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Target discrimination by RNA-binding proteins:

Role of the ancillary protein U2A

"and a

critical leucine residue in differentiating
the RNA-binding specificity of spliceosomal

proteins U1A and U2B "

MARTINA E. RIMMELE and JOEL G. BELASCO

Skirball Institute of Biomolecular Medicine and Department of Microbiology, New York University School of Medicine,

New York, New York 10016, USA

ABSTRACT
The spliceosomal proteins U1A and U2B

" each use a homologous RRM domain to bind specifically to their respective

snRNA targets, Ulhpll and U2hplV, two stem-loops that are similar yet distinct in sequence. Previous studies have

shown that binding of U2B
Ulhpll requires no cofactor. Here we report that U2A

" to U2hplV is facilitated by the ancillary protein U2A
" enables U2B " to distinguish the loop sequence of U2hplV from
that of Ulhpll but plays no role in stem sequence discrimination. Although U2A
binding of U1A to U2hplV, a much higher concentration of the ancillary protein is required due to the

', whereas specific binding of U1A to

' can also promote heterospecific
~500-fold greater

affinity of U2A ' for U2B ”. Additional experiments have identified a single leucine residue in U1A (Leu-44) that is critical
for the intrinsic specificity of this protein for the loop sequence of Ulhpll in preference to that of U2hplV. Our data

suggest that most of the difference in RNA-binding specificity between U1A and U2B
leucine residue and by the contribution of the ancillary protein U2A

" can be accounted for by this
' to the specificity of U2B  ”.

Keywords: RNA-binding proteins; RNA splicing; RRM domain; snRNP; U1A; U2B "

INTRODUCTION

RNA-binding proteins (RNA-BPs) play a key role in a
variety of cellular regulatory processes. Crucial to the
function of this important class of proteins is their RNA
target specificity. Only through their ability to distin-
guish between closely related RNA elements can these
proteins act with the requisite selectivity.

Most RNA-BPs can be categorized into families on
the basis of shared sequence motifs in their RNA-
binding domains (reviewed by Mattaj, 1993; Burd &
Dreyfuss, 1994). The largest of these is the RRM (RNA
recognition motif) family of RNA-BPs, also referred to
as the RNP family. RRM proteins are characterized by
the presence of one or more structurally related RNA-
binding domains, each comprising 90—100 amino acid
residues and containing two conserved sequence mo-
tifs (RNP-1 and RNP-2). Members of this protein family

Reprint requests to: Joel G. Belasco, Skirball Institute of Biomo-
lecular Medicine, New York University School of Medicine, 540 First
Avenue, New York, New York 10016, USA; e-mail: belasco@saturn.
med.nyu.edu.

occur in all types of organisms and bind to RNA targets
that vary in sequence and secondary structure.

A paradigm for the RRM family is the spliceosomal
protein U1A, a component of the U1 small nuclear ri-
bonucleoprotein complex (Ul snRNP). U1A uses its
amino-terminal RRM domain to bind hairpin Il of Ul
SnRNA (Ulhpll) (Scherly et al., 1989; Lutz-Freyermuth
et al., 1990). The three-dimensional structure of this
U1A domain has been solved in both the absence and
presence of bound RNA (Nagai et al., 1990; Hoffman
et al., 1991; Howe et al., 1994; Oubridge et al., 1994).
It consists of a four-stranded B-sheet (the RNA-binding
surface) supported on one side by two a-helices. The
conserved RNP motifs lie on the two central 8-strands
(B1 and B3; see Fig. 1). It has been proposed that
these conserved sequences provide basal RNA-binding
activity, while the variable regions surrounding them
are thought to determine binding specificity (Scherly
et al., 1990a; Bentley & Keene, 1991).

Much has been learned about the specificity of RRM
proteins by comparing U1Ato the closely related splice-
osomal protein U2B”, a U2 snRNP component that binds
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FIGURE 1. Comparison of human U1A and U2B" protein sequences and Ulhpll and U2hplV RNA sequences. Above are
shown the N-terminal domains of the two proteins. Lines mark a-helices, 8-strands, and RNP consensus regions, as defined
by Oubridge et al. (1994). Differences between the two proteins are highlighted. Below are the Ulhpll and U2hplV RNAs
used for gel-retardation analysis. Portions identical to the human snRNA stem-loops are boxed. Differences between the two

RNAs that are important for specificity are highlighted.

hairpin IV of U2 snRNA (U2hplV). Despite being 75%
identical and 94% similar in sequence (Fig. 1), the
amino-terminal RRM domains of U1A and U2B” bind
their respective RNA targets selectively and with little
cross-reactivity (Scherly et al., 1990a; Bentley & Keene,
1991; Scherly et al., 1991). However, in contrast to the
high intrinsic affinity of U1A for Ulhpll, U2B" requires
help from an ancillary snRNP protein, U2A’, to bind
tightly to U2hplV (Scherly et al., 1990a; Scherly et al.,
1990b; Bentley & Keene, 1991; Boelens et al., 1991).
The target RNAs Ulhpll and U2hplV also resemble
one another (Fig. 1), but important sequence differ-
ences in both their loop and stem regions allow these
hairpins to be distinguished by U1A and U2B” (Scherly
et al., 1990a; Hall & Stump, 1992). Presumably, a num-
ber of amino acid residues that are shared by U1A and
U2B” are important for the ability of each protein to
recognize sequence features common to both Ulhpll
and U2hplV, whereas differences between the two pro-
teins and the contribution of U2A’" to RNA binding by
U2B” must account for the contrasting specificity of
U1A and U2B” in discriminating between Ulhpll and
U2hplV.

Although most of the sequence differences between
the amino-terminal domains of U1A and U2B" are dis-

persed, nine are clustered in an 11 amino acid segment
that forms the B2 strand and part of the 82/83 loop of
the RRM domain (Fig. 1). Swap experiments between
U1A and U2B” have shown that this cluster of nine
amino-acid differences (U1A residues 39—41 and 44—
49, U2B” residues 36—38 and 41-46) plays a major
role in distinguishing the RNA-binding specificity of these
two proteins (Scherly et al.,, 1990b; Bentley & Keene,
1991; Jessen et al., 1991; Scherly et al., 1991). In the
crystal structure of the U1A-Ulhpll complex, some of
these amino acids appear to contact the RNA directly
(Oubridge et al., 1994). How these residues differen-
tially interact with Ulhpll and U2hplV RNA and/or with
other protein residues to enable each protein to pref-
erentially bind its cognate RNA target and what their
respective contributions are to binding specificity re-
mains unclear.

