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Functional stabilization of an RNA recognition motif
by a noncanonical N-terminal expansion
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ABSTRACT

RNA recognition motifs (RRMs) constitute versatile macromolecular interaction platforms. They are found in many components
of spliceosomes, in which they mediate RNA and protein interactions by diverse molecular strategies. The human U11/U12-65K
protein of the minor spliceosome employs a C-terminal RRM to bind hairpin 11l of the U12 small nuclear RNA (snRNA). This
interaction comprises one side of a molecular bridge between the U11 and U12 small nuclear ribonucleoprotein particles
(snRNPs) and is reminiscent of the binding of the N-terminal RRMs in the major spliceosomal U1A and U2B” proteins to hairpins
in their cognate snRNAs. Here we show by mutagenesis and electrophoretic mobility shift assays that the B-sheet surface and a
neighboring loop of 65K C-terminal RRM are involved in RNA binding, as previously seen in canonical RRMs like the N-terminal
RRMs of the UTA and U2B” proteins. However, unlike UTA and U2B”, some 30 residues N-terminal of the 65K C-terminal RRM
core are additionally required for stable U12 snRNA binding. The crystal structure of the expanded 65K C-terminal RRM
revealed that the N-terminal tail adopts an a-helical conformation and wraps around the protein toward the face opposite the
RNA-binding platform. Point mutations in this part of the protein had only minor effects on RNA affinity. Removal of the
N-terminal extension significantly decreased the thermal stability of the 65K C-terminal RRM. These results demonstrate that
the 65K C-terminal RRM is augmented by an N-terminal element that confers stability to the domain, and thereby facilitates
stable RNA binding.

Keywords: crystal structure; RNA recognition motif (RRM); RNP motif; U11/U12-65K protein; U11/U12 di-snRNP; U1A
protein; U2B” protein; X-ray crystallography

INTRODUCTION conformational rearrangements are required to bring about
a catalytically activated spliceosome (for review, see Reed
and Palandjian 1997; Burge et al. 1999; Brow 2002; Nilsen
2003; Will and Lihrmann 2006). Thus, spliceosome func-
tion critically relies both on persistent as well as on tran-
sient interactions among its building blocks.

Two types of spliceosomes have been identified in higher
eukaryotes (for review, see Burge et al. 1999; Will and
Lihrmann 2005): the U2-dependent (major) spliceosome
and the Ul2-dependent (minor) spliceosome. The major
spliceosome excises U2-type introns, which represent the
vast majority of pre-mRNA introns. The minor spliceo-
some removes Ul2-type introns, which make up less than
1% of all noncoding sequences in humans (Burge et al.
1998; Levine and Durbin 2001). The two types of spliceo-

Spliceosomes are multisubunit RNA—protein enzymes that
catalyze pre-mRNA splicing, i.e., the removal of noncoding
sequences (introns) from precursor messenger RNA (pre-
mRNA) and the concomitant ligation of coding regions
(exons) (for review, see Burge et al. 1999). Unique among
other large, composite enzymes, spliceosomes assemble
only in the presence of a substrate. Spliceosome assembly
entails the stepwise binding of uridine-rich small nuclear
ribonucleoprotein particles (U snRNPs) and numerous
non-snRNP splicing factors on a pre-mRNA. After initial
buildup of a pre-catalytic particle, major compositional and

Reprint requests to: Markus C. Wahl, Max-Planck-Institut fiir Bio-

physikalische Chemie, AG Makromolekulare Rontgenkristallographie Am
Faflberg 11, D-37077 Gottingen, Germany; and Freie Universitit Berlin
Fachbereich Biologie, Chemie, Pharmazie, Institut fiir Chemie und
Biochemie, AG Strukturbiochemie, Takustrafle 6, D-14195 Berlin, Ger-
many; e-mail: mwahl@gwdg.de; fax: 49-30-838-56702.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.1359909.

