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ABSTRACT. During initial recognition of an intron in

pre-mRNA, thé 8nd of the intron is bound by

essential splicing factors. Notably, the consensus RNA sequences bound by these proteins are highly
degenerate in humans. This raises the question gplRing factor function in introns lacking canonical
binding sites. Investigating the introns of the model organideurospora crassaevealed a different
organization at the'3nd of the intron compared to most eukaryotic organisms. The predicted branch
point sequences dfieurosporaintrons are much closer to thé §lice site compared to those in human
introns. In additionNeurosporantrons lack the canonical polypyrimidine tract found at the end of introns

in most eukaryotic organisms. The large subunit of the U2 snRNP associated factor (U2AF65), which is
essential for splicing of human introns and specifically recognizes the polypyrimidine tract, is also present
in NeurosporaWe show thalNeurospordJ2AF65 binds RNA with low affinity and specificity, apparently

evolving with its disappearing binding site. The argin

ine/serine rich domain at the N-termiNesiafspora

U2AF65 regulates its RNA binding. We find that this regulated binding can be recapitulated in human
U2AF65 which has been mutated to decrease both affinity and overall charge. Finally, we show that the

addition of the small U2AF subunit (U2AF35) t

o0 U2AF65 with weakened RNA binding affinity

significantly enhances the affinity of the resulting U2AF heterodimer.

Removal of intervening sequences (introns) from mes-
senger RNAs is an essential part of gene expression in
eukaryotes. Splicing, the process of intron removal, is carried
out by a large conserved proteiRNA complex, the
spliceosome, which consists of 5 snRNRsmall nuclear
ribonucleoproteins) containing short RNAs and several
proteins, as well as over 100 additional protein factdjs (
Accurate recognition of introns by the spliceosome is crucial
to generating the correct mMRNAs. Intron recognition is also
the likely point of regulation for alternative splicing, a process
by which multiple mRNAs (and thus RNA or protein
products) can be generated from a single gepe3enerally
conserved consensus sequences have been idenfifigy (
which occur at the '5and 3 ends of the intron as well as the
branch point (where the chemistry of splicing is initiated).

intron using the canonical splicing motifs, often regulated
by additional intronic and exonic sequencgs (

In the current model of pre-mRNA splicing, each end of
an intron is recognized by separate RNRNA interac-
tions: the 5 splice site (5s) is bound by the U1 snRNP,
and the branch point sequence (BPS) near trspl&e site
(3'ss) is bound by the U2 snRNR, @). Targeting of the U2
snRNP to the intron requires the essential heterodimeric
splicing factor U2AF (U2 snRNP auxiliary factorp); The
large subunit, U2AF65, contains three C-terminal RNA
recognition motifs (RRMs), and an N-terminal RS domain
(6). Only two of the RRMs are involved in RNA binding,
making sequence-specific contacts with the polypyrimidine
tract (PyT) between BPS ands8. The atypical C-terminal
third RRM is a protein interaction domairr{9). RRM3

Though the factors that bind these sequences are largelyinteracts with the splicing factor SF1/BBP to recognize the

essential, the canonical sequences are too degenerate i
vertebrates to provide all the information required for
defining most introns k). Accordingly, an outstanding
challenge is understanding how splicing factors define the
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RNPmut, U2AF65 RNP mutant (Y152A, F199A, F262A, F304A);
chU2AF65, chimeric humaNeurospordJ2AF65; Nc35,Neurospora
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PyT and BPS in a cooperative fashid).(U2 snRNP then
replaces SF1/BBP at the BPS by interacting with RRM3
through the U2 snRNP-specific splicing factor SF3b153 (
11). Deletion studies have shown that RRM1 and RRM2
are required foin vitro splicing; RRM3 is dispensable for
some substratas vitro but is necessarin vivo (6, 7). The
RS domain, common to many splicing factors, is a basic
region enriched in arginine-serine repeats and is commonly
involved in protein-protein interactionsl2). The RS domain
of U2AF65, however, contacts the BPS and may assist in
annealing it with the U2 snRNALB, 14). Truncation studies
have shown that the RS domain is important for U2AF65’s
splicing function, but it appears to have no role in binding
the PyT 6, 13).

U2AF35, the small subunit of U2AF, consists of an
atypical (pseudo-)RRM flanked on each end by zinc fingers,
and C-terminal glycine-rich and RS domaids), The two
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RS domains in the U2AF heterodimer are functionally

Henscheid et al.

constructs with primers which removed the first 255 bases

redundant; deletion of the RS domain from a single subunit (corresponding to amino acids-85). Chimeric Nc(SF1)-

of the DrosophilaU2AF does not affect binding affinity or
viability (16, 17). U2AF35 interacts with U2AF65 through

U2AF65 was assembled by PCR from fragments containing
bases +204 of NcSF1 (RS domain), and bases 54¥55

U2AF35's pseudo-RRM; the other face of this domain may of NcU2AF65 (NC6ARS). (RSINCU2AF65 was created by

bind RNA (15). U2AF35 binds RNA weakly on its own,
increases the RNA affinity of U2AF over that of U2AF65

amplification of Nc6ARS with a forward primer containing
the coding sequence for seven RS repeats. Primer sequences

alone, and has been shown to specifically recognize the AGare given in Table 1.

dinucleotide at the'8s (L6, 18—20). The specific domains
with which it recognizes RNA are still unclear. In mammals,

NcU2AF65 was cloned using gene-specific RT-PCR from
strain N150 (Oak Ridge wild typenatd) RNA. RNA was

though U2AF35 is considered an essential splicing factor, it prepared from frozen tissue (grown in Vogel's minimal

does not appear to be important for mastitro splicing.
A splicing-deficient nuclear extract specifically depleted of
U2AF can be rescued by the addition of U2AF65 aloe (

medium at 32C for 2 days) pulverized and extracted 4 times
with acid phenol:chloroform 5:1 pH 4.5 (Ambion) in 100
mM sodium acetate pH 5.2, 1 mM EDTA, 4% SDS followed

21). The requirement for U2AF35 appears to be substrate- by a single chloroform extraction and ethanol precipitation.
specific and may also depend upon experimental conditionsNcU2AF6SARS was cloned by PCR from a pooled lambda

(15, 22).

cDNA library from all stages oNeurosporgkindly provided

We examined intron sequences in the filamentous fungusPy G. Kothe and S. Honda).

