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ABSTRACT

The molecular basis for specific recognition of simple homopolymeric sequences like the polypyrimidine tract (Py tract) by
multiple RNA recognition motifs (RRMs) is not well understood. The Drosophila splicing repressor Sex lethal (SXL), which has
two RRMs, can directly compete with the essential splicing factor U2AF®®, which has three RRMs, for binding to specific Py
tracts. We have combined site-specific photocross-linking and chemical cleavage of the proteins to biochemically map cross-
linking of each of the uracils within the Py tract to specific RRMs. For both proteins, RRM1 and RRM2 together constitute the
minimal Py-tract recognition domain. The RRM3 of U2AF®> shows no cross-linking to the Py tract. Both RRM1 and RRM2 of
U2AF®® and SXL can be cross-linked to certain residues, with RRM2 showing a surprisingly high number of residues cross-linked.
The cross-linking data eliminate the possibility that shorter Py tracts are bound by fewer RRMs. We present a model to explain
how the binding affinity can nonetheless change as a function of the length of the Py tract. The results indicate that multiple
modes of binding result in an ensemble of RNA-protein complexes, which could allow tuning of the binding affinity without
changing sequence specificity.
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INTRODUCTION

RNA-binding proteins recognize specific sequences to con-
trol various posttranscriptional RNA processing events.
Uridine-rich sequences, present within introns adjacent to
both 5’- and 3’-splice sites and within 5'- and 3'-untrans-
lated regions (UTRs) of mRNAs, modulate various aspects
of RNA processing, including splice-site selection, polyade-
nylation, RNA stability, and translation (for review, see
Chen and Shyu 1995; Colgan and Manley 1997; Burge et al.
1999; Richter 1999; Moore 2000; Reed 2000; Vagner et al.
2000; Singh 2002). In higher eukaryotes, the polypyrimidine
tract (Py tract) adjacent to the 3'-splice site is an essential
splicing signal (Moore 2000; Reed 2000). It is specifically
recognized by several proteins, including the U2 snRNP
auxiliary factor (U2AF) and the Drosophila protein Sex le-
thal (SXL).
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Human U2AF is composed of two subunits, the 65-kD
large subunit (U2AF®®) and the 35-kD small subunit
(U2AF™). Early during spliceosome assembly (for reviews,
see Hastings and Krainer 2001; Will and Luhrmann 2001),
U2AF® interacts with the Py tracts (Zamore et al. 1992) and
facilitates the recruitment of U2 snRNP to the pre-mRNA
branch site by promoting RNA-RNA base-pairing (Valcar-
cel et al. 1996). U2AF® also collaborates with other splicing
factors such as UAP56, p54, mBBP/SF1, and SAP155 for
splicing (Zhang and Wu 1996; Fleckner et al. 1997; Ber-
glund et al. 1998; Gozani et al. 1998). U2AF’” recognizes the
invariant AG dinucleotide at the 3’-splice site, and plays an
important role in the splicing of introns that have weak Py
tracts (Merendino et al. 1999; Wu et al. 1999; Zorio and
Blumenthal 1999a). The fruit fly, nematode, and fission
yeast orthologs of U2AF® are essential for viability (Kanaar
et al. 1993; Potashkin et al. 1993; Zorio and Blumenthal
1999b).

The Drosophila melanogaster master sex-switch protein
SXL is another Py-tract-binding protein. Early during de-
velopment, a small amount of SXL is synthesized in females
from the transcripts initiated at the establishment promoter
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(Pe), which responds to the ratio of the number of X chro-
mosomes to the number of autosomes (for reviews, see
Cline and Meyer 1996; Schutt and Nothiger 2000). Subse-
quently, SXL controls the splicing or translation of SxI,
transformer (tra), and male-specific lethal-2 (msl2) pre-
mRNAs during sex determination and dosage compensa-
tion. Alternative splicing allows the synthesis of SXL and
TRA proteins in females and MSL2 in males (for reviews,
see Black 2000; Smith and Valcarcel 2000; Graveley 2001).
SXL regulates tra through 3’-splice site switching by com-
peting with the binding of U2AF® to the non-sex-specific
(NSS) Py tract of tra, thereby diverting U2AF® to an oth-
erwise weak, female-specific (FS), Py tract located further
downstream, to which SXL does not bind (Sosnowski et al.
1989; Inoue et al. 1990; Valcarcel et al. 1993; Granadino et
al. 1997). In the msl2 pre-mRNA, SXL competes for the
binding of TIA-1 and U2AF® proteins to the uridine-rich
sequences near the 5'- and 3’-splice sites, respectively, caus-
ing retention of an intron in the 5'-UTR (Merendino et al.
1999; Forch et al. 2001). Moreover, the binding of SXL to
uridine-rich sequences in both 5'- and 3’-UTRs blocks the
translation of msl2 (Bashaw and Baker 1997; Kelley et al.
1997; Gebauer et al. 1998). SXL controls its own expression
through exon skipping by cooperatively binding to distantly
located uridine-rich sequences in flanking introns (Saka-
moto et al. 1992; Horabin and Schedl 1993; Wang and Bell
1994; Penalva et al. 2001). Most interestingly, whereas splic-
ing of tra and msl2 is regulated very early during spliceo-
some assembly, autoregulation of SxI splicing involves its
interaction with the second-step splicing factor SPF45 to
block splicing at the second step (Lallena et al. 2002). In
addition, SXL synthesis is tightly autoregulated by feedback
inhibition of translation through uridine-rich sequences
within its 3'-UTR (Yanowitz et al. 1999). Although there
are differences in the precise mechanisms of regulation, and
it is possible that different pre-mRNAs have fine tuned the
SXL-binding sites to accommodate involvement of cofac-
tors and to serve specific regulatory requirements, all
known examples of SXL regulation involve its binding to
uridine-rich sequences.