RNA (2009), 15:1305-1313. Published by Cold Spring Harbor Laboratory Press. Copyright © 2009 RNA Society.

somes utilize different, but functionally analogous, snRNPs.
The major spliceosomal Ul, U2, and U4/U6 snRNPs are
replaced, respectively, by the U11, U12, and U4atac/U6atac
snRNPs in the minor spliccosome. The U5 snRNP is
common to both spliceosomes.
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The snRNPs are composed of a
unique snRNA, a set of seven Sm or
Sm-like (LSm) proteins, and a varying
number of particle-specific proteins (for
review, see Will and Lithrmann 1997).
Analogous major and minor spliceoso-
mal snRNPs differ either with respect to
their RNA components only (U4/U6
versus U4atac/U6atac) or with respect
to both their snRNAs and their specific
proteins (Ul and U2 versus U11/U12).
Unlike Ul and U2 in the major spli-
ceosome, Ull and Ul2 form a stable
di-snRNP, even in the absence of the
pre-mRNA (Frilander and Steitz 1999;
Will et al. 2004). While the Sm proteins
and the multicomponent splicing fac-
tor SF3b are present both in the major
U1 and U2 snRNPs and the minor U11/
Ul12 di-snRNP, seven proteins not
found in U1 or U2, denoted 65K, 59K,
48K, 35K, 31K, 25K, and 20K, stably
interact with the human U11/U12 di-
snRNP (Will et al. 2004). Interestingly,
some of these U11/Ul2-specific pro-
teins exhibit similarities to Ul-specific
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FIGURE 1. (A) Structure-based sequence alignment of 65K>%>17 U1A-nRRM, and U2B"-
nRRM. The secondary structure elements (labeled black bars) of 65K>*°!7 are depicted above
the alignment, the secondary structure of ULIA-nRRM and U2B”-nRRM is shown below the
alignment. The RNP1 and RNP2 consensus sequences are shown in bold letters. Invariant
residues are shown with a gray background. (B) Secondary structure of the RNA ligands of
65K-cRRM (U12 snRNA hairpin III), UIA-nRRM (U1 snRNA hairpin II), and U2B”-nRRM
(U2 snRNA hairpin 1V).

proteins. The domain structure of the

U1C protein, for example, is mirrored in the U11/U12 20K
protein; the U11/U12-specific 35K protein resembles the
Ul 70K protein and the organization of the U11/U12-65K
protein is reminiscent of the UIA and U2B” proteins
(Benecke et al. 2005). These U11/U12-specific proteins
may, therefore, functionally replace the respective Ul- or
U2-specific proteins in the minor spliceosome.

RNA recognition motifs (RRMs) constitute one of the
most versatile macromolecular interaction modules, which
can support RNA or protein binding by using diverse inter-
action surfaces (Maris et al. 2005). Spliceosomes make ample
use of these multipurpose interaction modules. For exam-
ple, the U11/U12-65K protein serves as a bridging factor
between the U11 and U12 snRNPs (Benecke et al. 2005). It
contains two RRMs connected by a linker that includes a
proline-rich region. U11/U12-65K binds to the Ul1-associated
59K protein via its N-terminal half and to hairpin III
of Ul2 snRNA using its C-terminal RRM (65K-cRRM)
(Benecke et al. 2005). 65K-cRRM exhibits high-sequence
similarity to the N-terminal RNA recognition motifs of the
UlA and U2B” proteins (U1A-nRRM, U2B”-nRRM) (Fig.
1A), suggesting that the three RRMs have evolved from a
common ancestor by gene duplication and subsequent
diversification (Bandziulis et al. 1989; Benecke et al. 2005).

The homology of the 65K-cRRM and the U1A/U2B"-
nRRMs is paralleled by the similarity of their RNA tar-
gets (Fig. 1B). Human 65K-cRRM has been shown to
bind to nucleotides 109-125 at the 3’-end of Ul12 snRNA,
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which forms hairpin III comprising a 5-base-pair (bp) stem
and a 7-nucleotide (nt) loop (Benecke et al. 2005). The
UlA and U2B”-nRRMs bind to the Ul snRNA hairpin II
and the U2 snRNA hairpin IV, respectively, which exhibit
similar global structures, but different sequences (Fig. 1B).
Here, we have analyzed the RNA-binding determinants in
human 65K-cRRM. Guided by the comparison of our
crystal structure of an expanded 65K-cRRM with the U1A
and U2B”-nRRMs, we introduced mutations and tested
their effects on RNA binding in electrophoretic mobility
shift assays (EMSA). Our results reveal that 65K-cRRM
employs the same structural elements for RNA binding as
the UlA and U2B”-nRRMs. A unique feature of the 65K-
cRRM is an N-terminal expansion that apparently forms an
integral element of the overall fold. Consistent with this
noncanonical architecture, thermal unfolding and RNA-
binding experiments suggested that the N-terminal ex-
pansion lends stability to the otherwise marginally stable
65K-cRRM structure, which, in turn, bestows the protein
with the capacity to stably interact with its target RNA.