Neurospora crassaa well-established model organism for
genetic studies2Qd). Our results indicate thaleurosporas

HsU2AF35 was amplified by PCR from the coexpression
plasmid of Rudner et al2¢) and inserted into pAC28, which

an excellent model for PyT-poor introns, as it contains a is compatible for co-transformation with pGEX and designed

significant portion of introns lacking PyTs. TiNeurospora
orthologue of U2AF65 binds RNA weakly, and its binding

for two-plasmid coexpressio27). NcU2AF35 was ampli-
fied from theNeurospordambda cDNA library and inserted

is dependent upon the RS domain, most likely because itsinto pAC28.

RNA binding domains are negatively charged. We cor-

All plasmids were verified by sequencing and transformed

roborate this conclusion with site-directed mutagenesis of into E. coli strain BL21 STAR (Invitrogen) for protein

human U2AF65. We also show that U2AF35 can signifi-

expression. For heterodimer coexpression, the BL21 strain

cantly enhance RNA binding in a heterodimer with a weakly carrying the U2AF65 construct was made chemically com-

binding U2AF65.

MATERIALS AND METHODS

Human and Neurospora Intron Comparisdntron data-

petent and transformed with the U2AF35 construct.
Protein Expression and PurificationHsU2AF65 was
purified as previously describe@d). All U2AF65 constructs,
as well as NcU2AF6ARSHNCc35, were also purified by this
method, except thahRS constructs were purified on a

bases were constructed using human release NCBI build 36.1SOURCE 15Q (Amersham) column with a linear elution

and NeurosporaBroad Institute Assembly 7 (annotation

gradient from buffer A (10 mM Tris pH 7.5, 50 mM NacCl,

version 2), from which introns were extracted using custom 1 mmM EDTA) to buffer B (10 mM Tris pH 7.51 M NaCl,
software. Redundant sequences and annotated introns that mm EDTA). Cell growth, protein induction, and lysis for

did not begin with GT and end with AG were removed. The
final Neurosporadataset consisted of 17,049 intronic se-
quences. The human dataset was described previd2#ly (

all constructs followed our previously described procedure
(25) with exceptions noted below. All purified proteins were
dialyzed overnight into U2AF65 storage buffer (25 mM Tris

The occurrence of all pentamers within the last 40 bases of pH 7.5, 300 mM NaCl, 1 mM DTT, 15% glycerol) and stored
all annotated introns was determined using a sliding window gt —80 °C.

enumeration. Occurrences for putative BPSs (represented as RS-domain-deleted U2AF heterodimers (HSU2ASBS+

pentamers containing CTRAC,RA or G) were normalized
by dividing the occurrences in each position by the total
number of occurrences of thadmer within the entire region.

HsU2AF35, QVMARS+HsU2AF35, and chU2AF6SRS+
Hs35) were purified similarly except that the chromatography
was omitted. These were bound to glutathione Sepharose

The distribution therefore reflects the fraction of occurrences (Amersham), directly cleaved from bound GST with Preci-
at each position. For the PyT, the occurrences in each binsjon Protease (Amersham), and concentrated, after filtration

were divided by the total number of introns examined to
yield the fraction of introns that have themer in each
position.

Cloning.All proteins were cloned into pGEX-6P-1 (Amer-
sham) except for HsSU2AF35 and NcU2AF35 (below).
HsU2AF65 was previously clone@%). The quadruple mu-
tant (QM), RRM1 mutant, RRM2 mutant, and RNP mutant

through a 0.45um membrane, on a Centricon YM-30
centrifugal filtration device (Amicon). The Hisag was re-
tained on HsU2AF35 and NcU2AF35, and the GST tag was
retained on NCU2AFGARS in the NcU2AF6BRSH+Nc35
heterodimer.

Proteinr—RNA BindingVarious concentrations of protein
were incubated for 10 min at room temperature with-0.1

(RNPmut) constructs were created using sequential Quik-0.2 nM 5 32P-labeled RNA oligonucleotide, 50 mM Tris
change (Stratagene) reactions using HsU2AF65 as the firstpH 7.5, 100 mM NacCl, 5 mM MgGJ 0.01% Triton X-100,

template. Chimeric humédeurospordJ2AF65 (chU2AF65)

1 mM DTT, 0.05% bromophenol blue, 4% glycerol, and 0.25

was assembled by PCR from fragments containing basesmg/mL heparin. The reactions were separated on native

1—-435 and 10271428 of HSU2AF65 and bases 751404
of NcU2AF65. HsSU2AF6ARS, QMARS, RNPmMUARS,
and chU2AF6ARS were cloned by PCR of the full-length

polyacrylamide gels (5% 37.5:1 mono:bis acrylamide, 4%
glycerol, 0.5X TB) at 150 V fo2 h at 4°C. Gels were dried,
exposed to phosphor screens overnight, and quantitated using
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Table 1: Primer Sequences Used for Cloning

