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The Conserved Pre-mRNA Splicing Factor U2AF 
from Drossphila: Requirement for Viability 

Roland Kanaar, Siobhan E. Roche, Eileen L. Beall, 
Michael R. Green, Donald C. Rio* 

The large subunit of the human pre-messenger RNA splicing factor U2 small nuclear 
ribonucleoprotein auxiliary factor (hU2AF6s) is required for spliceosome assembly in 
vitro. A complementary DNA clone encoding the large subunit of Drosophila U2AF 
(dU2AFs0) has been isolated. The dU2AFs0 protein is closely related to its mammalian 
counterpart and contains three carboxyl-terminal ribonucleoprotein consensus se- 
quence RNA binding domains and an amino-terminal arginine- and serine-rich (RIS) 
domain. Recombinant dU2AFs0 protein complements mammalian splicing extracts de- 
pleted of U2AF activity. Germline transformation of Drosophila with the dU2AFs0 com- 
plementary DNA rescues a lethal mutation, establishing that the dU2AF50 gene is 
essential for viability. R/S domains have been found in numerous metazoan splicing 
factors, but their function is unknown. The mutation in Drosophila U2AF will allow in vivo 
analysis of a conserved R/S domain-containing general splicing factor. 

Generation of functional mRNAs in eu- 
karyotes requires removal of noncoding re- 
gions (introns) from pre-mRNAs by a pro- 
cess termed RNA splicing (I). Pre-mRNA 
splicing takes place in the spliceosome, a 
dynamic RNA-protein complex that as- 
sembles in a stepwise adenosine triphos- 
phate (ATP)-dependent manner on the 
pre-mRNA (I) .  The spliceosome is corn- 
posed of small nuclear ribonucleoprotein 
(snRNP) particles and extrinsic RNA bind- 
ing proteins. Studies with human cell 
(HeLa) nuclear splicing extracts have 
shown that the targeting of U2 snRNP to 
the branch site on the pre-mRNA requires 
a protein factor called U2 auxiliary factor 
(U2AF) (I). U2AF binds site-specifically 
to the polypyrimidine tract located between 
the branch site and the 3' splice site of the 
pre-mRNA (2). Human U2AF consists of 
two associated polypeptides with apparent 
molecular sizes of 65 and 35 kD, termed 
hU2AF65 and hU2AF15, respectively (3). 
Splicing activity of HeLa cell nuclear ex- 
tracts depleted of U2AF activity can be 
restored by the addition of hU2AF65 (3). 
Sequence analysis of the complementary 
DNA (cDNA) encoding hU2AF65, in con- 
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junction with biochemical experiments, 
have revealed that hU2AF65 contains three 
COOH-terminal ribonucleoprotein con- 
sensus sequence (RNP-CS) domains that 
mediate RNA binding and an NH2-termi- 
nal arginine- and serine-rich (NS) domain 
that is essential for splicing activity in vitro 
(2). Biochemical and immunochemical as- 
says have shown that U2AF activity and 
antigenically related proteins of 50 and 38 
kD, corresponding to hU2AF65 and 
hU2AF15, respectively, are present in the 
fruitfly Drosobhila melanogaster (3). 

We isolated a cDNA encoding the Dro- 
sobhila homolog of hU2AF65 by screening a 
4- to 8-hour Drosobhila embryonic cDNA 
library under low-stringency conditions 
with a radiolabeled hU2AF65 cDNA frag- 
ment (4). The dU2AF50 cDNA contains a 
1248-base pair open reading frame predict- 
ed to encode a 416-amino acid protein with 
a calculated molecular size of 46,652 dal- 
tons. The predicted amino acid sequence of 
dU2AF50 indicates that it contains func- 
tional domains similar to those found in 
hU2AF65 (Fig. 1). Arnino acids 93 to 408 
contain three RNP-CS domains and arnifio 
acids 6 to 41 contain an R/S domain. 
Cornparison of the Drosophila and mamma- 
lian proteins shows that the amino acid 
identity is greatest within the RNP-CS 
RNA binding domains (80% identity and 
90% similarity). Optimal alignment of the 
amino acid sequences requires that gaps and 
insertions be added in the regions connect- 
ing the RNP-CS domains, but not within 
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them. Compared to dU2AF5', hU2AF65 
contains a 24-amino acid insertion be- 
tween the most NH2-terminal RNP-CS do- 
main and the R/S domain. Optimal align- 
ment also requires the addition of gaps in 
the R/S domain of dU2AF5'. When the 
RNP-CS domains are excluded, the percent 
identity between dU2AF5' and hU2AF65 
drops to 47% (48% similarity). Thus, there 
may be stronger evolutionary pressure to 
conserve the RNP-CS domains than there 
is to conserve other regions in the large 
subunit of U2AF. 