The role of the ancillary protein U2A’ in RNA binding
by U2B" also is poorly understood. Mutational analysis
suggests that U2A’ associates with the amino-terminal
RRM domain of U2B” by binding to the outside face of
the first a-helix (helix A) (Fig. 1; Scherly et al., 1990b).
This ancillary protein has little if any affinity for U2hplV
in the absence of U2B” (Bentley & Keene, 1991; Boe-
lens et al., 1991), and it is not clear whether it facilitates
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RNA binding by reshaping the RNA-binding surface of
U2B” and/or by interacting directly with U2 RNA in the
ternary complex. Nor is it clear why U2B”, but not U1A,
requires an ancillary protein to bind its RNA target with
high affinity.

Here we report mutational studies that address the
structural origin of the difference in binding specificity
between U1A and U2B". Our data indicate that one g2
residue of U1A is particularly important for distinguish-
ing its target specificity from that of U2B". This U1A
residue and the ancillary protein U2A’ both influence
specificity by aiding discrimination between the loop
sequences of Ulhpll and U2hplV. Together, they ac-
count for most of the difference in RNA-binding spec-
ificity between U1A and U2B".

RESULTS

The identity of U1A residue 44 in ULA
is critical for binding specificity

An earlier study (Laird-Offringa & Belasco, 1995) ex-
amined the change in ULA RNA-binding specificity that
results from replacing the 82 strand and B2/83 loop of
the amino-terminal RRM domain of U1A (U1Ay) with
the corresponding segment of U2B". (For this and all
subsequent derivatives of U1Aand U2B” described here,
the subscript N indicates that the protein comprised
only the amino-terminal RNA-binding domain.) The re-
sulting hybrid protein (A/B”y) discriminates between
Ulhpll and U2hplV considerably less well than does
U1Ay. Whereas U1Ay binds 3,000 times more tightly to
Ulhpll than to U2hplV, A/B”y shows only a sevenfold
preference for Ulhpll (Laird-Offringa & Belasco, 1995;
see also Table 1, as well as Bentley & Keene, 1991).
The same study also examined the affinity of U2hplV
for several additional U1Ay variants, each of which bore
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multiple random substitutions of U2B” residues in the
B2 strand and the 82/B3 loop. Those experiments re-
vealed a possible correlation between increased affin-
ity for U2hplV and the presence of a substituted U2B"
valine residue in place of a leucine at position 44 of
U1Ay. This finding suggested that the differential spec-
ificity of ULA and U2B"” might result in part from the
identity of the amino acid residue at this position.

To test directly the importance of this valine residue
for discrimination between Ulhpll and U2hplV, we con-
structed a U1Ay variant (U1Ay-L44V) with a single leu-
cine — valine substitution at position 44. U1Ay-L44V
was purified to homogeneity, as were wild-type U1Ay
and A/B"y. The affinity (1/Ky) of each of these polypep-
tides for Ulhpll and U2hplV was then compared by
gel-retardation analysis by combining radiolabeled RNA
with various concentrations of each purified protein
(Fig. 2). In each case, a more slowly migrating band
corresponding to a binary protein—-RNA complex was
observed, which grew in intensity as a function of pro-
tein concentration. The L44V substitution significantly
increases the affinity of U1Ay for U2hplV (Fig. 2,
Table 1) while impairing binding to Ulhpll (Table 1). As
a consequence, U1A\-L44V binds much less selec-
tively than wild-type U1Ay. By comparing the affinity of
U1Ay, UlAN-L44V, and A/B"y for Ulhpll and U2hplV
(Table 1), it is apparent that this single valine substitu-
tion reduces the ability of U1Ay to discriminate be-
tween these two stem-loops by a factor of 14 and that
replacing all of the other B2 residues as well reduces
specificity by an additional factor of 35. Thus, a single
amino acid residue is alone responsible for almost half
of the difference in specificity between U1Ay and A/B"y.

To test the effect of the reciprocal mutation on RNA
binding by U2B", the corresponding valine residue of
U2B"\ was replaced with leucine (U2B"\-V41L), and its
affinity for U2hplV was measured. As expected, this

TABLE 1. Binding specificity of ULAy, U1A\-L44V and A/B"y.

Kqg (nM)
Ulhpll U2hplv Discrimination
UIAy QI L..LVSRSL 0.33+0.02 1145+167 3470
>14 x
U1AN-L44V QI L..lIVSRSL 1.0£0.2 243161 234
>35 X
V- EMHVV. VALKTM 1.9+0.1 13.3+1.8 7.0

39 40 41 ., 44 45 46 47 48 49

The protein sequence corresponding to 82-region amino acids 39—-49 of U1A is shown for each protein
variant. U2B"-like residues are highlighted. The invariant amino acids at position 42 and 43 of U1A (Asp and lle
in both U1A and U2B"; see Fig. 1) are not shown. K, values were determined by gel-retardation analysis (see
Fig. 2). The ability of each protein to discriminate between Ulhpll and U2hplV (column on right) was calculated

from the Ky ratio.
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FIGURE 2. Gel-retardation analysis of U2hplV binding to U1A vari-
ants U1Ay, U1Ay-L44V, and A/B"y. Increasing amounts of purified
protein (0.1 to 1,000 nM) were combined with radiolabeled U2hplV
RNA (10 pM). After 30 min at room temperature, the complexes were
separated from free RNA by electrophoresis on a non-denaturing gel
at 4°C. The relative amounts of complexed RNA (binary complex
with protein) and free RNA in each sample were quantified, and the
Ky values (see Table 1) were determined according to Laird-Offringa
and Belasco (1995). The origin of the additional bands of intermedi-
ate mobility in one U1Ay-L44V sample is not known.

valine — leucine mutation significantly reduces the af-
finity of U2B" for U2hplV (K4 of 27 = 5 nM for U2B"-
V41L versus 5 £ 1 nM for U2B"y). Together, these
findings indicate the importance of this 82 residue for
distinguishing the binding specificity of ULA and U2B".
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The L44V mutation enhances U1A | binding
to Ulhpll variants with loop mutations
characteristic of U2hplV