construct

sequence

QM: R150A 8 GAC AAG CCC

GGG CCCTCTACG TGG GCAAC'3

5 GTT GCC CAC GTAGAG GGC CCGGGCTTGTC3

QM: K195A

5 CAG ATT AACCAG GACGCGAATTTTGCCTTTTTGG 3

5 CCA AAA AGG CAAAAT TCG CGT CCTGGTTAATCT G 3

QM: K260A

5 CCGACT CTGCCCACGCGCTGT TCATCG GGG 3

5 CCC CGATGA ACAGCG CGT GGG CAG AGT CGG'3

QM: K300A

5 CCACGG GGC TCTCCG CGGGCTACGCCTTCTG 3

5 CAG AAG GCG TAG CCC GCG GAGAGC CCCGTGG3

RNPmut: Y152A

5GCC CGG CGC CTC GCC GTG GGC AACATC CCC3

5 GGG GAT GTT GCC CAC GGC GAG GCG CCG GGC 3

RNPmut: F199A

5GGA CAAGAATTTTGCCGC TTTGGAGTTCCGC?3

5 GCG GAACTC CAAAGC GGC AAAATTCTTGTCC 3

RNPmut: F262A

5GCC CAC AAG CTG GCC ATC GGG GGC TTACCC 3

5 GGG TAAGCC CCC GATGGC CAGCTTGTG GGC 3

RNPmut: F304A

5CCA AGG GCT ACG CCG CCT GTG AGT ACG TGG'3

5 CCACGT ACT CAC AGG CGG CGTAGC CCTTGG'3

ch65: Nc65 7531404 w/Hs65 overlap

'STGA CGG TCT GGC TGT GAC CCC AAC GCC GGT GCC CGT GGT

CCTTAAGCC TACGAACTCCCGCCAGA3
5 AGC CCG GCACTT GCA GGG TCA CAG GCG TCT GAT TGATGG
TGT TCACACTCAGTT CTCCAGCTACCS3

ch65: Hs65 1435

83 GGG GGATCCATG TCG GAC TTC GAC GAG TTC GAG CGG CAG 3

5 GGT CAT CTG GCT CCC GAC CAC GGG CACCGG 3

ch65: Hs65 10271428

3GGG GAATTC TCACCAGAAGTC CCG GCG GTG ATAAGA GTC GGG'3

5 ACG CTG GTG AGC CCC CCG AGC ACCATC AAT'3

HS6SARS
NCcU2AF65

3 GGG GGA TCC AAG AAG GTC CGT AAATACTGG 3
3 GGG GGATCC ATG AAC GGG GAC ACC TATTCC'3

5 CCCGCGGCCGCTTACCAGGCGTTGACATC3

NC65ARS

83 GGG GGATCC GACTTG ACC GATGTC GTT'3

5 CCCGTCGACTTACCAGGCCTTGACATC?

HsU2AF35

5GGG GGATCC ATG GCG GAG TATCTG GCC TCC 3

5 GGG GAATTC TCAGAATCG CCCAGATCTTTCACG3

Nc(SF1)65: SF1 w/Nc65 overlap

"6GC CTCTTG CGC TCT ATA ACA GGA ACG ACATCG GTC AAG

TCGCTGCGGCCGCGCTTGACATCGCG3

Nc(RS)65

5 GGG GGATCC CGT AGC CGT AGC CGT AGC CGT AGC CGT AGC CGT

AGC CGT AGC GACTTGACCGAT GTC GTT CC'3

NCcU2AF35

3 GGG GGATCC ATG GCCAACTTT CTC GCC'3

5 CCCGAATTC CTAATACCG TCT CCTAGT 3

Table 2: RNA-Protein Affinities ¢M)?
RNA

protein AV3 AV3pp
HsU2AF65 0.19+ 0.05 16
HsU2AF65ARS 0.66+ 0.14 33.8-3.2
HsU2AF65ARSHHs35 0.22+ 0.04 3.9+ 04
NcU2AF65 37.4+14.8 T4
NCU2AF65ARS >100° >100°
NcU2AF65ARSH+NC35 38.1+ 18.2 8¢
Nc(RSYU2AF65 7.6+1.9 16.3£ 2.6
Nc(SF1)U2AF65 0.32£ 0.11 0.86+ 0.24
QM 30° 160
QMARS >60° >60°
QMARS+Hs35 0.70+ 0.42 6.9+ 1.1
RNPmut 80 210
RNPmMuUARS 116 270
RRM1mut 111+ 2.4 140
RRM2mut 53 440
chU2AF65 2% 28
chU2AF65ARS >140F >140
chU2AF6SARS+Hs35 1.6+ 0.9 8.7+ 4.9

a Calculated averagéq (uM) (+one standard deviation) fam vitro
binding to RNA indicated. All values represent the average of at least
three independent experimentExtrapolatedKy (beyond highest
available protein concentratiorf)Kq too high to extrapolate.

ImageQuant software (Molecular Dynamics). Dissociation
constants Kq) (Table 2) were calculated as previously
described 10) with all fraction bound values corrected for
background by subtracting the fraction bound with no protein
added.

RESULTS

Neurospora as a Model for Studying Introns Lacking the
Canonical Polypyrimidine TractWe examined the makeup
of NeurosporaPyTs in comparison to human using two
approaches. We first calculated the frequency of predicted
BPSs as a function of their distance from tHeeBd of the
intron. We defined the BPS sequence to be CURAGHR
A or G), which corresponds with both the BPS identified
by Kupfer et al. 28) and the high affinity site for the branch
point binding protein SF1/BBP2Q). Sequences matching
this motif were found in the last 50 bases of 58% of
Neurosporaintrons. Both human andleurosporaintrons
show a spatial distribution of BPS occurrences with a notable
peak (Figure 1A). The peak is significantly closer to thes3
in Neurospora(13 nucleotides) than in human (21 nucleo-
tides), suggesting that a large portionNsurosporantrons
have short PyTs.

Enrichment of pyrimidines, especially uridines, at the 3
end is also characteristic of many introns. In human introns
the last 35 nucleotides of most introns are-B®% uridine
(Figure 1B). However, this enrichment is largely absent from
Neurosporantrons, which are only 2530% uridine at the
3 end (Figure 1B, thin lines). This value fddeurospora
represents a virtually random base compositideurospora
introns are also deficient in polypyrimidine tracts. The
occurrence of four uridines in a row, representative of a
strong PyT, is much less common Meurosporathan in
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13). Similarly, in our hands the affinity of HSU2AF@ERS
is equivalent to full-length (Figure 2A, lanes-8 versus
9—-16; Table 2).

The RNA-binding domains of NcU2AF65 are much more
negatively charged than HsU2AF65 (Table 3). RRM1 of
NcU2AF65 has a predicted isoelectric point)(jof 4.47
(HsU2AF65 RRM1, 7.54), and thel pf RRM2 is 5.66
(HsU2AF65 RRM2, 7.35). These lowgare similar to that
of RRM3 (NcU2AF65, 4.23; HsU2AF65, 4.33), which does
not bind RNA and is instead a protetprotein interaction
domain B0). It is possible that the RS domain of NCU2AF65
is extended because its positive charge contributes to RNA
binding. Indeed, full-length NcU2AF65 does bind to PyT
RNA (Figure 2A, lanes 1724). The affinity of NcCU2AF65
is weak Kqg for AV3: 37 uM) compared to that for
HsU2AF65 (190 nM). Combined with the lack of binding
by NCcU2AF6ARS, this suggests that the RNA-binding
domains of NcCU2AF65 are weak.

