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The mammalian splicing factor U2AF®5 binds to the polypyrimidine tract adjacent to the
3’ splice site and promotes assembly of U2 small nuclear ribonucleoprotein on the
upstream branch point, an interaction that involves base pairing with U2 small nuclear
RNA (snRNA). U2AF®5 contains an RNA binding domain, required for interaction with the
polypyrimidine tract, and an arginine-serine-rich (RS) region, required for U2 snRNP
recruitment and splicing. Here it is reported that binding of U2AF®® to the polypyrimidine
tract directed the RS domain to contact the branch point and promoted U2 snRNA-
branch point base pairing even in the absence of other splicing factors. Analysis of RS
domain mutants indicated that the ability of U2AF®5 to contact the branch point, to
promote the U2 snRNA-branch point interaction, and to support splicing are related
activities, requiring only a few basic amino acids. Thus, the U2AF®5 RS domain plays a

direct role in modulating spliceosomal RNA-RNA interactions.

Early during pre-mRNA splicing, U2 small
nuclear ribonucleoprotein (snRNP) binds
to the pre-mRNA branch point (1), an
interaction that involves base pairing with
a short sequence in U2 snRNA (2) and
requires several auxiliary factors (3), includ-
ing U2AF (4). The essential 65-kD subunit
of U2AF (U2AF%°) has a bipartite structure
comprising an RNA binding domain
(RBD) and an RS region (5). The U2AF¢®
RBD is composed of three ribonucleopro-
tein consensus (RNP-CS) motifs (6) and
specifically recognizes the polypyrimidine
(Py) tract located between the branch point

the U2AF% RS region, which contains 10
RS dipeptides and stretches of basic amino
acids (Fig. 1A), resulted in a concomitant
decrease in activity (Fig. 1C). This result
indicates that a small number of RS dipep-
tides or basic amino acids can provide RS
function. Substitution of U2ZAF®> amino ac-
ids 1 through 94 by seven RS dipeptides
supported splicing (Fig. 1D), confirming
this observation.

We next analyzed a series of amino acid
substitutions of the arginine or serine resi-

dues in the “synthetic” (RS)7 domain. Sub-
stitution of arginines by lysines did not
compromise U2AF activity, whereas activ-
ity was abolished by alanine substitution
(Fig. 1E). Surprisingly, there was no re-
quirement for serine, which could be sub-
stituted by threonine, alanine, glycine, or
methionine but not by negatively charged
aspartic acid residues (Fig. 1, E and F).
Taken together, these results suggest that
the function provided by the RS domain
depends solely on positive charge.

We have recently shown that when
bound to the Py tract through the RNP-CS
motifs, U2AF® also contacts the branch
point (10). Because the arginine-rich re-
gions of several other proteins function by
contacting RNA (6), we tested whether the
RS region was the portion of U2ZAF® that
mediates branch point contact. A pre-
mRNA specifically labeled at the branch
point (10, 11) became cross-linked to a
~65-kD protein in a nuclear extract but
not in a U2AF-depleted nuclear extract
(Fig. 2A). Recombinant glutathione-S-
transferase (GST)-U2AF®® (93 kD), but
not a derivative lacking the RS region (83
kD), was cross-linked when added to the
depleted extract. Thus, the RS domain is
required for the U2AFS°-branch point in-
teraction. Similar results were obtained
when the experiment was performed with
purified fusion proteins (Fig. 2B), indicating
that recognition of the branch point by the
natural or synthetic RS domains is an in-
trinsic property of U2AF%® and does not
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fusions and their U2AF

activity was tested in U2AF-depleted nuclear extracts (7) at an optimal concentration of 50 ng/pl. (C)
Activity of U2AF®5 NH,-terminal deletion mutants. Recombinant U2AF®S and deletion mutants of the
indicated residues (34) were tested as in (B). NE, nuclear extract; AU2AF NE, U2AF-depleted nuclear
extract. (D) A synthetic RS domain can provide U2AF activity. A U2AF® derivative was prepared in
which the 94 NH,,-terminal residues were substituted by seven RS dipeptides [(RS)7] (35), and its activity
was tested as in (B) at concentrations of 25 (left) and 50 ng/pl (right). RS~ corresponds to U2AF5®
A(1-94). (E and F) Mutagenesis of the synthetic RS domain. A series of U2AF®5 derivatives in which
either the arginine or the serine residues of the synthetic RS region are substituted by other amino acids
were prepared and tested as in (D), at a concentration of 50 ng/pl.