RESULTS AND DISCUSSION

The core of the U11/U12-65K C-terminal RRM fails
to bind RNA

RRMs are about 80-90 amino acids in length and adopt an
o/B-sandwich structure. The minimal domain comprises
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four B-strands that form an anti-paral-
lel B-sheet in the spatial order B4-B1-

GST-65K*"
2 5 101520 35 50

GST-65K=
2 5 10 15 20 35 50 uM

GST-B5K""**
2 5 10 15 20 35 50

B3-B2 with two «-helices packed
against one face of the sheet. In many
cases an additional B-hairpin structure
(comprising B3’ and B3”) is inter-
spersed between strands B3 and B4.
Canonical RRMs bind single-stranded
RNA regions by splaying them out
across their B-sheet surface. Two highly
conserved sequence motifs, RNP1 and

—————

Uq2'ee

——--LII“----

RNP2, located on the central strands B3 1
and B1, respectively, comprise aromatic
residues that interact with the nucleic
acid bases to build up an “inter-
molecular hydrophobic core” (Kranz
and Hall 1999). Additionally, these res-
idues participate in intramolecular
interaction networks, which ensure proper orientation of
other parts of the domain (Kranz and Hall 1998, 1999).
Loop regions neighboring the -sheet confer specificity for
a particular RNA ligand (Scherly et al. 1990a; Allain et al.
1997; De Guzman et al. 1998; Maris et al. 2005). More
recently, a number of RRMs and RRM-related proteins
have been shown to bind RNA also by other strategies
(Maris et al. 2005; Dominguez and Allain 2006; Skrisovska
et al. 2007; Clery et al. 2008).

In the U11/U12-65K protein of the minor spliceosome,
a fragment encompassing residues 380-517 (65K°**'7)
was found to bind stem-loop III of the Ul2 snRNA
(Benecke et al. 2005). RNA loop nucleotides and the
loop-closing base pair, as well as the presence of a stem-
structure, were shown to be required for binding by 65K
cRRM (Benecke et al. 2005). It remained unclear, however,
which protein elements were involved in the binding
of the RNA. 65K°*°>'7 contains the 65K-cRRM and
additional sequences at both termini. In order to further
explore the RNA-binding characteristics of 65K-cRRM
and compare them with the homologous UIA-nRRM and
U2B''-nRRM, we generated a protein fragment, 65K*''
which encompasses the predicted core RRM fold, but lacks
the terminal expansions. Using gel-shift assays, we tested
the binding of a N-terminal GST fusion of 65K*''% to a
RNA oligomer comprising U12 snRNA residues 109-125
(stem—loop III) (Fig. 1B), which was also used in previous
interaction studies with 65K>%°>17 (Benecke et al. 2005).
Surprisingly, we failed to detect any binding of the
shortened 65K*''™% variant to the Ul2 stem—loop III
oligo (Fig. 2, lanes 9-15).

65K*""™°% Jacks 31 residues at the N terminus and 11
residues at the C terminus compared with the expanded
65K>%17. We next tested which of these tails facilitates
RNA binding. A N-terminal GST fusion of 65K’**>%
encompassing the core RRM plus the N-terminal ex-
pansion efficiently bound the Ul2 stem-loop III oligo

>

2 3456 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22

FIGURE 2. A role for the N-terminal expansion of the 65K C-terminal RRM in RNA binding.
Band-shift analysis monitoring binding of [**P]-labeled U12 snRNA residues 109125 (stem—
loop III) to GST fusions of 65K**°'7 (lanes 1-8), 65K*'7>% (comprising the RRM core only;
lanes 9-15), and 65K***~% (comprising the RRM core and the N-terminal expansion; lanes
16-22). The concentration of protein added to each reaction is indicated above each lane.

with an apparent Ky of ~9 uM (Fig. 2, lanes 16-22).
The C-terminal appendix, additionally contained in frag-
ment 65K°*°", failed to further enhance RNA binding
(Fig. 2, lanes 1-8). Instead, the C-terminal tail exerted a
slight inhibitory effect; 65K°**°'” bound the RNA with an
apparent Ky of around 16 pM (after removal of the tag,
we measured an apparent Ky of ~11 pM, comparable
to the value reported previously) (Benecke et al. 2005).
This inhibitory effect of the C-terminal tail is reminis-
cent of a number of other RRMs, in which residues
C-terminal of the anti-parallel B-sheet fold as a short
a-helix that partially occupies the RNA-binding site (Avis
et al. 1996). Taken together, these results demonstrate
that some 30 residues N-terminal of the 65K-cRRM
core are necessary for stable interaction with Ul2 stem-—
loop IIL