The addition of an unrelated RS domain to NcU2AKBS
also restores RNA binding (Figure 2C). We fused either the
RS domain ofNeurosporaSF1 or seven RS dipeptides
[(RS)] to the N-terminus of NcU2AFGARS. The resulting
chimeric proteins are Nc(SF1)U2AF65 and Nc(R&AF65,
respectively. The RS domain from SF1 dramatically in-
creased affinity (Figure 2C, lanes-12). Nc(SF1)U2AF65

0 -35 30 25 -20 15 -10 5 O

binds to the AV3 RNA with &Ky of 320 nM, in the same
Position (nucleotides from 3' end)

range as HsU2AF65 (Table 2). Addition of the artificial
Ficure 1. Neurosporantrons contain degenerate polypyrimidine domain (RS) also resulted in affinity greater than that of

tracts. (A) BPS-3'ss distance is shortened Weurosporaintrons. full-length NCU2AF65 (Figure 2C, lanes 324). TheKq
The normalized positional occurrence of the predicted branch point of Nc(RS)U2AF65 for AV3 is 7 ,G,uM (Table 2). It is

sequence CURAC is plotted relative to tHesBlice site at 0. The - .
total number of occurrences at each position was divided by the Unclear why these three different RS domains have such

total number of occurrences throughout the region. Open bars, varying effects on NcU2AF65 RNA binding.

human; filled barsNeurospora (B) The 3 ends ofNeurospora NcU2AF65 exhibits much less sequence selectivity than

introns are not enriched in uridine. The frequency of occurrence . - .
of U (thin lines, left axis) or poly-U (defined to be a contiguous SU2AF65. Whereas the difference in affinity between

run of four Us; thick lines, right axis) is plotted by position relative  Strong (AV3) and weak (AV3pp) PyT RNAs by HSU2AF65
to the 3ss (0). The frequency of occurrencédxis) indicates the is 50—80-fold, NcU2AF65, as well as Nc(SF1)U2AF65 and
fraction of introns containing thesemers at each position. Note Nc(RSYU2AF65, has only 2-fold selectivitys, Table 2).

that thbe t‘liVOY‘I‘?‘XGS rrm]ave different scales. Solid linégurospora Thage vesults indicate thisteurospordJ2AF65 is much less

(Nc); broken fines, human (Hs). specific in RNA binding than the human protein. If the RS
human introns (Figure 1B, thick lines). Taken together, these ﬁlorng‘Féss tlhe primary cor:trlb.uftor to I(?II;IA bmdm% I':']h
data indicate that manyeurosporantrons contain signifi- c tivel 'hOW qulggnge selectivity \t/vou ?thpeﬁte - 1he
cantly shortened and uridine-poor polypyrimidine tracts. pt03| |tvey c da_rge bab| qn:aln ';5_ not expec .G]i. ﬁ a.\,:ﬁ t?;l]ny

RNA Binding of Neurospora U2AF65 Requires the RS structure and 1S probably Interacting nonspecifically wi e

Domain.If Neurosporantrons generally lack polypyrimidine negatively charg.ed phosphate backbone.- )
tracts, and if U2AF65 binds to the PyT in order to accurately ~ 1he RS Domain Is Required for RNA Binding by Human
target the U2 snRNP to théss of the intron, then what are  U2AF65 When Its RRMs Are Mutated To Be More Acidic.
the RNA binding properties ofNeurospora U2AF65 The decrease in affinity and selectivity of NcU2AF65 could
(NCU2AF65)? To study RNAprotein binding of all U2AF65 ~ be a property of its RNA binding domain (RRM1 and
constructs, we used model PyT RNA oligonucleotides RRM2), or of another portion of the protein. We mutated
(Figure 2A, bottom) derived from the @nd of the Aden- RRM1 and RRM2 of HsSU2AF65 to decrease their isoelectric
ovirus major late (AdML) intron. AV3 is the wild-type  Point. If low pl is an indicator of a weak RRM, this
sequence and contains BPS, PyT, afss 3notifs. AV3pp mUtageneSiS should decrease the RNA blndlng aCthlty
is a weak PyT model where purine mutations have inter- HsU2AF65 residues R150, K195, K260, and K300 were
rupted the PyT. chosen for mutation to alanine (Figure 3A). These basic
To avoid problems with expression and solubility, we first amino acids (or their equivalents) contact RNA in both the
cloned NcU2AF65 without its RS domain, which is extended HsU2AF65-RNA (31) and Sx-RNA (32) crystal struc-
(180 amino acids, compared to 85 for HSU2AF65). Surpris- tures through hydrogen bonding and ionic interactions,
ingly, binding of NcU2AF6RARS to AV3 as well as AV3pp  largely as members of the highly conserved RNP motifs,
RNA is nearly undetectable (Figure 2A, lanes—22). through which most RRMs bind RNA. The resulting qua-
Previous studies have shown thathuman U2AF65 (HSU2AF65) druply mutated U2AF65 (R150A, K195A, K260A, K300A)
does not require its RS domain for high affinity bindir@y ( will be referred to in this paper as QM. RRM1 and RRM2
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Ficure 2: RNA binding byNeurosporaJ2AF65 is dependent upon its RS domain. (A) Electrophoretic mobility shift assay of human and
NeurosporaU2AF65. Final protein concentrations: HsSU2AF65 (lanes8)l and HSU2AF6ARS (lanes 9-16), 0, 0.3125, 1.25, aM;

NCcU2AF65, 0, 4.75, 9.5, 1M (lanes 17-24); NcU2AF6R\RS, 0, 6.25, 25, 10@M (lanes 25-32). C, RNA—protein complex; F, free

RNA. RNA sequences are given below the gel. Intron sequence is lowercase, and exon sequence and the branch point A are in uppercase.
Mutations in AV3pp are underlined. (B) Quantitation of (A) with best-fit line. Circles, HsU2AF65; squares, HsUARSG5iamonds,
NCcU2AF65; triangles, NcU2AFG5RS. Closed markers and solid lines indicate AV3 RNA; open markers and broken lines indicate AV3pp
RNA. (C) Electrophoretic mobility shift assay dfeurosporaU2AF65—artificial RS constructs. Labels are as in (B). Final protein
concentrations: Nc(SF1)U2AF65, 0, 0.09375, 0.1875, 0.375, 0.7M.8anes 1-12); Nc(RSYU2AF65, 0, 0.9375, 1.875, 3.75, 7.5, 15

uM (lanes 13-24). (D) Quantitation of (C) with best-fit line. Circles, Nc(SF1)U2AF65; triangles, Nc{fBZAF65. Closed markers and

solid lines indicate AV3 RNA; open markers and broken lines indicate AV3pp RNA.