As a single valine substitution at position 44 of U1Ay
selectively increases the affinity of the protein for U2hplV
while reducing its affinity for Ulhpll, we sought to iden-
tify the RNA sequence difference(s) between these two
RNAs that accounts for this change in specificity. Three
differences in the sequence of U2hplV are responsible
for its greater affinity for U2B” than for U1A (Scherly
et al., 1990a; Hall & Stump, 1992): a noncanonical U-U
pair in place of a C-G pair at the top of the stem,a C —
G substitution at the seventh nucleotide of the loop,
and an additional adenylate nucleotide (+A) that in-
creases the loop size (Table 2). To determine whether
stem sequence, loop sequence, or loop size is respon-
sible for the increased affinity for U2hplV caused by the
L44V substitution in U1Ay, we introduced each of these
changes individually into Ulhpll and determined their
effect on the K, of ULAy and U1Ay-L44V (Table 2).
Among the Ulhpll variants tested, the relaxed spec-
ificity of the U1Ay-L44V mutant (versus U1Ay) was most
pronounced with the Ulhpll derivative bearing the C —
G mutation. Whereas U1Ay discriminates against this
nucleotide change in Ulhpll by a factor of 18, U1Ay-
L44V discriminates against this change by only a factor
of 3, making the L44V variant 6 times more tolerant of

TABLE 2. RNA sequence changes accommodated by the L44V mutation.

UlAy

Ul1lA\-L44V
Relative

Fold effect on Ky

Fold effect on Ky discrimination

Ky (nM) (versus Ulhpll) Ky (nM) (versus Ulhpll) (versus Ulhpll)
Ulhpll 0.33 £ 0.02 1 1.0 £ 0.2 1 1
UlhpllC - G 6.0 £ 0.6 18 3.0+04 3 6
Ulhpll +A 0.62 = 0.09 1.9 0.57 = 0.09 0.57 3
Ulhpll U-U 15+2 45 245 +55 24.5 2
U2hplVv 1,145 + 167 3,470 243 + 61 243 11
U U U
peed “rpe
CG GC
UA GC
AU UA
UG CG
U1hpll U2hplV

The affinity of ULAy and U1Ay-L44V for Ulhpll, U2hplV, and three different Ulhpll variants was determined by gel-
retardation analysis. The Ulhpll variants contained either a single nucleotide change in the loop (C — G substitution or +A
insertion) or a base pair substitution at the top of the stem (U-U), each corresponding to one of the key sequence features
characteristic of U2hplV. The fold effect of each RNA mutation on Ky was calculated for each protein by dividing the K, of
that RNA by the K, of ULhpll. The degree to which U1Ay is better able than U1Ay-L44V to discriminate between Ulhpll and
each RNA variant (column on right) was calculated from the ratio of the fold effect on Ky of each RNA mutation for U1Ay
versus U1Ay-L44V. In other words, this calculated value indicates how well each RNA mutation is accommodated by the
L44V amino acid substitution. Also shown are stem-loops Ulhpll and U2hplV, with their crucial nucleotide differences

highlighted.
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this loop mutation (Table 2). U1Ay-L44V also tolerates
augmentation of the loop size (+A) 3 times better than
does U1Ay. Indeed, this additional loop nucleotide ac-
tually enhances the affinity of the RNA for U1Ay-L44V,
unlike U1A. On the other hand, the base-pair substitu-
tion at the top of the stem (C-G — U-U) significantly
impairs binding by both proteins, with little (=2-fold)
additional tolerance observed for the L44V variant. To-
gether, these data indicate that the primary effect of the
L44V mutation is to render UlAy more tolerant of
changes in the RNA loop.

A truncated form of U2A ' enhances
the affinity of U2B " for U2hplV

As the ability of U1Ay to discriminate between Ulhpll
and U2hplV is reduced when Leu-44 and other resi-
dues in the B2 strand and the 82/83 loop are replaced
with the corresponding U2B” residues, we decided to
examine the binding specificity of U2B". Interestingly,
we found that U2B" by itself is unable to discriminate
between Ulhpll and U2hplV, binding both of these stem-
loops with a Ky 0f 5 £ 1 nM (Table 3; see also Bentley
& Keene, 1991). However, in human cells U2B” asso-
ciates only with U2 snRNP (Bringmann & Luehrmann,
1986). A likely explanation for the difference in speci-
ficity observed in vivo and in vitro is suggested by pre-
vious immunoprecipitation studies, which indicated that,
unlike U1A and Ulhpll, U2B" needs help from an an-

TABLE 3. RNA sequence features important for U2A’y-assisted
U2B"y binding.

Kq (NM)
Fold effect of U2A"y
on binding affinity

U2B"y alone  U2B"y + U2A"y

Ulhpll 50+1.0 16 = 3.0 0.31
Ulhpll C—->G 19 + 2.0 17 + 3.0 1.1
Ulhpll +A 20+ 05 2.0 0.8 1.0
Ulhpll C - G, +A 21 £ 4.0 1.0 + 0.2 21
Ulhpll U-U 333 + 84 290 + 49 1.1
U2hplVv 50+10 0.20 £+ 0.07 25
cC A" GCAE,,
b g p B
AeeC Any©
CG GC
UA GC
AU UA
UG CG
U1thpll U2hplV

The affinity of U2B"y for various RNAs was measured by gel-
retardation analysis in the presence or absence of a saturating con-
centration of U2A"y. The fold effect of U2A’y on binding affinity was
calculated from the ratio of K, values. Also shown are stem-loops
Ulhpll and U2hplV, with their crucial nucleotide differences high-
lighted.
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cillary factor, U2A’, in order to bind with high affinity to
its snRNA target U2hplV (Scherly et al., 1990a; Bentley
& Keene, 1991).