The SXL-binding site for the tra pre-mRNA has been
defined in greater detail by iterative selection-amplification
(Sakashita and Sakamoto 1994; Singh et al. 1995), muta-
genesis (Inoue et al. 1990; Valcarcel et al. 1993; Sosnowski
et al. 1994; Kanaar et al. 1995), phylogenetic comparison
among five Drosophila species (O’Neil and Belote 1992), and
chemical interference/protection analysis and phosphorothio-
ate substitution (Singh et al. 2000). In addition, the binding of
SXL to portions of the regulated Py tracts of tra and SxI pre-
mRNAs have been characterized by X-ray crystallography
(Handa et al. 1999) and NMR (Lee et al. 1994; Kanaar et al.
1995; Inoue et al. 1997; Kim et al. 2000). Although the struc-
tures of isolated RRM1 and RRM2 of U2AF®> are known
(Ito et al. 1999), how they interact with each other when
bound to a Py tract remains to be structurally characterized.

Both SXL and U2AF® belong to the ribonucleoprotein-
consensus motif or RNA-recognition motif (RRM) family
of proteins. The RRM family is the largest family of RNA-
binding proteins, and is found in all three domains of life
(bacteria, archaea, and eukarya; Burd and Dreyfuss 1994;
Varani and Nagai 1998; Antson 2000). The RRM motif is an
80-90 amino acid region that is characterized by a four-
stranded antiparallel B-sheet and two a-helices. The two
central B-strands correspond to the RNP-1 and RNP-2 mo-
tifs, which are highly conserved among members of this
protein family. In general, RNA binds to the (3-sheet plat-
form by means of base intercalation, hydrophobic interac-
tions, hydrogen bonding, and charge interactions. The ma-
jority of the RRM family members contain multiple RRM
motifs (Varani and Nagai 1998); both RRMs of SXL and all
three of U2AF® are important for RNA binding (Zamore et
al. 1992; Kanaar et al. 1995). Intriguingly, although SXL and
U2AF® have different number of RRMs, their preferred
binding sites are uridine-rich consensus sequences of simi-
lar length, as determined by in vitro selection from a ran-
dom pool of RNA (Singh et al. 1995). Given that a single
RRM likely binds ~4-7 nt (Shamoo et al. 1994; Varani and
Nagai 1998), it is unclear how the two RRMs of SXL and the
three RRMs of U2AF® bind to the functional Py tracts,
which widely differ in length. In general, RNA structure
plays an important role in binding specificity (Frankel 1999;
Williamson 2000). However, how multiple RRMs recognize
simple, homopolymeric sequences such as poly(U) and
poly(A), which lack a discrete RNA structure (Saenger
1994), is beginning to be understood (Antson 2000). Fur-
thermore, it is well known that the binding affinity of these
proteins correlates with the length of the Py tract. However,
the basis for the relationship between the length of the Py
tract and the number of RRMs bound or the binding af-
finity remains to be understood.

In the present study, we tested how multiple RRMs of
U2AF® and SXL contribute to Py-tract recognition in so-
lution. We devised a biochemical strategy combining site-
specific photochemical cross-linking and chemical cleavage
to map the regions of interaction. Our detailed biochemical
analysis provides important new information on Py-tract
recognition.

RESULTS

Assignment of a site-specific photochemical cross-link
to specific RRMs

To elucidate the role of multiple RRMs in RNA recognition
in general, and to gain insight into the relationship between
the length of the Py tract and the number of RRMs or the
binding affinity for protein in particular, we developed an
approach to biochemically map cross-linking of specific uri-
dines to particular RRMs. First, we generated a series of
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RNA substrates in which a 5-iodouracil (5-1U) was intro-
duced by chemical synthesis at various positions of three
natural Py tracts: the tra NSS, the tra FS, and the adenoviral

A

tra(NSS) GCCAUCUUUUUGUUGUUUUUUUUCUAGC

major late (AdML) Py tracts (Fig. 1A). Because SXL and
U2AF® are efficiently cross-linked to Py tracts when ex-
posed to short-wavelength UV light (Zamore et al. 1992;