SCIENCE »

VOL. 273 « 20 SEPTEMBER 1996



require other spliceosomal components.
Chemical cleavage of the cross-linked pro-
tein at Trp®? confirmed that the RS domain
is the region of U2AF® that contacts the
branch point (Fig. 2D). Neither U2AF®®
nor the (RS)7 mutant was cross-linked to a
pre-mRNA that was labeled 20 nucleotides
upstream of the branch point (12) (Fig. 2B)
or to a substrate without a Py tract (10, 12),
indicating that the interaction is restricted
to the branch point region and requires Py
tract—bound U2AF®®. As expected (5, 8),
the RS domain did not affect binding of
U2AF% to the Py tract, which occurs
through the RNP-CS motifs (Fig. 2B).

Analysis of the RS region derivatives
described in Fig. 1, E and F, revealed a
strong correlation between splicing activity
and branch point interaction (Fig. 2C).
Collectively, these results indicate that
binding of U2AF®’ to the Py tract positions
the RS region to contact the branch point,
and that this interaction is functionally re-
lated to splicing.

Because the U2AF®® RS domain con-
tacts the branch point, and the branch
point forms base pairs with U2 snRNA, we
investigated whether the U2AF% RS re-
gion is required for the U2 snRNA-branch
point interaction. A psoralen cross-linking
assay was used to detect U2 snRNA-pre-
mRNA and Ul snRNA-pre-mRNA inter-
actions in nuclear extract (13). The U2
snRNA-pre-mRNA interaction was not
detected in a U2AF-depleted nuclear ex-
tract and was restored by addition of
U2AF% but not by a U2AF® derivative
lacking the RS domain (Fig. 3A). In con-
trast, base pairing between Ul snRNA and
the 5’ splice site was unaffected by UZAF®
depletion. We conclude that the RS do-
main of UZAF®’ is required to establish base
pairing between U2 snRNA and the pre-
mRNA. Unexpectedly, the U2-U6 snRNA
interaction was also reduced upon U2AF
depletion and partially restored upon addi-
tion of recombinant U2AF®, suggesting
that U2AF® may also modulate other spli-
ceosomal RNA-RNA interactions (14).

To analyze whether promotion of U2
snRNA-branch point base pairing is a di-
rect effect of the RS domain or requires
other components (for example, a U2
snRNP polypeptide), we carried out psor-
alen cross-linking in a reaction mixture
containing only pre-mRNA, U2 snRNA,
and recombinant U2AF®. A psoralen-de-
pendent cross-link between U2 snRNA and
the pre-mRNA was observed (Fig. 3B). Un-
der identical conditions, a Ul snRNA—pre-
mRNA cross-link was not detected. Forma-
tion of the U2 snRNA-pre-mRNA cross-
link required (Fig. 3C) (i) an intact pre-
mRNA branch point and Py tract, (ii) the
U2 snRNA branch point recognition se-

quence (BPRS), and (iii) both the RS re-
gion and the RBD domains of U2AF®°.
Primer extension analysis (Fig. 3D) mapped
the cross-link to the pre-mRNA branch
point and the U2 snRNA BPRS. Taken
together, these data indicate that the inter-
action observed in this reconstituted system
recapitulates that occurring during splicing.
As shown in Fig. 3E, only those RS deriv-
atives that supported splicing (Fig. 1, E and
F) and contacted the branch point (Fig.
2C) facilitated U2 snRNA-branch point
association.

A need to stabilize the mammalian U2
snRNA-pre-mRNA branch point interac-
tion is anticipated because (i) the base-
paired region is short, (ii) most mammalian
branch points deviate from the consensus at
several positions, and (iii) the branch point
adenosine is probably bulged (2, 15), fur-
ther destabilizing the helix. On the basis of
several independent lines of evidence, we
propose that the U2ZAF®®> RS domain stabi-
lizes base pairing immediately upstream of
the U2AF®® binding site, the Py tract (Fig.
4). First, a functional U2AF® RS region is
determined solely by a limited number of
basic residues, arguing against a highly spe-
cific interaction such as a protein-protein
contact (16). Second, the target of the
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U2AF®® RS domain is the pre-mRNA
branch point. Third, the U2AF% RS do-
main promotes U2 snRNA-pre-mRNA as-
sociation. And fourth, analysis of RS region
mutants shows a close correlation between
branch point contact, promotion of U2
snRNA-branch point base pairing, and
splicing. Our model posits that U2ZAF®
promotes the U2 snRNA-branch point in-
teraction in an adenosine triphosphate
(ATP)-independent manner. Indeed, Was-
sarman and Steitz (13) have shown in a
nuclear extract that base pairing between
U2 snRNA and the branch point occurs
before ATP hydrolysis.