Our initial efforts to examine how U2A" achieves this
effect on RNA binding were complicated by difficulty in
obtaining significant amounts of recombinant U2A’ by
expression in Escherichia coli. We solved this problem
by instead overproducing and purifying a truncated form
of U2A’" (U2A’y) that comprised the first 203 amino
acid residues of U2A’ fused to glutathione S-transferase
(GST). Previously, a similar truncation mutant had been
shown to bind efficiently to U2B" despite the absence
of 52 residues from the U2A’ carboxy terminus (Boe-
lens et al., 1991). To test whether this truncated form of
U2A’ can enhance the affinity of U2B” for U2hplV, a
guantitative gel-retardation experiment was performed.
When U2B"y was combined with U2hplV in the pres-
ence of excess U2A’ (10 nM), we observed a ternary
complex that migrated more slowly than the binary com-
plex formed by U2B"y and U2hplV in the absence of
U2A'y (Fig. 3). By quantifying gel-retardation data ob-
tained at various U2B" concentrations, we determined
that U2A'y increases the affinity of U2B"y for U2hplV
by a factor of 25. Only in the presence of this ancillary
factor can U2B"\ bind U2hplV with a subnanomolar
dissociation constant (0.20 = 0.07 nM) comparable
to that of the binary UlAy-Ulhpll complex (0.33 =+
0.02 nM). The enhancing effect of the ancillary factor
on U2hplV binding by U2B" is half maximal at a U2A"
concentration of ~2 nM (Fig. 4). In a control experi-
ment with GST added instead of U2A’y, neither a ter-
nary complex with U2B"y and U2hplV nor an increase
in RNA-binding affinity was observed (data not shown),
thereby confirming that the U2A’ portion of the GST-
U2A’ fusion protein is responsible for the chimera’s

+ UZAYy —u2a',
1 1 u2B",
el — Ternary complex
p—— — Blnary complex
— Free U2hpIV RNA
—— - -

RN R o
o o

FIGURE 3. Gel-retardation analysis of U2B"y binding to U2hplV RNA
in the presence or absence of the ancillary protein U2A"y. Increasing
amounts of U2B"y (0.05 to 10 nM) were combined with radiolabeled
U2hplV RNA (10 pM) in the presence (left) or absence (right) of
U2A’y (10 nM) and analyzed as described in Figure 2. The Ky values
were calculated (Laird-Offringa & Belasco, 1995) by measuring the
ratio of ternary complex to free RNA in the experiments with U2A"y
or the ratio of binary complex to free RNA in the experiments without
U2A'\.
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Fold increase in U2hplV binding affinity

101 109 1077 105
U2A' (M)

FIGURE 4. Effect of U2A’y concentration on the affinity of U2B"y
and U1Ay for U2hplV RNA. The affinity (1/Ky) of U2B"y or UlAy
for U2hplV RNA was determined by measuring the ratio of total
complexed RNA (binary + ternary complex) versus free RNA as a
function of U2B"\ or U1Ay concentration in the absence of U2A'y
and at various U2A’y concentrations. At each U2A’y concentration,
the fold increase in U2hplV binding affinity that results from the
addition of U2A’y was determined for U2B"y (filled circles) and
U1Ay (filled triangles). Theoretical curves that best fit the data are
shown. The dissociation constant of U2A’y from each ternary com-
plex (Ky2A'n/temaryy corresponds to the U2A’y concentration at which
the increase in RNA-binding affinity is half maximal. For each binary
protein complex, U2B"\—U2A'y or U1A\—U2A'y, the dissociation
constant of U2A"y (Ky2A'nbinay) can be calculated by multiplying
Ky2Anemary py the maximum fold increase in RNA-binding affinity
caused by U2A’y. The highest U2A’y concentration that could be
tested (1 X 1078 M) was limited by the yield of this protein when
overexpressed in E. coli.

enhancing effect. Alone, U2A’ does not bind U2hplV
detectably (data not shown). These findings show that
the first 203 residues of U2A" are sufficient to stimulate
RNA binding by U2B"y.

U2A'\ reduces the affinity of U2B "y for Ulhpll

The need for assistance from an ancillary protein to
achieve high-affinity binding of U2B"y to U2hplV might
reflect an intrinsic mediocrity of U2B"y as an indepen-
dent RNA-binding protein and/or features of U2hplV
that make it a difficult target for binding. To distinguish
between these possibilities, we first tested whether
U2A’y could assist U2B"y in binding to another stem-
loop closely related to U2hplV, namely Ulhpll. Previ-
ous studies had differed as to whether U2A' causes a
modest increase or decrease in the affinity of U2B" for
Ulhpll (Scherly et al., 1990b; Bentley & Keene, 1991),
and it was not clear from those immunoprecipitation
experiments whether sufficient U2A’ had been added
to allow it to form a ternary complex with U2B"y and the
noncognate Ulhpll stem-loop. We therefore performed
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a gel-retardation experiment to determine whether such
a ternary complex can form and, if so, to compare its
dissociation constant with that of the binary U2B"y-
Ulhpll complex.

At a U2A’y concentration of 1,000 nM, the predom-
inant shifted species was a U2B"\-U2A'\—U1hpll ter-
nary complex (Fig. 5). Furthermore, by varying the
concentration of U2B”, the dissociation constant of
this complex was determined to be 16 + 3 nM, a value
three times larger than the 5 = 1 nM K, of the binary
U2B"\-Ulhpll complex. Thus, binding by U2A’ slightly
reduces the affinity of U2B"y for Ulhpll. The compar-
atively low affinity of U2A’y for the complex of U2B"
with Ulhpll may help to explain why some binary com-
plex was also observed in these experiments despite
the presence of U2A’y (Fig. 5). We conclude that U2A’
is capable of joining with U2B"” to form a ternary com-
plex with either U2hplV or Ulhpll but that the enhanc-
ing effect of U2A" on RNA binding by U2B" is specific
for U2hplV.

U1A and related proteins also bind better
to U2hplV in the presence of U2A 'y

We next investigated whether U2A’ can assist U2hplV
binding by other proteins related to U2B". Previous stud-
ies had suggested that U1A cannot bind U2A" detect-
ably unless two amino acid residues in the first a-helix
of U1A are exchanged for the corresponding U2B" res-
idues (Scherly et al., 1990b). Therefore, we introduced
these two amino acid substitutions (D24E and K28R)
into ULAy and U1Ay-L44V to create the variants U1A*y
and U1A*-L44V, respectively. We then tested whether
U2A' affects binding of U2hplV by U1Ay, UL1A*, U1A-
L44V, and U1A*\-L44V.