K380—51 7

The crystal structure of 65 reveals a

N-terminal clamp

Previous studies of RRM-containing proteins failed to
detect a requirement for an analogous N-terminal expan-
sion for RNA binding. Among 65K proteins from different
species, however, the 30 residues preceding the C-terminal
RRM core are highly conserved (for example, the human
and Xenopus laevis 65K proteins exhibit 68% sequence
identity in that region) (Benecke et al. 2005). In order to
explore the role of this structurally unique expansion for
the function of the 65K-cRRM, we determined the crystal
structure of human 65K>*°", 65K7%°!7 was crystallized
by the sitting drop vapor diffusion technique, yielding
small needles with a reservoir comprising PEG3350
and LiCl. The structure was solved by molecular replace-
ment using the structure coordinates of UlA-nRRM
(from PDB ID 1URN) (Oubridge et al. 1994) and refined
at 2.5 A resolution. The final model exhibited Ryon/Riree
factors of 19.4/25.2% and maintained good stereochemistry
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TABLE 1. Crystallographic data and refinement

Data collection

Wavelength (A) 0.984
Temperature (K) 100
Space group C2
Unit cell parameters (;\, )

a 91.0

b 33.5

C 49.3

B 96.6
Resolution (A) 50.0-2.5 (2.59-2.50)
Reflections

Unique 5299 (527)

Completeness (%) 99.9 (100.0)

Redundancy 3.5 (3.3)
/o (1) 9.6 2.2)
Resym(l) 10.8 (56.3)

Refinement

Resolution (/Z\) 30.0-2.5 (2.56-2.50)?
Reflections

Number 5283

Completeness (%) 99.7 (99.5)

Test set (%) 10.7
Ruvork 19.4 (23.6)
Riree” 25.2 (35.8)
ESU (A)? 0.184
Contents of the asymmetric unit

Protein molecules/residues/atoms 1/120/982

Water oxygens 84
Mean B-factors (/0\2)

Wilson 33.8

Protein 32.8

Water 34.6
Ramachandran plot® (%)

Preferred 96.6

Allowed 3.4

Disallowed 0
RMSD' from target geometry

Bond lengths (A) 0.008

Bond angles (°) 1.18
RMSD B-factors (A2)

Main chain bonds 0.40

Main chain angles 0.65

Side chain bonds 1.12

Side chain angles 1.90
PDB ID 3EGN

“Data for the highest resolution shell in parentheses.

PRyym(D) = SpaZi| hthkD)-<I(hkl)>| / 33| K(hkD)|; for n independent
reflections and i observations of a given reflection; <iI(hkl)>,
average intensity of the i observations.

‘R= 2hkl| |F0bs|'|FCa|c| |/Ehk||Fobs|; Rwork — hkl & T/' Rfrcc —hkl e T/' T/
test set.

d(ESU) Estimated overall coordinate error based on maximum
likelihood.

®Calculated with Molprobity (http://molprobity.biochem.duke.edu/).
f(RMSD) Root-mean-square deviation.

(Table 1). Residues 387-506 could be unequivocally traced
in the electron density of the protein (Fig. 3A).

In agreement with domain prediction algorithms (de
Castro et al. 2006; Letunic et al. 2006), residues 417-501

1308  RNA, Vol. 15, No. 7

comprise an archetypal core RRM fold. The minimal motif
is augmented by an a-helical insertion (residues 449-454;
helix a1’) after the first a-helix (Fig. 3A, cyan). Residues
C-terminal of the core RRM lack regular secondary
structure and are disordered beyond residue 506. The
ordered portion of the C-terminal tail runs along one edge
of the B-sheet and covers a peripheral portion of the
B-sheet surface (Fig. 3A, black).

