2-f RRM could not bind tightly to the
[5-(AAAAAA)-3'] sequence.

Consequently, in the hTra2-p RRM, the consecutive
GAA nucleotides are located at the N0, N1, and N2 pos-
itions, respectively, and the NO’ position plays a crucial
role in the recognition of the purine stretch. We found
RRMs that recognize consecutive purine stretches con-
taining guanine nucleotides as target RNA sequences
(UAGG sequence for the hnRNP Al RRMI, and
GAGA sequence for the Prp24 RRM?2). In the hnRNP
Al RRMI1, the AGG nucleotides are located at the NI,
N2 and N3’ positions, respectively (42). Similarly, in the
Prp24 RRM2, the GAG nucleotides occupy the N1, N2
and N3’ positions, respectively (47). Therefore, among the
RRMs that recognize such a purine stretch, the hTra2-8
RRM is considered to be unique, in that the NO' position
is utilized as the crucial recognition site for the purine
nucleotide.

The two RNA binding modes of the hTra2-p RRM

The weak binding of the hTra2-f RRM to the [5-(UCAA
U)-3'] sequence can also be explained by the disruption of
the hydrogen bond network at the N0’ position, although
the CAA sequence is a target candidate for hTra2-f. In
order to resolve this apparent contradiction, we
investigated the binding of the hTra2-f RRM to the
longer RNA sequence, [5-(GACUUCAACAAGUCQC)-3].
Interestingly, the hTra2-p RRM bound this RNA



sequence as tightly as the [5-(GAAGAA)-3'] sequence,
and the titration experiment using the 2D ['H, '’NJ-
HSQC spectra for the [5-(GACUUCA ACAAGUCQ)-3]
sequence revealed that, unlike the [5-(GAAGAA)-3']
sequence, several resonances originating from the p2—p3
loop were affected. These results indicate that the f2—p3
loop is involved in the recognition of the longer RNA
sequence, and compensates for the decreased binding
affinity for the [5-(UCAAC)-3'] sequence. In addition,
the chemical shift perturbations on the 4 strand and in
the bottom region of the B1 strand, where A3 and G4 are
located, are smaller in the case of the [Y-(GACUUCAAC
AAGUC)-3'] sequence. This suggests that the binding
mode on the B-sheet surface is different, and that the
pocket for the A3 and G4 base moieties is not utilized.
In addition, as described above, the [5'-(GACUUCAACA
AGUCQ)-3'] sequence forms a stem-loop structure, and the
CAAC sequence is in the single-stranded form. We found
that the stem structure of the 14-mer RNA molecule is
stabilized upon binding to the hTra2-f RRM.

When we searched for the complex structures of the
RRMs that have the canonical aromatic alignment on
the B-sheet surface and recognize an RNA fragment con-
taining an AA dinucleotide, we found that this was the
case for the RRMs of Poly-A binding protein (PABP) and
RBMY (48,49). Considering the syn-anti conformations of
these two nucleotides, the locations of these adenosine
nucleotides on the B-sheet surface are very similar
between the hTra2-f RRM and the RBMY RRM
(Figure 7B and C). In the case of the RBMY RRM, the
cytidine nucleotide just preceding the AA dinucleotide
(cytidine nucleotide) is located near the edge of the Bl
strand (NO” position), and thus is rather far away from
the base moiety of the following adenosine nucleotide.
Therefore, the stem-loop structure is considered to be ne-
cessary to tightly fix the target RNA on the B-sheet surface
of the RBMY RRM. The hTra2-f RRM may recognize
the CAA sequence integrated within the stem-loop struc-
ture in a similar manner.

On the basis of a comparison with the RBMY RRM in
the complex with the target RNA and the results of several
NMR experiments, we suggested a model structure of the
hTra2-B RRM in complex with [5-(GACUUCAACAAG
UC)-3'], as shown in Figure 8. In the model, the hTra2-
RRM recognizes the single-stranded region of the [5'-(GA
CUUCAACAAGUC)-3'] RNA (mainly the AA dinucleo-
tide) on its B-sheet surface, and interacts with the stem
region of RNA by using the loop region between the B2
and B3 strands of the hTra2-p RRM. Therefore, the stem
structure of the [5-(GACUUCAACAAGUC)-3'] may
interact with the B2-B3 loop, and assist in the interaction
between the hTra2-f RRM and the 14-mer RNA molecule
(Figure 8). The hTra2-f RRM may recognize two RNA
sequences according to the structure of the RNA
molecule: in an extended form, as in the AGAA
sequence, or in a stem-loop structure, as observed in the
[5-(GACUUCAACAAGUCQ)-3] sequence. Furthermore,
it is conceivable that hTra2-8 binds to the GAA sequence
to annecal the secondary structure of the target RNA,
while it stabilizes the stem-loop structure by interacting
with the CAA sequence.

Nucleic Acids Research, 2011, Vol. 39, No.4 1551

The present structural study revealed the dual RNA
recognition and discrimination mechanisms of the
hTra2-B protein. Since the hTra2-B protein functions
together with other splicing factors, precise structural
analyses of these factors, including the RNA molecules,
will be required to clarify the mechanism of the alternative
splicing system.
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