+ U2A'N
—_— ] ]

—U2A'y
u2B"y

— Ternary complex

— Binary complex

— Free Uthpll RNA
NS N PP S O Uy (M)

FIGURE 5. Gel-retardation analysis of U2B"y binding to ULlhpll RNA
in the presence or absence of U2A’y. Experiments in the presence
(left) or absence (right) of U2A’y were performed as described in
Figure 3, except that ULlhpll RNA and a higher U2A’y concentration
(1,000 nM) were used. The background smear in the upper part of
each lane containing U2A’y might be a consequence of partial dis-
sociation of U2A"y from the ternary complex during electrophoresis.
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Interestingly, U2A" was found to enhance binding of
U2hplV by all four of these proteins, including U1Ay
(Fig. 6). Compared to gel-retardation experiments with
U2B"y, a 500-fold higher concentration of U2A’y
(~1,000 nM) was necessary to overcome remaining im-
pediments to the interaction of U2A" with U1A and its
derivatives and to maximize the ability of U2A’\ to influ-
ence RNA binding (Fig. 4). Under these conditions, the
magnitude of the increase in U2hplV binding (11-130-
fold, depending on the U1A variant) was comparable to
that observed with U2B” (25-fold). Furthermore, as ob-
served for U2B"y, U2A’y impaired binding of U1lAy,
U1A*, UlAy-L44V, and U1A*y-L44V to Ulhpll (Fig. 6).

Surprisingly, the enhancing effect of U2A’y on U2hplV
binding was evident for shifted complexes of U2hplV
with U1Ay, U1A*y, U1lAy-L44V, and U1A*-L44V that
migrated at the position expected for a binary complex
lacking U2A’, ternary complexes being barely detect-
able (Fig. 7). The absence of U2A’ in the predominant
shifted species was confirmed by the failure of antibod-
ies directed against the GST domain of the GST-U2A"
fusion protein to cause a supershift (data not shown).
Nevertheless, U2A’\ reduced the dissociation con-
stant measured for this electrophoretic species (e.g.,
from 1145 + 167 nM to 100 = 50 nM for U1Ay). Ap-
parently, the kinetic stability of these four ternary com-
plexes is not sufficient to withstand gel electrophoresis
without loss of U2A’y, yet the remaining binary com-
plexes persist and enter the gel before equilibrium can
be reestablished, thereby allowing the effect of U2A"y
to be “remembered.” (There is ample precedent for the
inability of some RNA—protein complexes to survive
electrophoresis (see, e.g., Zillmann et al., 1988).)

M.E. Rimmele and J.G. Belasco

+U2A'Yy —U2ay
_ ] UlAy
e men glie g e v o gl e s e -

— Ternary complex

- r H
' Um“-“ — Binary complex

P ﬁ°@°,§§ &@@@“s@ ©  UlAy (nM)

FIGURE 7. Gel-retardation analysis of ULAy binding to U2hplV RNA
in the presence or absence of U2A’y. The experiments were per-
formed as described in Figure 3, except that ULAy was used instead
of U2B"y and U2A"\ was added at a higher concentration (1,000 nM).
Increasing amounts of U1Ay (10 to 1,000 nM) were combined with
radiolabeled U2hplV RNA (10 pM) in the presence (left) or absence
(right) of U2A’y. Dissociation constants (Ky) were determined as
described in Figures 2 and 3, using the ratio of total complexed RNA
(binary + ternary complex) versus free RNA for the calculation in the
presence of U2A"y. The background smear in each lane containing
U2A’\ might be a consequence of partial dissociation of the RNA—
protein complex during electrophoresis.

Together, these findings suggest that no feature
unique to U2B” makes this protein dependent on an
ancillary factor for high-affinity binding to its U2 shnRNA
target, as U2A’y can assist even U1Ay to bind U2hplV.
Instead, it appears that some aspect of the structure of
U2hplV makes it a difficult target for binding without the
assistance of U2A'y.
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U2B"y U1A% A/BT"y U1A% UtAy UlAy U2B"y U1A7 AB"y UIA%  UlAy UlAy
-L44v -L44v -L44v -L44av

FIGURE 6. Effect of U2A"y on binding of U2hplV or Ulhpll by U2B"y

, U1Ay, and variants thereof. The bar graph shows

binding affinities (1/Ky) for U2hplV RNA (left) or Ulhpll RNA (right) measured in the absence (light grey bars) or presence
(black bars) of a saturating concentration of U2A'y. Error estimates are indicated.


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

Differential specificity of U1A and U2B"

U2A’\ enhances binding by accommodating
sequence differences in the loop of U2hplV

U2A’y enhances the affinity of U2B" for U2hplV but
impairs binding to Ulhpll, even though these two sShRNA
stem-loops are quite similar. As noted above, three key
sequence differences distinguish U2hplV from UZlhpll:
a noncanonical U-U pair at the top of the stem, a C —
G substitution in the loop, and an additional adenosine
nucleotide (+A) that augments the size of the loop
(Scherly et al., 1990a). To determine which of these
differences between U2hplV and Ulhpll accounts for
their opposite response to U2A’y, we determined the
effect of U2A’y on U2B" binding after introducing each
of these three modifications individually into Ulhpli
(Table 3). Surprisingly, none of these individual muta-
tions allowed U2A’\ to enhance binding. However, when
both loop mutations (C — G and +A) were introduced
together into Ulhpll, the enhancing effect of U2A’ on
U2B"y binding was fully reconstituted (21-fold for the
Ulhpll double loop mutant, versus 25-fold for U2hplV).
These findings indicate that U2A’ facilitates U2B"” bind-
ing to U2hplV by aiding recognition of otherwise dele-
terious features of the loop sequence of this RNA (C —
G, +A) and that the noncanonical U-U pair in the stem
of U2hplV is not important for the contribution of U2A’
to binding.