Use of a membrane-immobilized protein 
binding assay (5) has demonstrated specific 
interaction between the two subunits of 
hU2AF. Using this assay and immunoblot- 
ting, we showed that this interaction is 
conserved among species (6). 35S-methio- 
nine-labeled dU2AF5' bound specifically to 
nitrocellulose-bound hU2AF35 and to a 38- 
kD protein from Drosophila Kc cells. This 
38-kD protein is likely to be the Drosophila 
equivalent of hU2AF35 because it is anti- 
genically related to hU2AF35. In addition, 
this 38-kD protein coimmunoprecipitates 
with antibodies to dU2AF5' (6). 

To investigate whether the isolated 
cDNA encodes a protein with biochemical 
activity expected for UZAF, we purified 
recombinant dU2AF5' protein from Esche- 
richia coli (7). Figure 2A shows a denaturing 
polyacrylamide gel of the purified recombi- 
nant protein. The recombinant protein is 
referred to as His-dU2AF5' because it con- 
tains a 4-kD NH2-terminal tag (7). As a 
control, we purified recombinant hU2AF65 
( H ~ s - ~ U ~ A F ~ ~ ) .  We first tested site-specific 
binding of the recombinant proteins to an 
RNA polypyrimidine tract. Various con- 
centrations of His-dU2AF5' were incubated 
with a 32P-labeled, 22-nucleotide synthetic 
RNA polypyrimidine tract (MINX-WT) in 
the presence of a -60,000-fold molar ex- 
cess of total yeast tRNA (7). Protein-RNA 
complexes and unbound RNA were sepa- 
rated by native polyacrylamide gel electro- 
phoresis (Fig. 2B). His-dU2AF5' bound 
specifically to MINX-WT RNA. Binding to 
a mutant version of the polypyrimidine 
tract RNA (MINX-MUT) was not ob- 
served. The apparent dissociation constant 
(Kd) is -3 x M (7). To control for 
the presence of the 4-kD tag on dU2AF5', 
we carried out the same experiment with 
H ~ s - ~ U ~ A F ~ ~  (Fig. 2B). The apparent Kd 
of H ~ s - ~ U ~ A F ~ ~  for MINX-WT RNA is -4 
x M. This value is in excellent 
agreement with a previously determined 
apparent Kd of -3 X M for a recom- 
binant hU2AF65 fused to the 27.5-kD glu- 
tathione-S-transferase protein ( 2 ) .  

Next, we tested the ability of the protein 
encoded by the dU2AF5' cDNA to activate 
splicing in vitro. To do so, we depleted 
HeLa cell nuclear extract of U2AF activity 

by chromatography on polyU-Sepharose in tarazu (ftz) pre-mRNA in vitro (Fig. 2C, 
the presence of 1 M KC1 (3). The depleted lane 3), whereas splicing by the nonde- 
nuclear extract (indicated by AU2AF) pleted nuclear extract was quite efficient 
could no longer splice the Drosophila fwhi (Fig. 2C, lane 2). When U2AF activity was 
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eluted from the polyU-Sepharose column 
with buffer containing 2 M guanidine hy- 
drochloride (3) and added to the HeLa 
AU2AF nuclear extract, it restored splicing 
activity (Fig. 2C, lane 4). Using this assay, 
we tested the biochemical activity of His- 
dU2AF50 in pre-mRNA splicing. Purified 
His-dU2AF50 protein efficiently reconsti- 
tuted splicing activity of HeLa AU2AF 
nuclear extract (Fig. 2C, lane 7), as did 
H ~ S - ~ U ~ A F ~ ~  (Fig. 2C, lane 6). His- 
dU2AF50 also reconstituted splicing activi- 
ty of Drosophila Kc cell AU2AF nuclear 
extract (6). We conclude that the dU2AFS0 
cDNA encodes a biochemically active form 
of the large subunit of Drosophila U2AF. 