Deletion of the RS domain (amino acids 85) from QM
(forming QMARS) causes it to lose all appreciable RNA
binding (Figure 3B, lanes 1318; Table 2). In contrast, the

Table 3: Predicted Isoelectric Pointd)jof Proteins and Domaifs
protein fulllength ARS RRM? RRMZX RRM3

Hsggﬁigg g-jg i-gf Z-i;' ;-gg j-gg RNA binding of wild-type HSU2AF65 is unaffected when
QK,I 873 471 4.91 4.87 433 the RS domain is removed (Figure 2A). This result indicates
RNPmut 9.38 4.99 755 597  4.33 that the RS domain is able to compensate for the weakened
chU2AF65 7.52 4.54 4.47 5.66 4.33 interactions of the RRMs to RNA in the context of the QM
apls calculated with EMBOSS!6). ® Amino acids used for RRM1: mutations, though it is not required for wild-type U2AF65
HsU2AF65, 145-323; NcU2AF65, 257351; chU2AF65, 147241, to bind RNA @, 13).
¢ Amino acids used for RRM2: HsU2AF65, 25840; NcU2AF65, : P :
374-457; chU2AF65, 264349.9Amino acids used for RRM3: U2AF35 Aids Binding by U2AFAlthough UZAF65 is
HsU2AF65, 376-475; NcCU2AF65, 479-584; chU2AF65, 379484. capable of recognizing and binding to a strong PyT on its
eIncludes G338E mutation; see text. own, during intron recognition it interacts with other splicing

factors like U2AF35 and SF1/BBP. We predicted that these
protein—protein interactions would be sufficient to bring
U2AF65 to RNA lacking a high-affinity binding site.
_ ) Alternatively, SF1/BBP and/or U2AF35 could assist a weak
The QM construct binds a PyT RNA (AV3) with measur- - j2AF65 to bind RNA (regardless of sequence) between BPS
able affinity, though much more weakly than HsU2AF65, and 3ss. To test this model, we measured the binding affinity
similarto NCU2AF65¢-30uM (QM) vs 190nM (HsU2AF65);  of a QMARS+HSU2AF35 heterodimer. Because recombi-
Figure 3B, Table 2). Its sequence selectivity is also partially nant U2AF35 is insoluble, we modified the coexpression
reduced; QM shows-58-fold selectivity, whereas U2AF65  strategy of Rudner et al16) to copurify U2AF heterodimers
displays 50-fold selectivity between AV3 and AV3pp RNAs containing full-length U2AF35 and our constructs of U2AF65
(Table 2). It should be noted that this is an estimatejkhe  (see Materials and Methods).

for each protein binding to AV3pp RNA (as wellas QM for  addition of HSU2AF35 dramatically restored RNA bind-
AV3) is extrapolated past the highest protein concentration ing to QMARS as a heterodimer (QMRS+Hs35). The
we were able to test. Comparisons of the fraction of each affinity of QMARS+Hs35 is only 3.5-fold less than that of
RNA bound at equivalent protein concentrations, however, wild-type HsU2AF65 (Figure 3B, lanes-b versus 19-24;
yield a similar fold selectivity. Basic amino acids in RRM1 Table 2). HSU2AF35 appears to be supplying a significant
and RRM2 of U2AF65 thus appear to play a role in RNA amount of RNA binding affinity in the QMRS hetero-
affinity as well as selectivity for pyrimidine-rich sequences. dimer—RNA complex, perhaps by recruiting the large subunit

of QM have significantly lowered Ig (4.91 and 4.87,
respectively; Table 3).
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Ficure 3: The RS domain is required for binding of U2AF65 with weakly binding acidic RRMs. (A) Schematic of mutations made in the
first two RRMs of HsU2AF65. The primary sequences encompassing the RNP motifs of RRMs 1 and 2 are shown, with the RNP motifs
underlined. Amino acids mutated to alanine in the quadruple mutant (QM) are in gray boxes (R150, K195, K260, K300). Amino acids
mutated to alanine in the RNP mutant (RNP) are in black boxes (Y152, F199, F262, F304). (B) Electrophoretic mobility shift of QM
constructs on a model 3plice site (AV3 RNA). Final protein concentrations: HsU2AF65 (WT) 0, 0.3125, 0.625, 1.25, 214, (fanes

1-6); QM 0, 0.94, 1.88, 3.75, 7.5, 18M (lanes 7~12); QMARS 0, 3.75, 7.5, 15, 30, 60M (lanes 13-18); QMARS+Hs35 0, 0.3125,

0.625, 1.25, uM (lanes 19-24). C, RNA—protein complex; F, free RNA. (C) Quantitation of (B) with best-fit line, average of at least
three gels. Circles, WT; squares, QM; diamonds, ARS; triangles, QMRS+Hs35. (D) Electrophoretic mobility shift assay of RNPmut
constructs with AV3, AV3pp RNA. Labels as in (B). Final protein concentrations: RNPmut 0, 4.5,/8V1{&nes 1-8); RNPMuUARS

0, 10, 20, 4quM (lanes 9-16). (E) Quantitation of (D). Circles, RNPmut; squares, RNRxXRS. Closed markers and solid lines indicate

AV3 RNA; open markers and broken lines indicate AV3pp RNA.