Whereas our mutational analysis and
previous data (5, 17, 18) suggest that the
interaction between the RS domain and
pre-mRNA is not sequence-specific, our
site-specific cross-linking experiments show
that the interaction is restricted to fewer
than 20 nucleotides from the Py tract.
Thus, targeting of a nonspecific RNA-pro-
tein contact by specific recognition of the
Py tract defines a pre-mRNA region for U2
snRNA binding. These considerations can
explain why the primary constraint on
mammalian branch point selection is dis-
tance from the Py tract (19).

We propose that the U2ZAF®® RS region
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—6  Fig. 2. U2AF% RS domain interacts with the branch point. (A) Inter-
—%  action in nuclear extracts. AdML pre-mRNA (30) containing a single
radioactive phosphate and a photoactivatable 4-thio-uridine immedi-
C ately 3’ to the branch point adenosine was synthesized (77) and
i g%%%% incubated with nuclear extracts; ultraviolet (UV) cross-linking was
LT kD then performed and the cross-linked products analyzed by SDS-
i —2%°  PAGE (polyacrylamide gel electrophoresis) as described (70). The
T - concentration of recombinant proteins was 50 ng/pl. (B) Interaction
¥ .

with purified recombinant proteins. The pre-mBNA substrate de-

scribed in (A) (Bp), a substrate specifically labeled 20 nucleotides
upstream of the branch point (Up), or a labeled RNA corresponding to the polypyrimidine tract (Py) was
incubated with the indicated recombinant proteins (50 ng/wl) in buffer D plus 0.1 M KCI (29) and processed
as described in (A). (C) Interaction of U2AF® RS domain mutants with the branch point. Cross-linking
assays were performed as in (B) with recombinant U2AFS® derivatives described in Fig. 1, E and F. (D)
U2AF®S RS domain directly contacts the branch point. Recombinant U2AF®® (36) was UV cross-linked to
the branch point as in (B), the cross-linked adduct was cleaved with the tryptophan-specific reagent
N-chlorosuccinimide (NCS) as described (37), and the products fractionated on a 15%-polyacrylamide
gel, which was stained with Coomassie blue (left) and autoradiographed (right). The positions of trypto-
phan residues in U2AF®° are indicated (bottom). Cleavage with NCS generates two polypeptides with
predicted malecular sizes of 10.3 kD (which corresponds to the RS region and has an anomalous maobility
because of its high content of positively charged amino acids) and 43 kD (which corresponds to U2AF5S
RNP-CS domains). Lane M, molecular size markers; RBD, RNA binding domain.
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promotes RNA-RNA association in the
same way that basic peptides accelerate nu-
cleic acid hybridization (20): the basic ami-
no acid side chains interact with and neu-
tralize the negatively charged phosphates,

Other differences between these two types
of RS domains have also been reported. For
example, whereas the activity of the
U2AF®® RS domain depends solely on a few
basic amino acids, the RS domain of ASF-

SF2 is sensitive to small deletions (24) and
even to conservative substitutions of argi-
nines and serines (25). Second, properties
associated with the RS domain of SR pro-
teins, such as insolubility at high magne-

thereby facilitating approximation of the two
strands. A U2AF® arginine residue or resi-
dues could also stabilize the bulged adeno-
sine; stabilization of an RNA bulge by argi-
nine is an important feature of the human
immunodeficiency virus Tat-TAR interac-
tion (21).

Previous studies have shown that the RS
domains present in splicing factors of the
SR family (22) mediate protein-protein in-
teractions (23). Our results suggest that the
target of the U2AF®® RS region is the pre-
mRNA branch point, and not a protein.