We used the dU2AF50 cDNA as a probe 
and localized the position of the dU2AFS0 
gene by in situ hybridization to polytene 
chromosomes. The dU2AFS0 gene was lo- 
calized to the X chromosome region 14C1,2 
(8). DNA (90 kb) from this region was 
previously cloned to identify the no-on man- 
sient A gene (9). This region also contains 
two lethal mutations, 9-21 and i19e (9). 
Two restriction fragments derived from the 
genomic DNA region that rescues the 9-2 1 
mutation by transformation experiments 
hybridize to a 1.6-kb transcript (9). We 
showed that these same restriction frag- 
ments also hybridized to the dU2AFS0 
cDNA (6), suggesting that the dU2AF50 
gene is identical to the gene defined by the 
9-21 mutation. RNA blot hybridization 
analysis indicated that the dU2AF50 cDNA 

Fig. 3. RNA blot hybridization - - 
of dU2AF50 expression. Poly- O 8 
adenylate-enriched RNA was 
isolated from Drosophila Kc 
cells and 0- to 12-hour embry- 
os as described (24). The RNA 4'4 

(1.5 ~ g )  was electrophoresed 2.4 
through a 1.5% formaldehyde- 1.4 00 
agarose gel and transferred to 
a nylon membrane. Hybridi- 0.24 

zation to the dU2AFs0 cDNA 
probe and washing were done as described 
(24). 

Fig. 4. Genetic rescue of the 
9-21 mutation by the 
dU2AFs0 gene. Shown are 
schematic representations 
of the P element constructs 

hybridized to an abundant 1.6-kb mRNA 
that is present in Drosophila Kc cells, in O- 
to 12-hour embryos (Fig. 3), and which is 
present throughout development (1 0). 

We used protein immunoblot analysis to 
test whether the dU2AFS0 protein is affect- 
ed in 9-2 1 mutants. Because 9-2 1 mutants 
die in the first instar larval period of devel- 
opment (9), we prepared nuclear extracts 
from 0- to 12-hour embryos (I I). Embryos 
were collected from stocks carrying the 
original 9-21 mutation and from stocks 
carrying other alleles of 9-21. A protein 
blot of nuclear extract from these embryos 
was probed with affinity-purified polyclonal 
antibodies to dU2AFS0. All nuclear ex- 
tracts contained full-length dU2AFS0 pro- 
tein, which is encoded by the wild-type 
copies of the dU2AFS0 gene in the mixed 
genotype embryo population and by the 
maternally deposited mRNA. However, 
the nuclear extract from the embryos carry- 
ing the 6b4 allele of the 9-2 1 mutation 
contained, in addition, truncated versions 
of dU2AF50 (I I), suggesting that 9-21 mu- 
tations affect expression of the dU2AFS0 
protein. 

If the 9-21 mutation is in the dU2AF50 
gene, as suggested by the immunoblotting 
analysis, then the dU2AF50 cDNA should 
rescue the lethality of 9-2 1 mutants. We 
tested this directly using P element-medi- 
ated germline transformation with the 
dU2AF50 cDNA under control of the hsp70 
promoter. We found that the transgene 
carrying the hsp70-dU2AF50 cDNA res- 
cued the 9-2 1 mutation at a frequency that 
was 29% of the maximal theoretical value 
(26 of 672 total progeny scored; Fig. 4). 
Rescue depended on the presence of the 
dU2AF50 cDNA and was specific for the 
9-21 mutation (12). No rescue was ob- 
served in the absence of heat shock. The 
hsp70 promoter is constitutively expressed 
at a low level, but heat shock markedly 
increases expression. The rescue of the 9-2 1 
mutation by the dU2AFS0 cDNA was not 
complete. This could be due to the lack of 
endogenous dU2AF50 expression signals in 