The amino acids comprising the N-terminal expansion
form two short a-helices (Fig. 3A, helices a A, aB), one 3;¢-
helix (Fig. 3A, 310A), and a long loop. These elements run
along one side of the B-sheet and reach around to the
opposite a-helical side of the core RRM like a clamp (Fig.
3A). The N-terminal expansion appears to be stably fas-
tened to the core RRM by extensive hydrophobic inter-
actions and additional hydrogen bonds (Fig. 3B). Overall,
1766 A* of combined surface area are covered between the
core RRM and the N-terminal expansion (residues 387—
417). Thus, the structure suggests that the additional
elements are an integral part of the domain fold. A search
for structural homologs using the DALI server (Holm and
Sander 1993) did not reveal any other known RRM
structure with a similar N-terminal appendix.

65K C-terminal RRM employs canonical motifs
to bind RNA

Since part of the N-terminal expansion of 65K>*°'7 is

neighboring the canonical RNA-binding (-sheet surface
(Fig. 4A), it is conceivable that the N terminus is directly
involved in RNA binding by the 65K-cRRM. Alternatively,
it may play primarily a role in the structural integrity of the
protein. To distinguish between these possibilities, we first
asked whether the 65K-cRRM employs the canonical RRM
structural elements for RNA binding. In UlA-nRRM,
mutational and structural studies have revealed residues
and regions that are critical for RNA binding (Nagai et al.
1990; Jessen et al. 1991; Oubridge et al. 1994). We therefore
identified analogous residues in 65K-cRRM based on our
structure-based sequence alignment (Fig. 1A), introduced
the corresponding mutations, and tested RNA binding of
the mutant proteins by EMSA.

In UlA-nRRM, mutations of aromatic residues on the
B-sheet in RNP1 and RNP2 exert a large effect on RNA
binding (Nagai et al. 1990; Jessen et al. 1991). Tyr423 from
RNP2 of 65K-cRRM corresponds to the essential Tyr13 of
UlA (Figs. 1A, 4A). Even the conservative mutation
Tyr13Phe abolished RNA binding of UIA-nRRM entirely
(Oubridge et al. 1994). We therefore converted Tyr423 of
65K°**>'7 to an alanine and a phenylalanine and tested
RNA binding of the mutant proteins. In complete analogy
to the UIA-nRRM, both mutations essentially abolished
binding to the U12 stem-loop III (Fig. 4B, cf. lanes 1-7 and
lanes 8—14). These results confirm that the B-sheet surface
of 65K-cRRM is involved in RNA binding.
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i:: X4
A\l

U1A-nRRM

N-terminal = N-terminal
expanion / expanion

N-terminal N-terminal
expanion expanion

FIGURE 3. Structure of 65K°%°°'7. (A) Stereo ribbon plot of the expanded 65K-cRRM. (Top)
Front view; (bottom) side view. Relative orientations are indicated. Secondary structure
elements and termini are labeled. a-helices, blue; B-strands, red. An additional a-helix («1’) in
65K>°'7 is shown in cyan. The N-terminal expansion (380—417) is in green. The inset shows
the N-terminal RRM of UIA (Nagai et al. 1990) in the same orientation for comparison. (B)
Stereo plot illustrating the interaction of the N-terminal expansion (green) with the RRM core
(gray). (Top) Front view as in the top of A; (bottom) top view. Relative orientations are
indicated. Interacting side chains are shown as sticks and color coded by atom type. Carbon, as
the respective fragments; nitrogen, blue; oxygen, red; sulfur, yellow. Dashed lines indicate
hydrogen bonds, most of which involve backbone functionalities.

between strands B2 and B3 protrudes
through the RNA loop and aids in
splaying out the single-stranded portion
of the RNA. A number of positively
charged residues in this loop contact
the phosphodiester backbone or the
bases of the RNA. In UlA, mutation
of Lys50 in the 32—33 loop to a gluta-
mine leads to a 10- to 50-fold reduction
in RNA affinity (Nagai et al. 1990;
Oubridge et al. 1994). Lys50 is conser-
vatively replaced by Arg464 in 65K-
cRRM (Figs. 1A, 4A). We mutated
Arg464 to a glutamine and observed a
~30-fold reduction in the apparent
K4 determined by EMSA (Fig. 4B, lanes
15-21).

Arg52 in the B2-B3 loop of UlA
interacts with the RNA loop-closing
base pair in a sequence-specific manner.
Upon mutation to a glutamine, RNA
affinity of UlA-nRRM is lost, while
the more conservative replacement with
a lysine retains partial RNA binding
(Nagai et al. 1990; Oubridge et al
1994). In 65K-cRRM, Arg52 is replaced
by Lys466 (Figs. 1A, 4A). We tested the
function of Lys466 in 65K-cRRM by
introducing a glutamine at this posi-
tion. Analogous to the situation in UIA,
the Lys466Gln mutation entirely abro-
gated RNA binding, as monitored by gel
shifts (Fig. 4B, lanes 22-28).