DISCUSSION

U1A and U2B" are closely related spliceosomal pro-
teins that associate with different shRNPs by binding to
snRNA stem-loop structures (Ulhpll and U2hplV) that
are similar yet distinct. Binding by U1A is intrinsically
specific, with more than a 3,000-fold preference for
Ulhpll over U2hplV. Our data indicate that much of the
ability of U1A to discriminate between these two stem-
loops results from the presence of a leucine residue
(Leu-44) at a critical position within the B2 strand of
U1A. In contrast, U2B” lacks an intrinsic ability to dis-
tinguish U2hplV from Ulhpll and instead depends en-
tirely on an ancillary factor, U2A’, to target it preferentially
to U2hplV.

U2hplV differs from Ulhpll in three important ways:
a C — G substitution at the seventh position of the
loop, an additional adenylate nucleotide that increases
the size of the loop to 12 nucleotides, and a non-
canonical U-U base pair that replaces a C-G pair at
the top of the stem (Fig. 1). Leucine-44 contributes to
the binding specificity of U1A primarily by enhancing the
ability of the protein to selectively recognize the loop
sequence of Ulhpll. Substituting the corresponding va-
line residue of U2B” at this position of U1A (UlAy-
L44V) reduces the ability of the protein to discriminate
between the loop sequences of Ulhpll and U2hplV, but
does little to ameliorate the negative effect of substi-
tuting a U-U base pair at the top of the stem. Con-
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versely, the affinity of U2B” for U2hplV is significantly
reduced when the corresponding valine residue of that
protein (Val-41) is replaced with leucine (U2B"\-V41L).

Leucine-44 is particularly important for the ability of
U1A to discriminate in favor of a cytidine residue at the
seventh position of the Ulhpll loop. Examination of the
published crystal structure of ULA bound to Ulhpll (Ou-
bridge et al., 1994) reveals that Leu-44 lies at the pe-
riphery of the RNA loop and that its side chain appears
to make a van der Waals contact with the ribose ring of
this cytosine nucleotide. Replacement of Leu-44 with a
smaller valine residue may relax the binding specificity
of U1A by rendering it more sterically tolerant of RNA
mutations that enlarge or distort the loop of Ulhpll.
Although crystallographic studies indicate that the cy-
tosine base of the seventh loop nucleotide forms hy-
drogen bonds with the main-chain amide groups of ULA
residues 90—92 (Oubridge et al., 1994), the identity of
these three protein residues cannot explain the differ-
ence in specificity between U1A and U2B” because
they are shared by both proteins. The influence of
Leu-44 on the binding specificity of U1A highlights the
key role of non-hydrogen-bond interactions in sequence
discrimination by RNA-binding proteins.

The importance of Leu-44 for target recognition by
U1A is well illustrated by its conservation among U1A
proteins in species as diverse as humans and pota-
toes, both of which share a very similar Ulhpll loop
sequence (Simpson et al., 1995). Further evidence for
the biological significance of this protein residue comes
from Drosophila, which contains a single protein, SNF/
D25, that plays the role of both UlA and U2B”
(Polycarpou-Schwarz et al., 1996). This dual-purpose
protein binds both to Ulhpll and, with the help of a
U2A’-like activity, to U2hplV, even though these two
sSnRNA stem-loops closely resemble their human coun-
terparts. This property implies that SNF/D25 must have
a relaxed RNA-binding specificity. Consistent with our
finding that a valine residue at position 44 relaxes the
specificity of U1A and facilitates binding to U2hplV, SNF/
D25 has a valine residue at this critical position.

In contrast to U1A, U2B” alone is unable to discrim-
inate between U2hplV and Ulhpll, binding both of
these stem-loops with a K, of 5 nM. Instead, U2B" is
entirely dependent on the ancillary protein U2A’ for
its snRNA-binding specificity. U2A’y selectively en-
hances the affinity of U2B"y for U2hplV by a factor of
25 while diminishing its cross-reactivity with Ulhpll
by a factor of 3. The increased binding specificity
induced by U2A’y thus reflects a calculated 75-fold
greater affinity of this ancillary protein for the com-
plex of U2B”"y with U2hplV versus the mismatched
U2B"y-Ulhpll complex. Only with the help of U2A'
does U2B"y attain an affinity for U2hplV comparable
to the affinity of U1Ay for Ulhpll. Our data show that
U2A’ acts to improve the ability of U2B” to recognize
the loop sequence of U2hplV in preference to that of
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Ulhpll. The two sequence differences between these
loops (a guanosine substitution and an additional ad-
enylate residue) are each located in the 3’ half of the
loop (Fig. 1), and both must be present for U2A’ to
enhance binding. The presence of a C-G or U-U pair
at the top of the stem is inconsequential for the se-
lective binding enhancement elicited by U2A’.

In principle, there are a number of ways in which
U2A’ could aid U2B” in recognizing U2hplV. As this
ancillary protein can bind U2B” in the absence of RNA
but has little, if any, intrinsic affinity for U2hplV (Boelens
et al.,, 1991; Bentley & Keene, 1991), it seems likely
that, in the ternary complex, U2A’ either (1) contacts
only U2B”, reshaping its RNA-binding site to better fit
the loop of U2hplV, or (2) contacts both U2B” and
U2hplV, helping to clamp them together. In the former
case, association of U2A’ with the outside face of the
amino-proximal a-helix of U2B” (via Glu-21 and Arg-25;
Scherly et al., 1990b) might optimize the location of
other U2B" residues that contact the RNA loop. In the
latter case, U2A’" might touch the loop nucleotides of
U2hplV directly, or it might instead aid indirectly in the
recognition of the loop sequence by contacting another
region of U2hplV (e.g., the stem) whose spatial posi-
tion and accessibility to interaction with U2A’ might
depend on the loop sequence.

Our data show that U2A’ can assist both U2B” and
U1A to bind U2hplV. As the magnitude of this binding
enhancement is similar in both cases, the key to the
selective effect of U2A’ derives instead from its much
greater affinity for U2B”. From the titration data in Fig-
ure 4, we calculate that the affinity of U2A"y for U2B"y
(Kgy ~ 2 nM in the presence of bound U2hplV and
~50 nM in the absence of an RNA ligand) is about
500-fold greater than its affinity for ULAy (Ky ~ 1,000
nM in the presence of bound U2hplV and ~50,000 nM
in its absence). Therefore, assuming that U2A" is not
present in cells in large excess, it should associate
primarily with U2B" and preferentially direct that splice-
osomal protein to bind U2 snRNA.