Rescue of 
9-21 mutation 

BS 

used in the rescue experi- S 
BS 8 

B 
ments. The P elements con- to 

tained either the dU2AFSO f ? ~ I - f 3  ' I snldub& 100% 

cDNA or a -1 0-kb genomic 
DNA fragment, shown to 
contain the 9-21 gene (9). A 0% 
P element containing this 
same genomic DNA fragment carrying a frameshift mutation in the unique Bst Ell site was also 
tested. The filled arrowheads indicate the inverted repeats required for P element integration. The 
hsp70 promoter and Sal I (S), Bst Ell (Bs), and Bam HI (B) restriction sites are indicated. The scale 
on the genomic DNA constructs is in kilobases. On the chromosome the distal end would be to the 
right. The details of the transformation and test cross procedures are described (12). 
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the cDNA expression construct. Indeed, 
complete rescue (100%) was observed when 
the dU2AF50 gene in the test cross was 
provided in the context of its endogenous 
expression signals on a -10-kb genomic 
DNA fragment (Fig. 4). To prove that the 
dU2AF50 gene on this genomic DNA frag- 
ment was responsible for the observed res- 
cue of the 9-21 mutation, we created a 
frameshift mutation at a Bst EII site in this 
genomic DNA fragment (1 2). This Bst EII 
restriction site is unique in the -10-kb 
genomic DNA fragment, and our sequenc- 
ing data indicated that the dU2AF50 cDNA 
contains a unique Bst EII site in the region 
connecting the second and third RNP-CS 
domains. This mutant version of the 
dU2AF50 gene failed to rescue the 9-21 
mutation (Fig. 4). We conclude that the 
9-21 gene encodes dU2AFS0 and that the 
large subunit of U2AF provides an essential 
function in vivo. 

WS domains play a major role (or roles) 
in the mechanism of pre-mRNA splicing in 
metazoans. In addition to hU2AF65, RIS 
domains are present in the general mamma- 
lian splicing factors SC35, SF2/ASF, and 
U1 snRNP 70K protein, as well as in the 
Drosophila splicing regulators su(wa) , tra, 
and tra-2 (13). More recently, a family of 
RIS domain-containing splicing factors, 
termed SR proteins, has been identified 
(14). Like the large subunit of UZAF, the 
SR proteins are conserved among meta- 
zoans and contain RNP-CS RNA binding 
domains. The SR protein family consists of, 
among others, the previously identified 
SF2IASF and SC35 proteins, as well as the 
Dosophila proteins SRp55, its splice variant 
B52, and RBPl (15). Splicing activity of 
cell extracts depleted of the SR protein 
family can be reconstituted by addition of 
any individual SR protein (16). In addi- 
tion, SF2/ASF and SC35 behave identical- 
ly in in vitro splicing assays (1 7). Thus, in 
vitro the SR proteins may be functionally 
redundant, although recent experiments 
suggest that individual SR proteins may 
have distinct functions in alternative splic- 
ing (1 8). The data presented here indicate 
that no other R/S domain-containing splic- 
ing factor can functionally substitute for 
dU2AF50 in vivo. 