to the RNA, though its own RNA affinity is weakl6). heterodimer (NcU2AF6ARS+Nc35) in which the large
Alternatively, U2AF35s role may be supplying an RS subunit (NCU2AF6ARS) has very low binding activity.
domain to the U2AF complex. However, its RNA-binding Whereas both single-subunit HSU2ARERS and the
contribution to QVMARS does not appear to be equivalentto HsU2AF6SARS+Hs35 heterodimer show sequence selectiv-
the contribution of the RS domain in full-length QM. The ity between AV3 and AV3pp RNAs, HSU2AFAERS alone
affinity of QM is 40-fold less than that of QMRS+Hs35 has 50-fold selectivity while that for HSU2AF631s35 is
(Figure 3B, lanes 712 versus 1924; Table 2). Therefore,  approximately 18-fold (Table 2 and data not shown). A
a combination of these two mechanisms may be at work. similar 5- to 10-fold change in selectivity is likely true for
The combination ofNeurosporaU2AF35 (NcU2AF35) QMARS and its heterodimer, though this cannot be directly
with NcU2AF65ARS also restored binding (data not shown). measured, because QMRS alone does not bind RNA.
Unlike with QMARS, where addition of HSU2AF35 resulted Coupled with the increased affinities of the human het-
in a heterodimer with affinity much greater than that of full- erodimers for a mutated PyT (AV3pp) compared to that of
length QM, NcU2AF6BARS+NCc35 has similar affinity to the large subunit alone, these results indicate that U2AF35
NCcU2AF65 Kq for AV3: 38 uM and 37uM, respectively;  aids binding of the U2AF heterodimer to RNA with a poor
Table 2). This may reflect lower activityn vitro for PyT, regardless of the binding affinity of U2AF65.
NcU2AF35 compared to HSU2AF35, or could be due to  The RS Domain Is Not Required for Weakened U2AF65
much weaker RNA binding of NcCU2AF@RS compared  with Unchanged plWe made another construct, the RNP
to QMARS (although both were unmeasurable). Whereas amutant (RNPmut), containing a set of mutations (Y152A,
shorter construct of HsSU2AF35 (amino acids—4i316) is F199A, F262A, F304A) in HsU2AF65 to decrease RNA
soluble alone ¥3), we have had no success expressing affinity without affecting charge (Figure 3A). These con-
truncated versions of NcU2AF35. However, the activity of served aromatic amino acids in the RNP motifs stack with
NcU2AF35 is enough to lend measurable affinity to a U2AF bases in the RNA and are the most important residues in
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RRM—RNA interactions 81). Consistent with this role for A
the targeted residues, the RNPmut has affinity for PyT RNA

even lower than that of QM (AV3, 80M, AV3pp, 2104M; HsU2AF6S (S T35 W AT W Rz M RS |
Figure 3D, Table 2). Mutating individual RRMs (RRM1mut, ~ NcU2AF65 2o B RV RRM2 R

Y152A+F199A; RRM2mut, F262A-F304A) also decreased chUIAFES T R
affinity to a lesser extent (Table 2 and data not shown).
Mutating RRM2 had a larger effect than RRMKg(for
AV3: 53 uM versus 11uM, respectlvely; Table 2), e e o
consistent with previous studies which showed that RRM2 w3 Aanp A3 AV3pp AV AVipp _ RNA
contributes more to affinity than RRMBY, 34). 0 il 0 il 0 atl 0 ] 0 il 0 ¥ M

The RRMs of RNPmut have nearly identical charge o 4 B
properties to the wild-type HSU2AF65 (Table 3). It should ®®sw_ S ssa e L
be noted that the core of RRM2 in RNPmut has a very similar 12 34 5 6 7 8 910111213 141516171819 20 21 2223 24
pl to wild-type; our calculations for Table 3 included
approximately 5 amino acids on either side of the RRMs.
An additional mutation just outside the RRM (G338E)
introduced an acidic amino acid during RNPmut mutagenesis
that does not have a significant effect on RNA binding. RNP
mutations in RRM2 alone (Table 2, RRM2mut) cause a
significant decrease in binding in the absence of the G338E
mutation.

Removing the RS domain from RNPmut has minimal

——— w—

Fraction RNA Bound

0
0.01 0.1 1 10

effect on affinity (Figure 3D, lanes-916; Table 2). This Protein Concentration (uM)

corroborates previouARS results: those constructs with e el BB st B Rt
acidic RRMs (NcU2AF65, QM) lose all RNA binding when _ .
( M) g Ficure 4: A chimera of HSU2AF65 with NcU2AF65 RRMstR2

the RS domain is deleted, and the basic RRMs of wild-type binds similarly to NcU2AF65. (A) Schematic of chimera (chU2AF65)

HsU2AF65 are unaffected by deletion of the RS domain. construction. Amino acids 146850 (RRM%+2) of HsU2AF65
Interestingly, overall proteinlds not a reliable indicator of  were replaced with amino acids 25068 (RRMH-2) of NcU2AF65.
RNA binding activity; all the ARS constructs havelg (B) Electrophoretic mobility shift assay of chimera constructs with

; ; AV3, AV3pp RNA. Final protein concentrations: chU2AF65
between 4.5 and 5 (Table 3), but display very different (ch65). 0. 3.5, 7, 14M (lanes 1-8): ch65ARS 0, 35, 70, 14M

affinities (Table 2). (lanes 9-16); ch6:\RS+Hs35 0, 0.375, 0.75, 1.5M (lanes
An RS Domain or U2AF35 Compensates for Lack of RNA 17-24). ¢, RNA-protein complex; F, free RNA. (C) Quantitation

Binding by Neurospora RRMhk order to directly compare  of (B). Circles, chU2AF65; squares, chU2ARERS; diamonds,
the RNA binding of NcU2AF65 with the mutant versions ch65ARS+Hs35. Closed markers. and. sqlid lines indicate AV3
of HsU2AF65, we constructed a chimeric protein (chU2AF65; RNA; open markers and broken lines indicate AV3pp RNA.
Figure 4A) where RRMs 1 and 2 of HSU2AF65 (amino acids
140-350) were replaced with RRMs 1 and 2 from NcU2AF65
(amino acids 256468). The protein context surrounding the
RNA-binding domain is thus identical and the activity of
RRMs 1 and 2 can be directly measured between constructs
The chU2AF65 construct binds RNA very similarly to

U2AF35 recognizes the'§& and exon bases downstream
(18), which are identical between the two RNAs, this
selectivity is likely due to the NcRRMs present in chU2AF65.
Greater selectivity may be seen in the heterodimer than in
full-length chU2AF65 alone due to the increase in affinity,

NCU2AF65 (Figure 4B, lanes-18). This result confirms that which suggests that U2AF35 contributes more than the RS