AdML CUUAUCCUGUCCCUUUUUUUUCCACAGC
tra(FS) GACUAACCGCACACUCUUUUCACAUAGC
B
RRM1 . RRM2
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FIGURE 1. Schematics of site-specific cross-linking assay. (A) Sequences of three natural Py tracts used for cross-linking. (B, top) Schematics of
SXL(W), SXL(W)AC, SXL(W)ANAC, U2AF**(1W23), and U2AF®>(12W3) proteins. Shaded areas represent RRMs. Asterisks indicate the posi-
tions of tryptophan substitutions: tyrosine-200, SXL(W); leucine-235, U2AF® (1W23); and alanine-339, U2AF®® (12W3). (Bottom) Diagrammatic
representation of SDS—polyacrylamide gels showing the hypothetical positions of the radiolabeled protein fragments following the NCS cleavage
of SXL(W), SXL(W)AC, SXL(W)ANAC, U2AF*>(1W23), and U2AF®*(12W3). For SXL (left panel), if an RNA is cross-linked to RRM2, NCS
cleavage of SXL(W)AC would generate a smaller labeled polypeptide than that observed with SXL(W). However, the size of the polypeptide would
remain unaffected if it is cross-linked to RRM1. On the other hand, the NCS cleavage of SXL(W)ANAC would generate a smaller labeled
polypeptide fragment than that with SXL(W) regardless of whether RNA is cross-linked to RRM1 or RRM2. If an RNA is cross-linked to both
RRMs (RRM1/RRM2), two cleavage products, of varying intensity, would appear in the same lane. For U2AF®® (right panel), if an RNA is
cross-linked to RRM1, NCS cleavage would generate a smaller polypeptide for U2AF®®(1W23) and a larger polypeptide for U2AF**(12W3). If an
RNA is cross-linked to RRM3, NCS cleavage would generate a smaller polypeptide for U2AF®*(12W3) and a larger polypeptide for U2AF**(1W23).
If it is cross-linked to RRM2, NCS cleavage would generate a larger polypeptide for both proteins. If it is cross-linked to two RRMs (RRM1/
RRM2), two cleavage products, of varying intensity, would appear in the same lane. For simplicity, other double combinations (RRM1/RRM3,
RRM2/RRM3) are not shown. This strategy unambiguously identifies whether a given residue is cross-linked to RRM1, RRM2, or RRM3. Under
these conditions, a portion of the input protein remains uncleaved (Mirfakhrai and Weiner 1993). Solid rectangles represent cleaved peptides
corresponding to RRM1, RRM2, or RRM3, and empty rectangles represent uncleaved proteins.
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Valcarcel et al. 1993; Singh et al. 1995), it is necessary to
ensure that the proteins cross-link at desired sites. A 5-IU
can be cross-linked to certain amino acids (Tyr, Phe, His,
Met) in the vicinity by using a 325-nm wavelength HeCd
laser source, which eliminates photoagent-independent
cross-links (Willis et al. 1993). The Py tracts differ in the
length of their uridine tracts and binding affinity for
U2AF® and SXL. For example, SXL has ~20- to 30-fold
lower affinity for the AAML Py tract compared with that for
the tra NSS Py tract, and no detectable binding for the tra
FS Py tract (Valcarcel et al. 1993; H. Banerjee and R. Singh,
unpubl. results). U2AF® has about threefold lower affinity
for the AAML Py tract and 100-fold lower affinity for the tra
FS compared with that for the ftra NSS Py tract (Valcarcel et
al. 1993; H. Banerjee and R. Singh, unpubl. results). To
account for the differences in binding affinities, protein
concentrations were appropriately adjusted to obtain com-
parable binding (80%—-90%) for all Py tracts, as determined
experimentally by a gel mobility shift assay (data not
shown). Second, we introduced, by site-directed mutagen-
esis, a single tryptophan residue within the linker region
between RRMs at amino acid Y200 (SXL[{W]) in SXL, and
amino acids L235 (U2AF®[1W23]) or A339 (U2AF®°[12W3])
in U2AF® (Fig. 1B). SXL and U2AF®> have no other tryp-
tophan residues within the RNA-binding domain. Although
no structural information was available for the two linker
regions of U2AF®, the choice for the substitution of the
Y200 position of SXL was guided by structure examination
because it is located away from the RNA-binding face, and,
based on the X-ray structure, its substitution with trypto-
phan would not be expected to perturb SXL structure (A.
Rahn and R. Singh, unpubl. results). The RNA-binding
properties of SXL and U2AF®® were not affected by the
tryptophan substitutions, as determined by a filter-binding
assay (A. Rahn and R. Singh, unpubl. results).

SXL and U2AF® proteins containing single tryptophan
substitutions were used for site-specific cross-linking with
each of the 5-IU RNAs that were radioactively labeled at the
5'-end. The cross-linked protein could be specifically
cleaved at the tryptophan residue by using N-chlorosuccin-
imide (NCS; Mirfakhrai and Weiner 1993). It would gen-
erate different-size polypeptide fragments corresponding to
RRM1 and RRM2 for SXL(W), RRM1 and RRM2-RRM3
for U2AF®(1W23), and RRMI1-RRM2 and RRM3 for
U2AF®°(12W3). The identity of the cross-linked RRM was
determined by electrophoretic separation of the NCS cleav-
age peptide fragments in a sodium dodecyl sulfate (SDS)-
polyacrylamide gel and autoradiography. We also generated
two small deletions in SXL(W), outside of the RRMs, in
which either a portion of the C terminus (SXL[W]AC) or
the N as well as the C termini (SXL[W]ANAC) of SXL were
deleted to alter their electrophoretic mobility, and thus al-
low for ready identification of the SXL RRMs; the
SXL(W)ANAC protein fragment corresponds to the SXL
derivative that was used for the X-ray structure of SXL

(Handa et al. 1999). The schematic of the NCS cleavage
pattern shown in Figure 1B (bottom) was used for the as-
sighment of cross-linked RRMs. Because the original pro-
tocol for NCS cleavage was technically cumbersome (Mir-
fakhrai and Weiner 1993), we modified this procedure such
that extraction of the NCS cleavage reaction with chloro-
form circumvented several intermediate steps, allowing di-
rect analysis in an SDS—polyacrylamide gel (see Materials
and Methods for details).