Analysis of the function of R/S domain- 
containing general splicing factors has been 
limited to biochemical approaches because 
of the difficulty of genetic analysis in mam- 
mals and the lack of Drosophila mutants. 
Genetic analysis of pre-mRNA splicing has 
been extremely successful in the yeast Sac- 
charomyces cerevisiae (1 9). However, none 
of the precursor RNA processing (PRP) 
mutants isolated to date have identified WS 
domainxontaining proteins, and the S. 
cerevisiae homolog of the mammalian U1 
snRNP 70K protein does not contain an 
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RIS domain (20). In addition, the recruit- 
ment of U2 snRNP to the branch point 
sequence in S. cerevisiae may proceed 
through a mechanism that does not involve 
a polypyrimidine tract binding activity, be- 
cause the pre-mRNAs of S. cerevisiae lack 
the extensive polypyrimidine tracts found 
in mammalian pre-mRNAs. Instead, it has 
been suggested that if a UZAF-like activity 
exists in S. cerevisiae. it Inav bind the 
branch point sequence instead of the poly- 
pyrimidine tract (2 1 ) . However, the pres- 
ence of extensive polypyri~nidine tracts can 
influence 3' splice choice in S. cerevisiae 
(22). In this report we have shown that the 
previously uncharacterized lethal mutation 
9-21 is in the large subunit of Drosophila 
U2AF and that the large subunit of Dro- 
sophila U2AF has biochemical properties 
identical to those of its mammalian coun- 
teruart. Thus, the combination of biochem- 
ical and genetic techniques available in 
Drosophila now provides powerful tools to 
investigate the mechanism of UZAF action 
in metazoan pre-mRNA splicing. 
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were subcloned into E. coli expression vector 
pRSETA (Invitrogen). The fusion proteins derlved 
from these plasmids contain a 37Lamino acid 
NH,-terminal tag that includes SIX consecutive His 
residues. The proteins were purifled from E coli 
by chromatography through Q-Sepharose, Ni- 
NTA agarose (Qiagen), and Monos columns and 
stored at -85°C in 20 mM Hepes-KOH (pH 8.0), 
500 mM KCI, 0.2 mM EDTA 0 5 mM dithlothreitol 
(DTT), 10% glycerol, and 0.05% Nonidet P40 
Synthetic RNA oligonucleotides were chemically 
synthesized with phosphoramldlte chemistry, pu- 
rlfied on a Delta-Pak C,, column (Waters) with an 
8 to 50% acetonitrile gradient in 0.1 M triethylam- 
monium acetate (pH 7.0), and 5' end-labeled with 
32P as described [L. Conway and M. Wickens, 
EMBO J. 6, 4177 (1987)l. The sequence of the 
RNA oligonucleotides was 5'-CCUGUCCCU- 
UUUUUUUCCACAG-3' (MINX-VVT) and 5'-CC- 

UGUCCCAUUAUUAUCCACAG-3' (MINX-MUT). 
Incubations were done for 15 min on ice in a 
volume of 20 k I  containing the indicated concen- 
tratlons of U2AF proteins, 0.1 nM RNA ollgonucle- 
otlde, 15 mM Hepes-KOH (pH 8.0), 50 mM KCI, 1 
mM EDTA, 1 mM DTT, bovine serum albumin 
(BSA; 50 pglml), yeast tRNA (150 kglml), 0.005% 
Nonidet P40, and 2% glycerol. One-fourth of the 
reaction mixtures was electrophoresed through a 
4% polyacrylamlde gel (60: l ;  0 5 x  tris-borate 
EDTA) at 4" for 100 min at 20 Vlcm. Quantitation 
was done with a Molecular Dynamlcs Phosporlm- 
ager The aff~nlty of the proteins for RNA IS ex- 
pressed in apparent K, values obtained from the 
protein concentration at which 50% of the MINX- 
VVT RNA 1s bound. 

8. Polytene chromosome squashes were prepared 
as described (23) and subjected to hybridization 
wlth biotinylated dU2AFS0 cDNA Hybridlzatlon 
and detection were done as described [C S. 
Zuker, A. F. Cowman, G M. Rubln, Cell 40, 851 
(1 985)l 

9. K. R Jones and G M. Rubin, Neuron 4, 711 
(1 990). 

10. Polyadenylate-selected RNA isolated from embry- 
os (0- to 2-, 2- to 5-, 5- to 8 -  and 8- to 12-hour), 
larvae (first, second, and third Instar), pupae 
(early and late), adults (female and male), and 
ovaries were analyzed as described in Fig. 3 The 
1.6-kb RNA was present In all developmental 
stages that were tested, suggesting that dU2AFS0 
mRNA is maternally deposited into the embryo. 