The B2-B3 loop in 65K-cRRM is
shorter (six residues) than the corre-
sponding loops in U1A or U2B"” (nine
residues). However, it has been shown
that the length of this loop varies accord-
ing to the size of the loop of the RNA
ligand (Katsamba et al. 2002). Consis-
tently, the RNA target of 65K-cRRM
exhibits a correspondingly shorter loop
(7 nt) compared with the RNA targets of
UlA and U2B”-nRRMs (10 nt) (Fig.
1B). We conclude that similar to the
situation in UlA and U2B”-nRRMs,
the RNA-binding activity of the B2—3
loop of 65K-cRRM is involved in RNA
binding.

Taken together, the above data sug-

In many RRMs, less-conserved residues located primarily =~ gest that 65K-cRRM binds hairpin IIT of U12 snRNA via
in loops of variable length that connect the B-strands are  structural elements that are also employed by canonical
responsible for sequence-specific recognition of the RNA  RRMs, such as UlA-nRRM, for RNA binding (i.e., the
targets (Scherly et al. 1990a; Allain et al. 1997; De Guzman  [(-sheet surface and the 32-f3 loop). However, we cannot
et al. 1998). As shown for U1A and U2B’'-nRRMs, theloop  exclude the possibility that the RNA comes to lie on these
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elements in a different orientation as,
for example, in UlA-nRRM, and addi-
tional regions of 65K-cRRM may con-
tribute to RNA binding. Novel modes of
RNA binding have recently been
observed in a number of noncanonical
RRMs (for a recent review, see Clery
et al. 2008).

Notably, the overall RNA-affinity of
65K-cRRM (which lies in the micromo-
lar range) is significantly lower than the
affinity of UIA-nRRM to its cognate
RNA (which is in the nanomolar range)
(Nagai et al. 1990; Hall and Stump
1992; Katsamba et al. 2002). Presently,
we cannot pinpoint the exact source for
this differential affinity. Most likely it
arises from a number of changes on
both the protein and the RNA.

The N-terminal expansion
influences RNA binding primarily
by stabilizing the fold of the core
RRM

To test whether the N-terminus directly
participates in RNA binding, potential
RNA-contacting residues were mutated,
and the mutants were tested in gel-shift
assays. In the 65K°**>'7 structure, part
of the N-terminal expansion borders the
canonical RNA-binding surface (Fig.
4A). In particular, Val409 and Arg4l1l
from the N-terminal extension may ap-
proach an RNA ligand and foster direct
contacts (Fig. 4A). We separately mu-
tated Val409 to alanine and Arg4ll to
glutamine. Both mutations caused a
small decrease in RNA affinity (appar-
ent Ky's of the GST-fusion proteins
were estimated at ~50 and ~30 pM,
respectively). The moderate effects on
RNA binding suggest that some residues
in the N-terminal extension may di-
rectly contact the RNA ligand. How-
ever, the putative contact points do not
appear to be essential.

We next asked whether the N-terminal
expansion is important for the overall
stability of the domain. Using a fluores-
cence-based thermal melting assay
(Semisotnov et al. 1991), we compared
the stabilities of 65K-cRRM constructs
including (65K**°'” and 65K>**7°%) or
lacking (65K*1°%)  the N-terminal
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FIGURE 5. Fluorimetric melting analysis. Melting profiles of
65K*"17% (gray curve), 65K°%°°% (light gray curve), and 65K>%°~"7
(black curve). The curves were obtained by heating protein samples in
the presence of SYPRO Orange and monitoring the fluorescence of
the dye. Melting temperatures, indicated by vertical lines, were taken
as the midpoints of the cooperative transitions.

expansion (Fig. 5). 65K>*°" and 65K’**% exhibited
melting temperatures (T,,) of 52°C and 54°C, respectively.
In sharp contrast, 65K*''7°%%, lacking the N-terminal expan-
sion, melted with a T,, of 36°C. Furthermore, the initial
fluorescence of the 65K*''% sample was significantly
higher than that of 65K°**% or 65K”**°"7, suggesting that
the integrity of its hydrophobic core was corrupted already at
lower temperatures. These data show that the N-terminal tail
strongly stabilizes the core RRM. We suggest that this
stabilization is important for RNA binding by supporting
the appropriate folding and orientation of RNA-binding
elements.