SXL cross-linking

Sixteen RNAs that contained a single 5-IU at each of the
positions within the NSS Py tract of tra were 5'-end-labeled,
photocross-linked to SXL, and analyzed in an SDS—poly-
acrylamide gel after treatment with NCS (Fig. 2A). As a test
of specificity, there was no cross-linking in the absence of
5-1U (Fig. 2A, panel None). Positions U1, U7, U8, and U10
show particularly clear examples of the RRM2 pattern, in
which the cleaved cross-linked species comigrated in lanes
b,c. Positions 16 and 17 show exclusively the RRM1 pattern,
in which the cleaved cross-linked species comigrated in
lanes a,b, and had a faster mobility in lane c. Other posi-
tions gave a mixture of the RRM1 and RRM2 patterns, as
indicated in Figure 2A. For some positions such as Ul3,
Ul4, and U15, the C-terminal deletion slightly increased
cross-linking of RRM1 relative to RRM2 (Fig. 2A, cf. lanes
a and b). It should be pointed out that these positions
appear to lie at the junction of RRM1 and RRM2 binding
(see below). We could not directly analyze the G6 and G9
positions because photocross-linking required a 5-IU.

We also analyzed the AAML Py tract, which has a uri-
dine-octamer sequence similar to the SXL-binding sites
found in SxI and msl2 pre-mRNAs. Figure 2B shows that
residues Ul, U3, and U4 were primarily cross-linked to
RRM2; residue U5 was cross-linked >60% to RRM2; resi-
due U7 was cross-linked between 60% and 80% to RRM1;
and residue U8 was cross-linked exclusively to RRM1. The
tra FS Py tract could not be analyzed because SXL does not
bind to this Py tract (Valcarcel et al. 1993).

Several conclusions can be drawn from the SXL photo-
chemical cross-linking experiments. First, the orientation of
SXL on both Py tracts is such that RRM1 is bound near the
3’-end of the Py tract and RRM2 near the 5'-end, consistent
with the X-ray structure (Fig. 2C; Handa et al. 1999). Sec-
ond, RRM1 is cross-linked to fewer residues than RRM2 on
both Py tracts. Strong cross-linking of RRM1 is limited to
the residues U16 and U17 of the tra NSS, and to the resi-
dues U7 and U8 of the AAML Py tract. Third, U11 and U12
of the tra NSS Py tract preferentially cross-link to RRM2,
and U13 and U14 to both RRM1 and RRM2. Finally, Ul-
U5, U7, and U17 residues of the NSS Py tract, which are
missing in the SXL X-ray structure (Fig. 2C; Handa et al.
1999), apparently interact with SXL.
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FIGURE 2. Site-specific cross-linking of SXL to 5-IU containing tra NSS (A) or AdML (B) Py tracts. Each of the 5’-end-labeled RNAs
containing either no 5-1U (None) or a single 5-1U at various positions was cross-linked to SXL(W), SXL(W)AC, and SXL(W)ANAC. The
cross-linked protein was cleaved with NCS and resolved in an SDS—polyacrylamide gel. The positions of the 5-1U used for the cross-linking
are shown below, and the percentage relative cross-linking to either RRM1 or RRM2 is shown above the autoradiograms; (-) weak
cross-linking. For reference, the tra (NSS) and the AdML Py-tract sequences are shown. Lanes a, b, and ¢ correspond to various SXL
derivatives. The positions of the uncleaved protein (curly brackets) and of the cleaved fragments corresponding to RRM1 and RRM2
(arrows) are shown. (C) Summary of the X-ray structure of SXL and the NSS Py tract of tra (Handa et al. 1999). The boxes refer to RRM1
and RRM2, and lines below the sequence refer to the nucleotides that were either degraded or did not contact SXL in the X-ray structure.

U2AF®> cross-linking

Similar cross-linking experiments were performed with
U2AF®® (see Fig. 1B for schematic). Figure 3A shows that
positions U-2, U1-U4, and U7-U13 of the tra NSS Py tract
were preferentially cross-linked to RRM2. Residue U5 was
weakly cross-linked and U14 was efficiently cross-linked to
both RRM1 and RRM2, and residues U15-U17 were cross-
linked to RRM1. For the AAML Py tract, residues U1, U3,
and U4 were efficiently cross-linked to RRM2; residue U5
showed weak but preferential cross-linking to RRM2; resi-
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due U7 was cross-linked to both RRM1 and RRM2; and
residue U8 was cross-linked only to RRM1 (Fig. 3B). For
the tra FS Py tract, residue Ul was cross-linked to RRM2,
and residue U4 was cross-linked to both RRMs (Fig. 3C).

The following conclusions can be drawn from the
U2AF® cross-linking experiments. First, on all three Py
tracts, the orientation of the RRM1 and RRM2 of U2AF® is
similar to those of SXL. Second, RRM1 is cross-linked to
fewer residues than RRM2, and strong cross-linking of
RRMLI is limited to the last one—four residues, depending
on the length of the Py tract. Third, both RRMs are cross-
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FIGURE 3. Site-specific cross-linking of U2AF®> to 5-1U containing tra NSS (A), AAML (B), and tra FS (C) Py tracts. The 5-IU RNAs were
cross-linked to U2AF**(1W23) (lane a’) and U2AF®*(12W3) (lane b'). Positions of various fragments are indicated; an asterisk represents
positions of variant size band(s), which is prominent in lane 84’, of unknown identity. For reference, the tra (FS) Py-tract sequence is shown in

panel C. For further details, see legend to Figure 2.

linked to certain residues, which are likely at the RRM junc-
tion. The basis for the increased cross-linking of the U4 and
U5 residues of the NSS Py tract of tra to the RRM1 of SXL
and U2AF®, respectively, remains unclear. Fourth, both
RRMI1 and RRM2 are cross-linked to all of the Py tracts,
including the shortest Py tract (tra FS), which has only four
contiguous uridines. Finally, surprisingly, RRM3 is not
cross-linked to any of the 5-IU tested.