Fig. 4. A role for U2AF®5 RS domain in U2 snRNP recruit-
ment. When U2AF® binds to the Py tract through its RBD,
the region of the pre-mRNA immediately upstream from the
Py tract is contacted by the positively charged arginine-
serine—rich domain (RS). This interaction stabilizes base pair-
ing between U2 snRNA and the loose mammalian branch
point consensus, thus defining a region in the pre-mRNA for @RS RB
U2 snRNP recruitment. This model offers an explanation for
the natural occurrence of branch points —18 to —37 nucle-
otides from the 3’ splice site (79). The Py tract is represented by a stretch of U’s, the branch point by its
consensus (Y, pyrimidine; N, any nucleotide; R, purine), and the BPRS in U2 sRNA by its sequence
(GUAGUA). The adenosine forming the 2’-5' branch is bulged out from the base-paired region.
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AU2AF NE supplemented with recombinant U2AF5S - pre-mRNA
(WT) (60 ng/wl) or a derivative without the BS region i [ ]
(RS ™) was performed and analyzed as described (73). - e - «
Pre-mRNAs (30): WT, adenovirus wild-type pre-mRNA,; - - o point -
Py, pre-mRNA mutant lacking the polypyrimidine % region ..a‘: i
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mRNA and mutations in specific splicing signals, (i)
hybridization with probes against snRNAs (U1, U2, and
U6) and pre-mRNA, and (i) comparison with previous reports (73). (B) Recon-
stitution of the U2 snRNA-branch point association with purified components.
In vitro—transcribed [*°P-labeled (**P) or nonradioactive (cold)] adenovirus pre-
mRNA, U2 (or U1) snRNA, and recombinant purified U2AF were incubated
(38) in the absence or presence of psoralen and UV-irradiated; the RNAs were
purified and analyzed by electrophoresis on 5% denaturing polyacrylamide
gels and autoradiography. The product of cross-linking between U2 snBNA
and pre-mRNA is indicated. (C) The U2 snRNA-pre-mRNA interaction ob-
served in the reconstituted system mimics the interaction observed in nuclear
extracts and depends on the U2AF®° RS region. Assays were performed as in
(B) with #2P-labeled U2 snRNA or derivatives and nonradioactive pre-mRNAs.
Pre-mRBNAs (30) are as in (A). U2 snRNAs (37): WT, wild-type U2 snRNA;
ABPRS, U2 snRNA derivative with a deletion in the BPRS. U2AF® recombi-
nant proteins: WT, wild-type GST-U2AF®%; RS—, GST-U2AF® A(1-94); RBD—,
GST fused to amino acids 1 to 63 of U2AF®®, (D) Cross-linking in the recon-
stituted system occurs between the pre-mRNA branch point region and the U2
snRNA BPRS. The nucleotides and area covering the branch point and BPRS
in which psoralen cross-links have been identified between these two BNAs in
nuclear extracts (13) are indicated. Primer extension assays with 5'-labeled
1708
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oligodeoxyribonucleotides complementary to positions 202 to 220 of the pre-
mRNA (left) or positions 54 to 71 of U2 snBNA (right) were performed on
isolated, cross-linked U2 snBNA—pre-mRNA adducts obtained as in (C) (lanes
2 and 4) or on either pre-mRNA alone (lane 1) or U2 snRNA alone (lane 3),
which were incubated with U2AF®% in the presence of psoralen, irradiated with
UV light under the same conditions used to obtain the U2 snRNA-pre-mRNA
cross-links, and recovered from the gel. As noted (73), psoralen modifies the
pre-mRNA in the absence of nuclear extract components, generating mono-
adducts that give rise to a background of primer extension stops in the ab-
sence of intermolecular base-pairing interactions. The arrow in the left panel
indicates the primer extension stop in the pre-mRNA, which is induced by the
presence of U2 snRNA. This position (C149) is adjacent to the nucleotide that
studies in nuclear extracts (73) have predicted to form the most prominent
psoralen cross-link with U2 snBNA. Several pre-mRNA-induced primer exten-
sion stops (39) can be identified in the BPRS of U2 snBNA. Note that the
sequence ladder corresponds to a U2 mutant gene with an A-to-T transversion
at position 39. (E) Activities of U2AF®® RS domain mutants in promoting U2
snRNA-branch point interactions. The activity associated with RS mutant
derivatives described in Fig. 1, E and F, was analyzed as in (C).
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sium concentrations (22) and reactivity to
specific antibodies (26), are not shared by
U2AF®. Finally, studies reporting protein-
protein interactions among SR proteins
failed to detect interactions between the
U2AF% RS region and other splicing fac-
tors (23, 27). Taken together, these obser-
vations suggest that there are two distinct
classes of RS domains.