RRMs 1 and 2 are major contributors to RNA binding for domain to helping the weak NCRRMs bind RNA.
NCU2AF65, and not other portions of the protein, which have ~ Effect of 3ss AG on U2AF35 Affinity of U2AF Het-
been completely replaced in chU2AF65 with segments of erodimer.We further explored the way that U2AF35 was
HsU2AF65. Sequence selectivity between AV3 and AV3pp contributing to the RNA binding activity of U2AF with
is approximately 2-fold or less at the protein concentrations additional mutations of the RNA. U2AF35 has been shown
tested (Table 2 and data not shown). This suggests that, ad0 recognize the AG dinucleotide at thées§, and mutation
seen in the wild-type protein, NcU2AF65's RRMs are not t0 GG or UG abolishes cross-linking&-20). Interestingly,
very selective for “Strong” PyT sequences. mutation of the 3s AG to GG in the AV3 RNA blndlng
The RS domain is, once again, an important contributor Substrate (AV3gg; Figure 5A, bottom) does not signifi-
to affinity; chU2AF65ARS (Aaat-85) does not bind RNA cantly affect U2AF affinity in the heterodimers tested (Fig-
(Figure 4B, lanes 916). Length of the RS domain does not  ure 5). TheKy of HSU2AF6ARSHHS35 is 0.22uM for
appear to be as important as the presence of one. WhileAV3 and 0.33uM for AV3gg (Figure 5A, lanes +4; Fig-
NCU2AF65 has a 180-residue RS domain, chU2AF65 has ure 5C), equivalent within experimental error. Similarly,
the 85-residue RS of HsU2AF65. NcU2AF65ARSHNCc35 has &4 of 38 uM for AV3 and 30
Adding HsU2AF35 also restores affinity to chU2ARERS ~ #M for AV3gg (Figure 5A, lanes 1722; Figure 5C). An
(Figure 4B, lanes 1724). As with QMARS+Hs35, the effect is seen with QMRS+Hs35, which bind_s to AV_3 and
affinity of chU2AF65ARS+Hs35 is much greater than that AV39g with Kgs of 0.7uM and 3uM, respectively (Figure
of full-length chU2AF65 alonel, for AV3: 1.6 uM and S5A, lanes 9-12; Figure 5C).
22 uM, respectively; see Table 2). The heterodimer has a A greater effect on binding is apparent when tHes3
5-fold selectivity of between strong and weak PyTs. Because AG is mutated in an RNA which also has a weakened
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Ficure 5: U2AF affinity is partially dependent on thés3 AG dinucleotide. (A) Electrophoretic mobility shift assay of U2AF constructs

with 3'ss mutated RNAs AV3gg and AV3ggpp. Final protein concentrations: HsU2ARG5-Hs35 (lanes 18) and QMARStHHs35

(lanes 9-16), 0, 0.625, 2.5, 1aM; NcU2AF65ARS+NCc35, 0, 1.875, 3.75, 7.5, 15, 3. C, RNA—protein complex; F, free RNA. RNA
sequences are given below the gel, with intron and exon sequences, branch point, and mutations indicated as in Figure 2A. (B) Quantitation
of (A). Circles, HSU2AF6ARS+Hs35; squares, QMR S+Hs35; diamonds, NcU2AFGERS+Nc35. Closed markers and solid lines indicate

AV3gg RNA,; open markers and broken lines indicate AV3ggpp RNA.KgYyalues (M) for U2AF constructs. The values for AV3 and

AV3pp are reiterated from Table 2 for comparison. Asterisk (*) denotes an extrap8la{bdyond highest available protein concentration).

PyT (AV3ggpp; Figure 5A, bottom). The affinity of that U2AF65 bridges these PyTs solely through pretein
HsU2AF3ARS+Hs35 for AV3ggpp is 2-4-fold lower than protein interactions with other splicing factors bound to
for AV3pp (Figure 5C; Figure 5A, lanes-8). TheNeuro- surrounding sequences, especially U2AF35 at ttes,3a
sporaheterodimer (NCU2AF6ARSH+NCc35) also exhibits a  model also supported by oim zitro binding studies. The
4-fold decrease in affinity (Figure 5C; Figure 5A, lanes peak of BPS distribution ilNeurosporais 13 nucleotides
23—28). For QVARS+Hs35, mutation of the AG to GG  from the 3ss, well within this limit, showing that many
with a poor PyT decreases binding as much as 10-fold (Fig- NeurosporaPyTs are unusual in their short length and
ure 5C; Figure 5A, lanes 1316). Similar results were ob-  probably dependent upon U2AF35. All of the introns
served with chU2AF6ARSt+HsS35 (data not shown). These analyzed for Figure 1 end in AG, by definition during the
effects on U2AF heterodimer binding of mutating thes3  building of the intron databases. Notably,Schizosaccha-
AG to GG are much less dramatic than expected. However,romyces pombehe median branch poir8'ss distance is 9
the greater effects of the AG-GG mutation in the poor PyT nucleotides, 3enrichment of pyrimidines is absent, and all
RNA are logical in light of the role of U2AF35 in recruiting  introns appear to be AG-dependeB6+38).

U2AF65 to an intron with_aweak_Py‘_r. quen_ together, these  The PyT is bound by U2AF65 as part of the early
results complement earlier studies implicating thes3AG recognition of the 3end of the intron. InNeurospora

dinucleotide as a key recognition element for U2AF35. U2AF65 has apparently adapted to the general lack of PyTs
by virtue of low sequence selectivity. Additionally, it relies
on U2AF35 (Figures 4 and 5) and probably other factors
The pyrimidine enrichment and length of many vertebrate like DEK (39) and SF1/BBP, with which it interacis vitro
introns is highly variable, and a number of introns appear to (data not shown), to target it to the corretds3 It is possible
lack polypyrimidine tracts altogether. We have determined that Neurospora contains more than one U2AF65-like
that Neurospora crass# an excellent model organism for ~ protein, and another splicing factor is present which does
studying introns without PyTs. Our comparison of human bind PyT RNA with higher selectivity and fulfills the
andNeurosporaPyTs (Figure 1) confirms a previous study canonical role of U2AF65. However, no obvious paralogue
(28) which used a different PyT scoring method and also €Xists in the genome, and we have been unable to resolve a
found a deficiency of PyTs iNeurosporaintrons. The  heterokaryotic NCU2AF65 knockout strain made by the
notable lack of uridine enrichment in the last 40 bases of Neurosporaknockout Project40), which is ascospore lethal
Neurosporaintrons (Figure 1B) is indicative of a scarcity (data not shown). This indicates that NCU2AF65 is an
of strong PyTs. essential gene, likely required to splice at least a subset of
The short distance between BPS atab3ve observed may ~ €ssential genes.
even be too short for U2AF65 to bind. Experimental evidence It is also possible that the highest affinity sequence for
has shown that, in human splicing, moving the branch point NCU2AF65 is not a polypyrimidine tract. We consider this
A closer than 17 bases to thés8 makes the intron require  unlikely, as then vitro activity of NCU2AF65 is consistent
an AG at the 3s for the first step of splicing3f). The with that of U2AF65 from other organisms, (16, 25, 41).
requirement for an AG in these introns suggests it is possible We observe that polyU is the best competitor for NcCU2AF65