Importance of residues UT-U5 in SXL binding

Figure 2A shows that residues U1-U5, U7, and Ul7 are
cross-linked to SXL. These residues were either absent from
or did not contact SXL in the X-ray structure (Fig. 2C;
Handa et al. 1999). Because cross-linking does not neces-
sarily correlate with binding affinity, residues U1-U5 and
U17 were mutagenized, and the mutant RNAs were ana-
lyzed for SXL binding in vitro in a filter-binding assay. As
shown in Figure 4, mutation of residues Ul-U5 signifi-
cantly reduced SXL binding. For example, mutation U2,4C
reduced the binding affinity by ~22-fold, and mutations

U1,3,5C, U1-5C/AAG, and U1-6C/AAG reduced the bind-
ing affinity by 50-fold or more. The U17C mutation had a
modest threefold effect on RNA binding (H. Banerjee and
R. Singh, unpubl. data). These data show that residues Ul-
U5 are important for SXL binding in vitro, consistent with
previous selection-amplification and chemical probing
studies (Singh et al. 1995, 2000).

Importance of residues UT-U5 in splicing regulation
by SXL

Next, we asked if residues U1-U5 are important for splicing
regulation by SXL. We used an in vitro 3'-splice-site switch-
ing assay, which faithfully recapitulates SXL regulation in
vivo (Valcarcel et al. 1993). As expected, the NSS 3’-splice
site is used in the absence of SXL (Fig. 5). For the wild-type
pre-mRNA, addition of recombinant SXL mediated 3'-
splice-site switching in a concentration-dependent manner,
as seen by the decreased splicing to the proximal NSS 3'-
splice site and increased splicing to the distal FS 3'-splice
site. However, point mutations of U1-U5 residues signifi-
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cantly reduced splice-site switching by SXL. Therefore, we
conclude that residues U1-US5 are also important for splic-
ing regulation by SXL, consistent with the RNA-binding
data (Fig. 4).

DISCUSSION

A systematic biochemical analysis with two proteins and
three natural Py tracts revealed new information on Py-tract
recognition by RRMs. Although it is possible that the nature
of 5-IU cross-linking, which is efficient with only certain
amino acids (Willis et al. 1993), may have influenced the
result for a particular position, taken together, the large data
set presented here supports a compelling trend (Figs. 2, 3).
RRMI is bound near the 3'-end of the Py tract, and RRM2
is bound near the 5'-end, which is consistent with all known
X-ray structures of the proteins containing two RRMs (Va-
rani and Nagai 1998; Antson 2000). Both RRMs of SXL and
only RRM1 and RRM2 of U2AF®® together constitute the
minimal Py-tract recognition domain; the RRM3 motif of
U2AF® is not cross-linked to any of the Py tracts. There are
two unusual observations. First, certain 5-IU positions are
cross-linked to both RRM1 and RRM2 for all of the Py
tracts tested. Second, the size of the cross-linking site for
RRM?2 is variable and can greatly exceed the RNA site size
for other RRMs (Varani and Nagai 1998; Antson 2000). The
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FIGURE 4. RNA binding of SXL to wild type and various mutants of
the tra NSS Py tract. Molar concentrations of recombinant GST-SXL
are shown on the X-axis, and the fraction of RNA bound on the Y-axis.
The sequences of various mutants are shown at the bottom, and the
mutations are underlined. For simplicity, only the Py tracts are shown.
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FIGURE 5. 3'-splice-site switching by SXL. (Top) Schematics of the
sex-specific alternative splicing of the wild-type pre-mRNA substrate.
The boxes represent exons, and the lines represent introns. The alter-
native 3'-splice sites (NSS and FS), the NSS Py tract (SXL-binding
site), and the translation stop codon (STOP) are shown. (Bottom)
SXL-mediated splice-site switching for the wild-type (M-tra), and the
U1,3,5C and U2,4C mutants (underlined) of the NSS Py tract of tra.
Precursor RNAs were spliced in an HeLa nuclear extract in the absence
(=) or presence of different concentrations of GST-SXL (0.08 uM,
0.25 pM, 0.76 pM, and 2.3 pM), and the spliced products were ana-
lyzed by primer extension assay using radiolabeled NSS or FS splice
junction primers indicated by the arrows.

efficient cross-linking site of RRM1 is limited to two—four
uridines at the 3'-end of the Py tract. Below, we present a
model for Py-tract recognition that explains various obser-
vations, and discuss the biological significance of this mode
of RNA recognition.

A model: Multiple registers and RNA looping

We postulate that RRM1 as well as RRM2 of both proteins
can bind to the Py tract in multiple registers, and RNA at
the junction of RRM1 and RRM2 can form a loop of vari-
able length, resulting in an ensemble of complexes. Al-
though the number of different possible RNA—protein com-
plexes could exceed 40, assuming that each RRM contacts 4
residues in the 17-nt-long Py tract of tra, only three ex-
amples are shown in Figure 6. The actual number of resi-
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Protein

RRM2 RRM1

RNA

What does the model explain? First, it
explains how certain residues can be
cross-linked to both RRMs. The possi-
bility of subpopulations of various com-
plexes implies that a particular residue
could contact either RRM1 or RRM2 in
a given complex. However, the reason
we observe cross-linking of the same
residue to both RRMs is because the ex-
periment reflects data from a mixture of
complexes. Second, the model provides
the basis for the extended site size of

FIGURE 6. Model for Py-tract recognition—multiple modes of binding. Both RRM1 and
RRM2 contact adjacent uridine stretches (A). In comparison to complex A, only RRM2 binds
in a different register in complex B, and both RRMs bind in different registers in complex C.
Triangles represent nucleotides or uridines. Double arrows indicate that these complexes are in
equilibrium. For simplicity, only three binding sites are shown for each RRM. The actual
number of complexes will depend on the length of the Py tract and the number of nucleotides

that interact with each RRM.