The orchestrated formation and disrup-

tion of short RNA-RNA helices is a com-

mon theme in pre-mRNA splicing (28) and -

probably in other processes that involve
RNA. Here we have described a mechanism
by which a spliceosomal RNA-RNA base-
pairing interaction can be regulated by a
protein.
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religation after Klenow treatment. U2AFSS A(1-63)
has been described (5). U2AFSS A(1-94) was pre-
pared by inserting a U2AF®® cDNA fragment encod-
ing amino acids 94 to 475, flanked by Bam HI and
Eco R, into the same sites in pGEX-2T [D. B. Smith
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and K. S. Johnson, Gene 67, 31 (1988)]. Digestion of
this construct with Bam HI was used to obtain all the
RS mutant derivatives.
. Inserts were obtained by annealing complementary oli-
godeoxyribonucleotides corresponding to sequences
encoding the RS repeats or mutant derivatives.
U2AF®5 was cloned in plasmid pGEX-CS [T. D.
Parks et al., Anal. Biochem. 216, 413 (1994)] to gen-
erate a GST-U2AF€® fusion with a TEV protease
cleavage site between the two polypeptides. The
fusion protein was expressed in bacteria, purified,
and cleaved with TEV protease as described by
Parks et al. (ibid.).
M. Mirfakhrai and A. M. Weiner, Nucleic Acids Res.
21, 3591 (1993).
Reactions (20 pl) containing 75% buffer D (29), 75
mM KClI, 10 fmol of adenovirus-major-late (AdML)
promotor derived pre-mRNAs (30), 50 fmol of U2
snRNA, ABPRS or U1 snRNA (37), recombinant
U2AFS5 or derivatives (50 ng/pl), psoralen (20 ng/
ml), and pGEMB plasmid (47 ng/ul) were irradiated at
25°C with 366-nm ultraviolet light (UVP Inc. lamp, at
a distance of 3.5 cm from the samples) for 30 min.
Under these conditions, U2AF®S promoted interac-
tions between U2 snRNA and a variety of pre-
mRNAs from Drosophila to human genes.
Primer extension mapping of psoralen cross-links
has been shown to give rise to more than one primer
extension stop from a single cross-link [G. Ericson
and P. Wollenzien, Anal. Biochem. 174, 215 (1988);
J. Teare and P. Wollenzien, Nucleic Acids Res. 18,
855 (1990)].
We thank M. Jacobson and T. Pederson for the U1
snNRNA clone, L. Chiang and J. Kielty for technical
. support, T. O’Toole for secretarial assistance, and F.
Gebauer, K. Neugebauer, and members of the
Green lab for advice and comments on the manu-
script. Supported by European Molecular Biology
Organization and Spanish Ministerio de Educacion y
Ciencia fellowships to J.V., Leukemia Society of
America postdoctoral and special fellowships to
R.S., and a grant from the National Institutes of
Health to M.R.G.

36.

37.

38.

39.

40.

25 June 1996; accepted 30 July 1996

Small-Conductance, Calcium-Activated
Potassium Channels from Mammalian Brain

M. Kohler, B. Hirschberg, C. T. Bond, J. M. Kinzie,
N. V. Marrion, J. Maylie, J. P. Adelman*

Members of a previously unidentified family of potassium channel subunits were cloned
from rat and human brain. The messenger RNAs encoding these subunits were widely
expressed in brain with distinct yet overlapping patterns, as well as in several peripheral
tissues. Expression of the messenger RNAs in Xenopus oocytes resulted in calcium-
activated, voltage-independent potassium channels. The channels that formed from the
various subunits displayed differential sensitivity to apamin and tubocurare. The distri-
bution, function, and pharmacology of these channels are consistent with the SK class
of small-conductance, calcium-activated potassium channels, which contribute to the
afterhyperpolarization in central neurons and other cell types.

Action potentials in vertebrate neuronsare
followed by an afterhyperpolarization
(AHP) that may persist for several seconds
and may have profound consequences for
the firing pattern of the neuron. The AHP
has several components. The fast compo-
nent (fAHP) helps to repolarize the action
potential and regulates spike interval,
whereas subsequent slow components
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(sAHP) underlie spike-frequency adapta-
tion (1-5).

Each component of the AHP is kineti-
cally distinct and is mediated by different
Ca?*-activated K channels. The large-
conductance (100 to 200 pS), voltage- and
Ca?*-activated K* channels (BK channels)
underlie the fAHP (6, 7), which develops
rapidly (1 to 2 ms) and decays within tens
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