Though unimportant for the enhancement in RNA-
binding specificity elicited by U2A’, the noncanonical
U-U base pair at the top of the stem of U2hplV never-
theless plays a significant role in distinguishing the bind-
ing specificity of U1A and U2B". Substituting a U-U pair
for the C-G pair that is normally present at the top of
the stem of Ulhpll can markedly diminish binding by
both U1Ay and U2B"y. In the case of UlAy, the U-U
stem substitution impairs RNA binding by a factor of
31-45 whether or not the two loop mutations char-
acteristic of U2hplV (C — G, +A) are also present
(Table 2 and other data not shown). In contrast, this
stem substitution impairs binding by U2B"y (by a sim-
ilar factor of 18—-67) only in the context of the Ulhpll
loop sequence; in the context of the U2hplV loop se-
quence (C — G, +A), the U-U substitution instead en-
hances U2B"y binding 4-5-fold, whether or not the
ancillary protein U2A’y is present (Table 3). Thus,
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the loop sequence of U2hplV is crucial not only for the
ability of U2A’ to enhance binding by U2B” but also for
the ability of U2B” to tolerate the U-U base pair present
in this stem-loop. The deleterious effect of the C-G —
U-U substitution in the context of the Ulhpll loop se-
guence may in part be a consequence of disrupting the
interaction of the C-G base pair with an arginine resi-
due present in the 83 strand of both proteins (Oubridge
et al., 1994), whereas the beneficial effect of this stem
substitution in the context of the U2hplV loop sequence
may be indicative of an altered loop conformation that
allows U2B" to interact productively with the noncanoni-
cal base pair. Because this beneficial effect on binding
is a property of U2B” not shared by U1lA (due to the
distinct sequence of its 82 strand and/or 82/83 loop;
data not shown), it constitutes another important dis-
tinguishing characteristic that helps to differentiate the
RNA-binding specificity of these two proteins.

In light of these and previous data, how much of the
difference in RNA-binding specificity between U1A and
U2B” can now be explained? U1Ay binds Ulhpll >3,000
times more tightly than U2hplV, whereas U2B" and
U2A'’\ together have the opposite specificity, binding
U2hplV 80 times more tightly than Ulhpll (Table 4).
Thus, despite the structural similarity of ULA and U2B”
and their respective RNA targets, the RNA-binding spec-
ificity of U2B” in combination with its ancillary factor
differs from that of U1A by more than a factor of 2 X
10°. In the presence of sufficient U2A’y, we find that
U1A*\-L44V binds Ulhpll and U2hplV with nearly equal
affinity (Table 4). These data indicate that the selective
influence of U2A’" on RNA binding combined with the
target discrimination imposed on U1A by Leu-44 ac-
counts for most of the difference in snRNA-binding spec-
ificity between U1A and U2B".

A variety of RNA-binding proteins function in post-
transcriptional gene regulation by acting in conjunction
with ancillary proteins with which they form a protein
complex. With certain RNA-BPs (e.g. poly(A)-binding
protein, Brown et al., 1996; Tarun et al., 1997), the
identity of the ancillary protein(s) and even the regu-
latory mechanism can vary. The marked effect of U2A’
on the binding specificity of U2B” is a reminder that

TABLE 4. Cumulative effect of mutations and U2A’y on specificity.

Ky (NM)
Ulhpll U2hplV Specificity
UlAyN 0.33 £ 0.02 1,145 + 167 3,470:1
U1A\-L44V 1.0+ 0.2 243 £ 61 243:1
ULlA*\-L44V + U2A'y 20+04 3.0+03 15:1
U2B"y + U2A'y 16 =3 0.20 £ 0.07 1:80

RNA binding affinities were determined by gel-retardation analy-
sis. Values reported for ULA*\-L44V and U2B"y were measured in
the presence of a saturating concentration of the ancillary protein
U2A'\. The specificity of each protein complex (column on right) was
calculated from the ratio of K, values.
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protein cofactors which seemingly lack intrinsic RNA-
binding affinity may nonetheless influence the target
specificity of their RNA-BP partner. In this manner, it
would be possible for a single RNA-binding protein,
working in combination with diverse ancillary pro-
teins, to direct different RNAs along distinct regula-
tory pathways.

MATERIALS AND METHODS

Plasmids for protein and RNA synthesis

Plasmid pU1Ay was constructed by subcloning a 1.34-kb
Nco 1-Cla | fragment of pDISPLAY-U1A101 (Laird-Offringa &
Belasco, 1995) between the corresponding sites of pET3d
(Studier et al., 1990). The resulting pU1Ay plasmid encodes
a protein fusion (U1Ay) comprising the amino-terminal RRM
domain of human U1A (residues 1-101) joined at the car-
boxyl end to a (His)s affinity tag and a c-Myc epitope tag.
Plasmids pU1lAy-L44V and pU1A*y are identical to pU1lAy
except for the substitution of either a valine (GTG) codon at
position 44 of U1A or glutamate (GAA) and arginine (AGG)
codons at positions 24 and 28, respectively. Plasmid pU1A*y-
L44V combines all three of these mutations.

To construct pU2B”y, a segment of a human U2B” cDNA
(gift of W. Boelens; Habets et al., 1987) comprising codons
1-39 was amplified by PCR using the two primers 5’-TAACA
CAACCATGGATATCAGACCAAATC-3’ (5’ primer) and 5’'-
GTCCACCACATGGCCAAACTGAGAAAACAG-3’ (3’ primer)
under reaction conditions that favor replication fidelity (Mat-
tila et al., 1991). The PCR product was cleaved with Nco |
and Msc | and substituted for the corresponding segment of
plasmid pDISPLAY-U1A/B" (Laird-Offringa & Belasco, 1995).
Inserting a 1.34-kb Nco I-Cla | fragment of the resulting plas-
mid between the corresponding sites of pET3d (Studier et al.,
1990) yielded pU2B”y. This chimera encodes the amino-
terminal RRM domain of U2B” (residues 1-98) with eight
U1A-derived substitutions near the carboxyl end: L59V, G60S,
S62A, Q68S, L69M, G76D, S92A, and R95K. Previous stud-
ies have indicated that these eight amino acid substitutions
do not affect the RNA-binding specificity of U2B” (Bentley &
Keene, 1991). For unknown reasons, expression of an intact
U2B"” cDNA lacking these substitutions was poor. Like U1Ay,
U2B"y\ bears a (His)g affinity tag and a c-Myc epitope tag at
the carboxyl end. Plasmid pU2B"y-V41L is identical to pU2B"y
except for the substitution of a leucine codon (CTA) at U2B”
position 41.