dues contacted by each RRM could be different. In complex
A, both RRMs are bound to two adjacent uridine stretches,
which is similar to the sharp boundary observed at the RRM
junction in the X-ray structure of SXL (Fig. 2C; Handa et al.
1999). In complex B, whereas the binding of RRM1 is un-
changed, the binding of RRM2 is shifted by 3 nt upstream.
As a consequence, residues 5-8 are looped out. In complex
C, the binding of RRM1 is shifted by 1 nt upstream and of
RRM2 by 2 nt, resulting in a loop of 2 nt. It should be
emphasized that the size and location of the loop will vary
depending on the interactions of each RRM. The complexes
shown here as well as those not shown are likely in rapid
equilibrium, shown by the arrows. It is possible that various
RNA-protein complexes have different binding energies.
This unusual situation of multiple modes of binding likely
arises because it is hard for an RRM to discriminate between
adjacent uridines. Several observations led to this proposal.
First, the size of the cross-linking site is variable, which can
be large for RRM2 on longer Py tracts. Second, both RRMs
are cross-linked to certain residues on all of the Py tracts
tested. Third, although efficient cross-linking of RRM1 is
restricted to the 3’-end of the Py tract, it does not cross-link
to a unique set of residues. The preference of RRM1 near
the 3'-end of the Py tract could limit the number of possible
complexes. Fourth, a lack of duplicated RRM2-RRM1
cross-linking pattern supports the possibility that in the
majority of complexes a single protein molecule binds to
the Py tract.

RRM2. Although the site size for each
RRM is typically 4-7 residues for a given
complex (Shamoo et al. 1994; Varani
and Nagai 1998; Antson 2000), the ex-
tended site size for RRM2 can be ex-
plained by RNA looping for certain
members of the ensemble. The mal-
leable nature of uridine-rich sequences,
which are known to be largely unstruc-
tured, makes them particularly suited
for adopting flexible RNA loops (Saen-
ger 1994). Third, this model could ex-
plain previous chemical interference/
protection and saturation mutagenesis
data for SXL, in which the binding site
appeared larger than would have been expected for two
RRMs (Singh et al. 2000). Fourth, in the absence of RRM3
cross-linking, we favor that only two of the three RRMs of
U2AF®, and both RRMs of SXL, likely contributed to the
selection of the consensus sequences (Singh et al. 1995).
This suggestion is consistent with the interaction of RRM3
with other splicing factors such as mBBP/SF1 and SAP155
(Berglund et al. 1998; Gozani et al. 1998). However, we
cannot exclude the possibility that RRM3, which was shown
to be required for Py-tract binding (Zamore et al. 1992),
lacks appropriate amino acids for 5-1U cross-linking. Fifth,
the positioning of the RRM1 of U2AF®” at the 3’-end of the
Py tract would allow interaction with the small subunit
(U2AF; Zhang et al. 1992; Rudner et al. 1998), and thus
ready recognition of the 3’-splice-site AG dinucleotide by
U2AF?® (Merendino et al. 1999; Wu et al. 1999; Zorio and
Blumenthal 1999a). Sixth, the model explains how SXL
could bind uridine tracts of variable length in the SXL-
regulated pre-mRNAs, and how U2AF® could bind to
natural Py tracts that differ widely in length. Finally, al-
though a comparison of the cross-linking pattern (Fig. 2A)
and the SXL X-ray structure (Fig. 2C) indicates differences
in binding, we favor the idea that the SXL structure repre-
sents only one member of the ensemble, perhaps chosen
because of the crystal contacts that favored crystallization
(Handa et al. 1999).

The cross-linking pattern observed here is inconsistent
with an alternative model(s) in which RRM1 and RRM?2
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would contact a fixed site in a single register with a sharp
boundary at the junction of two RRMs. In this scenario,
somehow RRM2 would contact a much larger site at the
same time, which is inconsistent with the known interac-
tions for RRMs (Varani and Nagai 1998; Antson 2000),
including the SXL structure in which RRM2 contacts only 3
residues (Handa et al. 1999). Alternatively, if RRM1 and
RRM2 are constrained with respect to each other upon
RNA binding, the entire protein could bind at different
locations. This would result in an increased site size for
RRM1 and an increased number of residues cross-linked to
both RRMs. The observed cross-linking pattern—restricted
cross-linking of RRM1 to the 3’-end of the Py tract and
cross-linking of only 2—4 residues to both RRMs—is in-
compatible with the alternative model.

Although recognition of a Py tract in multiple modes
explains several observations, it begs the question of
whether or how one member of the ensemble might convert
to another. Either RRM2 could slide on the RNA with re-
spect to RRM1 or the protein may undergo dissociation/
reassociation. We also do not understand the molecular
basis for the preferential cross-linking of RRM1 to the 3'-
end of the Py tract; perhaps there is a signal at the 3’
boundary. The exact site size for an RRM or the amount of
each complex cannot be accurately determined because the
observed cross-linking depends on the product of occu-
pancy and the intrinsic cross-linking efficiency of a given
binding site. We cannot distinguish whether RRM1 is flex-
ible or constrained with respect to RRM2 when bound to
RNA in solution. The X-ray structure shows that although
two RRMs of SXL are tethered by a flexible linker in the
absence of RNA (Crowder et al. 1999), the linker region
forms a short 3,,-helix upon RNA binding. In addition, the
RRM2 of SXL when bound to RNA interacts with RRM1 as
well as the linker region (Handa et al. 1999). Similar inter-
actions are also seen for HuD (Wang and Tanaka Hall
2001). However, the energetics of these interactions for SXL
as well as the structure of the first linker region of U2AF®°
when bound to RNA remain to be determined.