Outlook: Modifying protein function by domain
expansions

Disorder predictions (Linding et al. 2003; Dosztanyi et al.
2005; Prilusky et al. 2005) suggest that the N-terminal
expansion of the 65K-cRRM is intrinsically unstructured.
Natively unfolded proteins or intrinsically unstructured
regions in proteins undergo disorder-to-order transitions
upon binding to an interaction partner such as another
protein or a nucleic acid ligand (Wright and Dyson 1999).
The N-terminal expansion of the 65K-cRRM seems to

behave intramolecularly in an analogous fashion. Upon
binding to the core domain, it adopts a regular secondary
structure.

Recently, the structures of predicted domains in some
other spliceosomal proteins were investigated and similar
expansions that confer stability on the core domains or
safeguard the domains against aggregation have been found
(Pena et al. 2007; Zhang et al. 2007). Reminiscent of the
present case, these sequence additions are stably grafted
onto the protein cores and have apparently become integral
elements of the protein folds. For example, the Pmllp
protein of the pre-mRNA retention and splicing complex
(RES) exhibits a forkhead-associated (FHA) domain in its
C-terminal half, while the N-terminal portion is intrinsi-
cally unstructured on its own (Trowitzsch et al. 2008).
However, in the crystal structure (Trowitzsch et al. 2009), a
portion of this N terminus is fixed on one flank of the FHA
domain, and deletion of this tail dramatically reduces the
solubility of the protein. In another example, a Jabl/MPN
domain in the C-terminal region of the large Prp8 protein
was found to be augmented by a number of internal
insertions and terminal appendices (Pena et al. 2007; Zhang
et al. 2007). These additional elements again exhibited
stabilizing effects on the core domain. In addition, they
endowed the core fold with novel protein—protein interac-
tion capabilities (Pena et al. 2007; Zhang et al. 2007). It
remains to be seen whether the N-terminal appendix of the
65K-cRRM also bestows novel functions on the protein.
Similar to the Prp8 case, it may facilitate protein—protein
interactions, or it may be involved in fine tuning or
regulation of RNA binding.

Interestingly, the RNA affinity and the specificity of the
nRRM of U2B" are increased by formation of a complex
with U2A’ (Scherly et al. 1990a,b). Structural analysis has
shown that U2A’ binds to the side opposite the B-sheet
surface of U2B” and fosters some distal, auxiliary RNA
contacts (Price et al. 1998). Thus, the role of U2A’ in
supporting U2B” in trans resembles the function of the
N-terminal expansion of U11/U12-65K ¢RRM in cis.

MATERIALS AND METHODS

Cloning and expression

A DNA fragment encoding human 65K***->'7 was PCR-amplified
and cloned into pGEX-6p-1 (GE Healthcare) using BamHI and
Xhol restriction sites. Mutagenesis was performed according to

the QuikChange protocol (Stratagene).

FIGURE 4. Mutational analysis of 65K>%°7317_ (A) Stereo ribbon plot of 65K>%0517 with the
RRM core region in gray and the N-terminal expansion in green. Mutated residues (labeled)
are shown as sticks and color coded by atom type. Carbons of mutated residues in the RRM
core, yellow; carbons of mutated residues in the N-terminal expansion, orange. The view
relative to Figure 2A is indicated. (B) Electrophoretic mobility-shift assays monitoring binding
of U12 snRNA residues 109-125 (stem—-loop III) to GST fusions of 65K***>'” mutants. Panels
are labeled by the mutants used in the assays. The concentrations of the respective protein used

are indicated above each lane.

DNA primers were obtained from MWG
Biotech.

For expression, a single colony of trans-
formed E. coli Rosetta 2 (DE3) cells was used
to inoculate 60 mL of LB medium supple-
mented with 100 puM Ampicillin and 34 pM
Chloramphenicol and incubated overnight
at 37°C. Cells were harvested and used to
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inoculate 6 L of auto-inducing medium (Studier 2005) containing
antibiotics. The cultures were grown to an ODgo of 0.6 at 37°C,
cooled to 16°C, and incubated until cessation of growth. Cells were
pelleted and resuspended in phosphate-buffered saline (pH 7.3), 2
mM DTT (PBS buffer) supplemented with 1 tablet/30 mL
Complete protease inhibitor (Roche).