Plasmid pGST-U2A’203 encodes U2A'y, a hybrid protein
comprising GST fused to the first 203 residues of U2A’. To
construct this plasmid, the corresponding segment of a hu-
man U2A’ cDNA clone (gift of W. Boelens; Sillekens et al.,
1989) was amplified by PCR (Mattila et al., 1991), using the
primers 5'-TCGGATCCGACCATGGTCAAGCTGACGGCG-3'
(5" primer) and 5'-GCGCCCGAATTCAGTCAGTCAGCGG
CCGCAGCACCTGGATTAAAAGTTTT-3' (3’ primer). The 5’
primer created a BamH | site 5’ to the first codon of U2A" and
the 3’ primer introduced a Not | site, a stop codon, and an
EcoR | site 3’ to codon 203 of U2A'. After cleavage with
BamH | and EcoR 1, the PCR product was cloned in-frame
between the corresponding sites of pGEX-2T (Pharmacia) to
generate pGST-U2A’203.
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The in vitro transcription templates pEP-Ulhpll and pEP-
U2hplV have been described previously (Laird-Offringa & Be-
lasco, 1995). Variants of pEP-Ulhpll bearing nucleotide
substitutions or insertions were created by replacing the
Hind 111-Pst | segment that encodes Ulhpll with a synthetic
oligonucleotide duplex of the desired sequence.

All plasmid constructs were confirmed by DNA sequenc-
ing. The pGST-U2A’203 construct was found to contain one
difference from the published U2A’ sequence (Sillekens
et al., 1989). A single nucleotide substitution changed Arg-
193 (AGA) of U2A’ to a lysine residue (AAA). As this sub-
stitution was also present in the original U2A’ cDNA clone, it
is possible that human U2A’ normally contains a lysine at this
position.

Protein synthesis and purification

Plasmids for the overproduction of recombinant proteins were
transformed into either BL21 (DE3) (Studier et al., 1990) con-
taining the lac 19 plasmid pRIM386 (gift from D. Chattoraj,
NCI) or into JIM109. Protein synthesis was induced by adding
IPTG (isopropyl B-D-thiogalactoside, 3 mM) to a log-phase
culture growing at 30 °C. Three hours after induction, the cells
were centrifuged, resuspended in sonication buffer (10 mM
Tris/HCI pH 8, 250 mM NacCl, 0.5% Triton X-100), and lysed
by sonication. Hexahistidine-tagged proteins were affinity-
purified on Ni%2*-agarose beads (Qiagen), eluting with increas-
ing imidazole concentrations in sonication buffer containing
10% glycerol, whereas U2A’y was affinity-purified on gluta-
thione Sepharose 4B beads (Pharmacia), eluting with glu-
tathione. The concentration of each purified protein was
measured initially by Bradford assay (Bio-Rad) and then con-
firmed by SDS gel electrophoresis followed by either Coo-
massie staining and densitometry (Molecular Dynamics
Personal Densitometer Sl) or by Sypro Orange staining (Mo-
lecular Probes) and fluorimetry (Molecular Dynamics Fluori-
meter 575).

RNA synthesis and purification

Plasmid templates for the in vitro synthesis of radiolabeled
RNA were linearized with Acc | and then transcribed in a
reaction mixture (15 ul) containing 40 mM Tris/HCI (pH 7.9),
6 mM MgCl,, 2 mM spermidine, 10 mM NaCl, 10 mM DTT,
RNAsin (20 units, Promega), the DNA template (2 ug), ATP,
GTP, and UTP (0.3 mM each, Boehringer Mannheim), CTP
(0.02 mM), [a-32P] CTP (70 u«Ci = 88 pmol, ICN), and T7 RNA
polymerase (15 units, Promega). After 16 h of in vitro tran-
scription at 37 °C, the resulting RNA transcripts were each
purified by gel electrophoresis and quantified, as described
(Laird-Offringa & Belasco, 1996).

Gel-retardation analysis

RNA-binding reactions were performed in 10 ul TENT buffer
(10 mM Tris/HCI, pH 7.4, 250 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100) containing the purified RRM-domain protein
(0.1 nM to 10 uM, including concentrations above and below
the measured K, value), the radiolabeled and purified RNA
target (0.1 fmol), and tRNA (10 ng). The effect of U2A’ on
binding was assessed by adding this protein at a concentra-
tion of 10 to 1,000 nM, depending on the amount needed to
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maximize its effect on RNA binding. In addition, to measure
the K, for dissociation of U2A" from its ternary complex with
U2hplV and either U2B" or U1A'y, the affinity of U2B”y and
U1A'y for U2hplV RNA was measured at several different
U2A'\ concentrations (0.1-1,000 nM). Binding reactions were
incubated for 30 min at room temperature, combined with
30% glycerol (2.5 ul), and loaded immediately onto cold, non-
denaturing Tris-glycine/8% polyacrylamide gels that had been
prerun for 30 min and were still running. After electrophoresis
for 2 h at 150 V (4 °C), the gels were dried, and the relative
amounts of complexed and free RNA in each sample were
guantified on a Molecular Dynamics Phosphorimager. Ky val-
ues were calculated as previously described (Laird-Offringa
& Belasco, 1995), with each reported value based on at least
three independent experiments. Error estimates correspond
to standard deviations.
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NOTE ADDED IN PROOF

Price et al. (Nature 394:645-650 (1998)) have recently re-
ported the X-ray crystal structure of a ternary complex of
U2hplV bound to amino-terminal fragments of U2B” and U2A".
They find that U2A’ contacts both U2B” and the stem of
U2hplV. The spatial orientation of this stem, which differs
from the orientation of the Ulhpll stem in the U1A-Ulhpll
complex, allows U2A’ to contact U2hplV. Our binding data
suggest that this important difference in stem orientation is a
consequence of the distinct loop sequences of these RNAs and
not of the base pair at the top of the stem (U-U versus C-G).
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