Biological significance

Our model has important biological consequences. In gen-
eral, the strength of 3'-splice sites correlates well with the
length of the adjacent Py tracts, and the binding affinity for
U2AF®. Two possibilities for this correlation have been
envisioned. All three RRMs of U2AF®® could contact longer
Py tracts, whereas only a subset of the RRMs contact shorter
Py tracts. Alternatively, all three RRMs of U2AF® could
contact Py tracts, regardless of the length of the Py tract
(Zamore et al. 1992), but the number of interactions differ
depending on the length of the Py tract. We find that both
RRM1 and RRM2 of U2AF®’ are cross-linked to all three Py
tracts, including the shortest FS Py tract of tra, and that
RRM3 is not cross-linked to any of the Py tracts tested,
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including the longest, NSS Py tract of tra. Therefore, we
propose that changes in the number of interactions with
only RRM1 and RRM2, the number of possible complexes
or both, rather than interactions with a subset of RRMs
(one, two, or three RRMs), provide the most likely basis for
different affinities for various-length Py tracts, and thus
3'-splice-site strength. In this scenario, longer Py tracts
would provide additional registers or binding sites, thereby
resulting in increased apparent binding affinity. For ex-
ample, if an RNA offers a single register for binding, only
one of the possible encounters with the protein will lead to
productive binding; others would require continued sam-
pling until the correct register is found. In contrast, if there
are multiple correct registers, encounters with any of them
will be productive, thereby increasing the chances of finding
the binding site. A homopolymeric sequence like poly(U)
provides a much larger set of binding sites because different
registers, rather than being contiguous, extensively overlap,
thereby offering a significantly large advantage in increasing
the apparent binding affinity (for further discussion, see
Kelly et al. 1976; Draper and von Hippel 1978).

Our proposal that an ensemble of complexes recognizes
the Py tracts is also relevant to RNA recognition by other
proteins that recognize less complex, repeating sequences,
such as the mRNA poly(A) tails (Deo et al. 1999), the AU-
rich sequences that control mRNA stability (Wang and
Tanaka Hall 2001), the GU-rich sequences that modulate
polyadenylation efficiency (Colgan and Manley 1997; Rich-
ter 1999), the U-rich sequences that control translation
(Millard et al. 2000), and the CUG repeats that have been
implicated in human diseases (Philips et al. 1998). To our
knowledge, recognition of single-stranded RNAs that lack
intramolecular base-pairing is very different from RNA rec-
ognition by other well-characterized RRM proteins that
specifically recognize unique sequences and/or RNA struc-
tures such as hairpins and bulges (Nagai 1996; Frankel 1999;
Williamson 2000), and from DNA recognition by most of
the sequence-specific DNA-binding proteins that bind in a
single register (Tan and Richmond 1998). However, indi-
vidual features of this model share resemblance with other
well-studied systems. For example, the nucleosomes and
single-stranded DNA-binding proteins (ssb), which lack se-
quence specificity, can bind in multiple registers (Lohman
and Ferrari 1994; Flaus et al. 1996). In addition, the o factor
of the bacterial RNA polymerase binds to two sequence
motifs that can be separated by a spacer that shows limited
(2-3 nt) variability in length (Reznikoff et al. 1985), and
many transcription regulators bind, usually as homo- or
heterodimers, to two sequence motifs that can be separated
by a spacer (loop) that shows considerable variability in
length (Pashne and Gann 1997; Schleif 2000). However,
each motif has a single register. Finally, it is tempting to
speculate that this situation of binding in multiple modes
may have evolved because it could allow fine tuning of the
binding affinity without changing sequence specificity, and
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that certain sequence defects could modify some registers
without affecting others. This situation is particularly im-
portant in higher organisms, where multiple factors or sub-
units bind to overlapping sites to regulate gene expression.

In conclusion, these studies provide insight into Py-tract
recognition. These findings should be applicable to the en-
tire family of proteins that recognize uridine-rich se-
quences, contain multiple RRMs, and show sequence and
structural similarities with SXL (Chen and Shyu 1995;
Keene 1999). The modified NCS cleavage protocol and the
tryptophan-based domain mapping strategy described here
provide a useful means for defining recognition of RNA,
DNA, or protein sequences by any protein that has multiple
recognition domains. Our detailed biochemical analysis un-
derscores the importance of independent evaluation of con-
clusions from structural studies.

MATERIALS AND METHODS

Plasmid constructs

U2AF*°A1-63 (Zamore et al. 1992) contained two tryptophans
at positions 92 and 475. To eliminate the tryptophans, the se-
quence corresponding to amino acids 110-474 was PCR-amplified
using primers F (GCGGGATCCATGCAAGCTGCGGGTCAGA)
and R (CGGAATTCAAGATCCACGCGGAACCAGGTCGACGA
AGTCCCGGCGGTGATAA). The PCR product was digested with
BamHI/EcoRI and cloned into pGEX-2T to obtain GST-U2AF**~
110-474. For oligonucleotide-directed mutagenesis, inverse PCR
was carried out using GST-SXL, M-Tra (Valcarcel et al. 1993), or
GST-U2AF®>~110-474 as templates and the following sets of
primers. The PCR product was blunt-ended by T4 DNA polymer-
ase, ligated, and transformed into Escherichia coli.