DISCUSSION
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in a polynucleotide competition assay (data not shown), andthe U2AF heterodimer. Because U2AF35 binds to thes 3
NCcU2AF65 is selective for an uninterrupted PyT (AV3, (18—20), probably without regard to PyT strength, it is
AV3gg) over a mutated PyT (AV3pp, AV3ggpp) (Figures probably instrumental in the recognition of introns with weak
2, 5; Table 2). While identification of additional, perhaps PyTs, which may not be easily recognized by U2AF65.
compensating, motifs at théedhd of Neurosporaintrons is Indeed, the sequence selectivity of HSU2ARBE+HS35
beyond the scope of this study, we note that the first base of(Table 2) as well as full-length U2AF (data not shown) is
the 3 exon inNeurosporaas in other organisms, is often a significantly less than that of the large subunit alone. It may
G (data not shown). A previous study found apparent (though be more accurate to refer to recruitment of U2AF rather than
unspecified) information content in théexon inNeurospora its subunits; the heterodimer as a whole is required to bind
(28). This may represent an extended NcU2AF35 binding at the 3end of the intron, but this binding can come through
site for some introns. U2AF65 or U2AF35 (or both).

It was surprising to observe any requirement for the RS It is likely that U2AF35 binds nonspecifically to RNA,
domain in RNA binding by U2AF65, as we and others have especially when not positioned by U2AF65. While we
shown this to be unnecessary for HsSU2AF&5 13). Our observed a decrease in affinity for all heterodimers when
results suggest that the RS domain does have a role in RNAthe AG was changed to GG (Figure 5), some binding
binding, which is minor in comparison to the affinity of the remained. Binding to the GG mutant RNAs was most
wild-type HsU2AF65 RRMs. When the RRMs are weakened, surprising for the quadruple mutant (QM) heterodimers, as
as in NcU2AF65 (Figure 2) and QM (Figure 3), the QMARS alone has no measurable RNA-binding activity. The
contribution of the RS domain to RNA affinity becomes more RNA affinity of the QM heterodimers was thus expected to
apparent. We do not believe that the RNA binding activity be dependent upon U2AF35, which, based on previous
of these proteins is solely through the intact RS domain, asstudies {8—20), was expected to be dependent on an AG
they do display sequence selectivity, which the RS domain dinucleotide. The affinity of QMRS+Hs35 for AV3gg and
is unlikely to confer. The role of the RS domain is likely AV3ggpp suggests that thés3 AG, while important, is not
nonspecific, particularly in light of our ability to restore the sole sequence target of U2AF35.
affinity to NcU2AF65ARS with the addition of unrelated The cross-linking study described by Wu et al8\

RS domains (Figure 2C, 2D). The role of the RS domain implicating the AG was done with U2AF from nuclear
may be to lend enough positive charge for negatively chargedextracts and an adenovirus RNA with a strong PyT. While
RRMs to approach the RNA and function through their usual they saw a loss of cross-linking at the8when they mutated
mode of binding. Thus, the RNA binding of RRM-containing the AG, cross-linking at other nucleotides was not examined
proteins may be regulated by RS domains and other basicwith this mutation, so it is possible that U2AF35 contacts
domains. This model is substantiated by our mutagenesis ofnearby RNA nonspecifically, such as in the downstream
HsU2AF65. The QM, which was designed to decrease the exon. U2AF from Hela extracts showed a clear preference
pl of RRMs 1 and 2 (Table 3), requires an RS domain in for AG following a PyT in SELEX experiments, and the
order to bind RNA (Figure 3B, 3C). However, the affinity 3'ss AG is known to be important for splicing, especially
of the RNPmut, wherelpwas unaffected, remains unchanged when the PyT is weakl6, 18, 22, 35, 44). Our binding
when the RS domain is deleted (Figure 3D, 3E). results suggest that the selection of AG may be only partially

Recent studies have shown that the RS domains of multipledue to U2AF35 binding. DEK (which may have been
splicing factors contact the pre-mRNA to facilitate spliceo- copurified with the U2AF used by Wu et al.) and other
some assembly by promoting interactions between snRNA splicing factors may have significant roles in modulation of
and pre-mRNA 13, 14, 42). This function is largely  3'ss selection39).
dependent upon positive charge vitro. While our study It is becoming apparent that the RNA-binding activity of
looked at interactions between protein and single-stranded,splicing factors is only a part of their function. Equally or
rather than double-stranded, RNA, we also observed thateven more important is their binding to each other: coop-
positively charged amino acids were important. It is likely eratively, to tether each other when recognition sequences
that nonspecific contact of the negatively charged RNA are not optimal§), as well as simply to establish cross-talk
backbone is a common function of RS domains. This contact across intervening sequences. Our data suggest a model of
facilitates both RNA-RNA and RNA—protein interactions. ~ U2AF65 binding where additional domains (such as the RS)
Although charge in the RS domain is a key factor, other or splicing factors (like U2AF35) may compensate for weak
aspects are important as well, as demonstrated by our findingRNA binding by RRMs #2 of U2AF65. In addition,
that different RS domains affected NCU2AF65 binding interactions with other splicing factors bound to neighboring
differently (Figure 2). The RS domain of NcSF1 (pl 8.34) RNA sequences could bring U2AF65 to thies8without it
greatly enhances binding, while a more basic RS domain, binding RNA, especially in those introns with BP&S
that of NcU2AF65 (pl of 11.5), only modestly increases spacing too short for U2AF65. Such a model has been
binding, and an even more basic artificial RS domain, (RS) proposed for the splicing of introns that require splicing
(pl 12.8), has an intermediate effect. Interestingly, the SF1 enhancers1’, 18, 22, 45).

RS domain is conserved IDrosophilaand Caenorhabditis While we have looked primarily at how mutations in the
elegans(43) but absent from human SF1 and yeast BBP, large subunit affect RNA binding activity, our results may
and might play an important role in SF1 RNA binding or also be predictive for the role of U2AF in identifying introns
RNA—RNA annealing in flies, worms, and fungi. which lack strong PyTs. U2AF35, SF1/BBP, and other

The remarkable increase in affinity of NcU2AF65, QM, splicing factors are likely to play important roles in bringing
and chU2AF65 as heterodimers with U2AF35 shows that U2AF65 to a weak polypyrimidine tract to which it might
the small subunit is a major contributor to RNA binding by not bind on its own.
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