Protein purification

Cells were ruptured by sonification, debris was removed by
centrifugation, and the soluble fusion protein was captured on
glutathione—Sepharose 4 FF beads (GE Healthcare) pre-swollen in
PBS buffer. Beads were washed with PBS buffer and subsequently
with 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM DTT
(buffer A). The fusion protein was eluted with buffer A plus
100 mM reduced glutathione (Sigma-Aldrich). The GST-tag was
removed by adding 1/40 (mg/mg) Prescission protease and
incubating overnight at 4°C. Soluble protein was applied on a
heparin Sepharose column (GE Healthcare) and eluted using a salt
gradient from 150 mM to 1 M NaCl in buffer A. Peak fractions
were pooled and subjected to gel-filtration on a Superdex 75 26/60
column (GE Healthcare) with 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2 mM DTT (crystallization buffer). This strategy yielded
>98% pure protein as judged by SDS-PAGE analysis. The protein
was concentrated to 28 mg/mL using a 5 kDa MWCO concen-
trator (VIVAscience). Protein concentrations were determined via
a Bradford assay (Bio-Rad).

Crystallographic procedures

We aimed at crystallizing 65K-cRRM in complex with RNA.
Therefore, the protein was supplemented with 1.5 mM MgCl,
(buffer B) and incubated for 1 h with an RNA oligonucleotide
mimicking hairpin III of U12 snRNA (5'-CCCGCCUACUUUGC
GGG-3'). Crystals were grown by the sitting drop vapor diffusion
technique with a reservoir containing 20% (w/v) PEG3350 and
0.2 M LiCl.

For diffraction data collection, crystals were transferred to
mother liquor plus 15% (v/v) propylene glycol and flash-frozen
in liquid nitrogen. Data were collected at 100 K at the PXI
beamline of SLS (Villigen) using a microfocused beam. Data were
processed with the HKL2000 suite of programs (Otwinowski and
Minor 1997).

Crystals belonged to space-group C2 and exhibited a solvent
content of 47%, assuming one 65K-cRRM molecule without RNA
ligand per asymmetric unit. The structure was solved by molecular
replacement with the program Molrep (Vagin and Teplyakov
2000) using the structure coordinates of the UIA-nRRM (from
PDB ID 1URN) (Oubridge et al. 1994). Iterative cycles of manual
model building in Coot (Emsley and Cowtan 2004) and automatic
refinement using the programs Phenix (Adams et al. 2002)
and REFMACS5 (Murshudov et al. 1997) yielded the final model
(Table 1).

The structure factors and coordinates have been deposited in
the Protein Data Bank (http://www.pdb.org) under entry code
3EGN, and will be released upon publication.

Electrophoretic mobility shift assays (EMSA)
EMSA experiments were conducted in duplicates. A total of 0-300

pmol untagged protein were incubated in buffer B with 0.25 pmol
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of [**P]-end-labeled RNA oligonucleotide (5'-CCCGCCUACUU
UGCGGG-3'), 1 pL of 10 mg/mL of E. coli tRNA, and 0.25 pL of
RNasin (Promega) in a final volume of 10 L for 45 min at 4°C.
After addition of 6 L of loading dye (50% glycerol, 0.5 x TBE
buffer), RNA—protein complexes were separated on a native 6%
(29:1 acrylamide:bis-acrylamide) polyacrylamide gel at 8 W and
4°C. For GST-tagged proteins, the same procedure was applied,
but mixtures were incubated in 20 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 0.2 mM EDTA, 200 mM KCl, 0.1% Triton X-100.

Bands were visualized by autoradiography. Quantification of
the bands was performed with ImageQuant (GE Healthcare).
Apparent Ky-values were estimated from the protein concentra-
tions required to elicit a 50% shift of the RNA.

Thermal denaturation experiments

A total of 18 pL of purified proteins at 30 .M concentration in 20
mM Na/KPO, (pH 7.5), 1.5 mM MgCl,, 150 mM NaF, 2 mM
DTT were mixed with 2 pL of 5X SYPRO Orange (Sigma-
Aldrich). The changes in fluorescence of the samples as a function
of temperature (4°C-95°C in steps of 1°C/min) were monitored
in a real-time PCR machine. The fluorescence was recorded once
per degree with 30-sec intervals between reads.
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