1. SXL(W) (in pGEX-2T): F (5'-TGGGCACGTCCCGGCGGAG
A-3") and R (5'-GGAAACCTTAAGCCGCTTG-3").

2. U2AF**(1W23) (in pGEX-2T): F (TGGCTGGTAGTCGTGA
GG) and R (TGGCCTGGCATGTCAGAGAAC).

3. U2AF**(12W3) (in pGEX-2T): F (TCCCACACTCGCCCTC
TG) and R (TGGAAGAATGCCACGCTGGTG).

4. U1,3,5C: F (5-GTTGTTTTTTTTCTAGTGTCATATTG-3') and
R (5'-GAGAGGATGGCACTGGATCAGAATCTG-3").

5. U2,4C: F (5'-GTTGTTTTTTTTCTAGTGTCATATTG-3') and
R (5-AGAGAGATGGCACTGGATCAGAATCTG-3').

6. Ul-5 A/CAG: F (5'-GTTGTTTTTTTTCTAGTGTCATATTG-
3’) and R (5'-TGTGTGATGGCACTGGATCAGAATCTG-3").

7. U1-5,7 A/CAG: F (5'-CATGTTTTTTTTCTAGTGTCATATGT
G-3') and R (5'-TGTGTGATGGCACTGGATCAGAATCTG-
3).

8. U17C: F (5'-CCTAGTGTCATATTGTGTGAA-3") and R (5'-
AAAAAAACAACAAAAAGATGGCA-3").

Sequences corresponding to amino acids 1-294 (SXL[W]AC)
and 122-294 (SXL[W]ANAC) were PCR-amplified from SXL(W)
in pGEX-2T using the following sets of primers:

1. SXI(W)AC: F (5'-ATCCTCCAAAATCGGATCTG-3') and R
(5'-GGAATTCTCACTTGCCATGCTCCTCAGCCAAC-3").
2. SXI(W)ANAC: F (5'-CGGGATCCGCAAGCAACACCAACGA

TTGT-3') and R (5'-GGAATTCTCACTTGCCATGCTCCTC
AGCCAAC-3").

The BamH1/EcoR1 fragment of SXL(W), U2AF*>(1W23), and
U2AF®*(12W3), in a pGEX-2T plasmid, and the PCR products for
SXL(W)AC and SXL(W)ANAC were cloned into a pGEX—6P vec-
tor. This vector provided the cleavage site for PreScission protease
for the synthesis of recombinant proteins lacking GST, which has
four undesirable tryptophans. The transcripts in Figure 4 con-
tained an additional 26 nt upstream and 45 nt downstream of the
tra NSS Py tract. All of the clones were confirmed by restriction
digestion and direct sequencing.

Expression of recombinant SXL and U2AF®° proteins

Expression of GST fusion proteins and their purification was es-
sentially as described (Valcarcel et al. 1993). For SXL or U2AF®®
derivatives lacking GST, the recombinant proteins (SXL[W],
SXLIW]AC, SXL[W]ANAC, U2AF®*[1W23], and U2AF®*[12W3])
were expressed in bacteria. Following the manufacturer’s protocol,
the recombinant proteins were cleaved from the glutathione—
Sepharose matrix by using PreScission protease (Amersham Phar-
macia Biotech.), and dialyzed overnight against Buffer D (20 mM
HEPES at pH 8.0, 0.2 mM EDTA, 20% glycerol, 0.05% NP-40, and
1 mM dithiothreitol).

RNA-protein cross-linking assay

RNAs containing a single 5-IU at various positions were chemi-
cally synthesized on an Applied Biosystems DNA synthesizer. The
RNA was 5’-end-labeled and incubated with protein in a 100-pL
reaction containing 10 mM Tris-HCI (pH 7.5), 1 mM dithiothrei-
tol, 50 mM KClI, 0.5 U/uL RNasin, 0.09 pg/uL acetylated bovine
serum albumin, 0.15 pg/uL tRNA, and appropriate dilutions of
recombinant proteins in Buffer D. Protein concentrations were
estimated by the staining of an SDS—polyacrylamide gel with Coo-
massie Brilliant Blue R-250, with bovine serum albumin as a stan-
dard. The RNA—protein mix was aliquoted into a semi-UV cuvette
(Fisher Scientific) and irradiated with a 325-nm HeCd laser source
(300 mW/cm®) at room temperature for 10 min (Willis et al.
1993). A 10-puL aliquot of the cross-linked reaction was mixed with
40 pL of 50% acetic acid/urea and 10 mg/mL N-chlorosuccin-
imide. This mixture was vortexed and incubated at room tem-
perature for 2.5 min, and extracted twice with chloroform:isoamyl
alcohol (24:1). The aqueous phase was vacuum dried at 65°C for
20 min. The lyophilized samples were resuspended in 100 pL of 2x
SDS loading buffer, and 10 uL was separated by electrophoresis in
a 15% SDS—polyacrylamide gel. The SDS—polyacrylamide gel was
dried, exposed to a phosphorimager screen, and quantified using
ImageQuant (Molecular Dynamics).

RNA-protein filter binding assay

Binding, under conditions described in the RNA—protein cross-
linking section above, was done in triplicates and quantified using
ImageQuant (Molecular Dynamics) for the bound fraction (nitro-
cellulose membrane) and the unbound fraction (DEAE mem-
brane; Wong and Lohman 1993). The curves were generated using
a standard two-state binding model in Kaleidagraph.
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Transcription and RNA splicing assay

RNA transcription, splicing, and primer extension were carried
out as described (Valcarcel et al. 1993; Singh et al. 1995).
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