11 Nuclear extracts were prepared from 0- to 12- 
hour embryos as described (24). Antibodies to 
purlfled HIS-dU2AFS0, generated in rabbits, were 
affinity-purlfled on dU2AFS0-agarose as de- 
scribed [E. Harlow and D. Lane, Antibodies A 
Laboratory Manual (Cold Spring Harbor Labora- 
tory Press, Cold Sprlng Harbor, NY, 1989)] The 
alleles of the 9-21 mutatlon used were 9-21 (ob- 
tained from K Rendahl), 4a3-I, 664, XR15, XR18, 
and XR26 (obtained from R. Stanewsky). As con- 
trols, nuclear extract from embryos of Canton S, 
ry50"D L. Llndsley and G G. Zlmm, The Ge- 
nome of Drosophila melanogaster (Academic 
Press, San Diego, 1992)l and from Drosophila Kc 
cells were used 

12. The cDNA transformants were constructed as 
follows. The w"I8 embryos were injected wlth 
pCaSpeRhs-dU2AFS0 as described [A C. Sprad- 
Ilng, Drosophila. A Practical Approach, D B. 
Roberts, Ed (IRL Press, Oxford, 1986), p 1751 
The pCaSpeRhs-dU2AFS0 transformant was con- 
structed by subcloning of a 1.6-kb Hlnd Ill-Not I 
fragment, contalnlng the dU2AFS0 cDNA, from 
pNB40-dU2AFS0 2 Into the Hpa I-Not I restriction 
sites of the w + transformation vector pCaSpeRhs 
[C. S Thummel, A. M. Boulet, H. D Lipshltz, Gene 
74, 445 (1988)l. Three independent transposon 
Insertions (C31.4, C7-1, and C80 1) were tested 
for the ability to rescue the lethality of 9-21 by 
mating of transformant males, carrying a single 
transposon copy on one of their autosomes, with 
vlrgin females of the genotype 1(1)9-21lFM7a. The 
FM7a balancer chromosome carries the markers 
yellow ( y )  white apricot (wa), and Bar (B). The 
results of these three crosses were used to cal- 
culate the indicated percentage of rescue. Be- 
cause 9-21 1s an X-linked and lethal mutatlon, 
phenotypically wild-type males will only be ob- 
served In the test cross if the dU2AFS0 cDNA 
rescues 9-21 The number of progeny o b s e ~ e d  in 
the cross were 248 w t  females, 216 w +  or wa 
semibar females, 182 y w + B  or y waB males (bal- 
ancer males), and 26 wi males. Calculation of the 
percentage of rescue corrects for the fact that 
only the half of the w t  males that carry the 
transposon are viable. To ensure that the rescue 
depended on the presence of the dU2AFS0 
cDNA, we did a control cross between will8 
males (the injection host straln) and I(1)9-21IFM7a 
females. To show that the rescue was speclfic for 
the 9-21 mutation, we performed a control cross 
between the transformant males and I( l) i l9e/ 
FM7a females. No phenotypically rescued males 
were observed in either of these control crosses. 

Crosses were done at 25°C. Every 6 hours the 
temperature was ralsed to 35°C for 10 min. The 
genomic DNA transformants were constructed as 
follows. The  embryos were Injected wlth pW8- 
genomic-dU2AFS0 or the frameshift mutant pW8- 
genom~c-dU2AFS0FS. The pW8-genomlc-dU2AFS0 
was constructed by subclonlng of a -10-kb Sal 
I-Bam HI fragment from pHSX-21lS12 (9) into 
pHSX To create a frameshift, we fllled In the 
unique Bst Ell site that lies In the dU2AFS0 coding 
sequence using the Klenow fragment of E, coli 
DNA polymerase I. A Not I fragment containing the 
wild-type or mutant dU2AFS0 coding sequence 
was then transferred to pW8 [R Klemenz, U. 
Weber, W. J. Gehrlng, NucleicAcids Res. 15, 3947 
(1987)], to generate pW8-genomic-dU2AFS0 and 
pW8-genomic-dU2AFS0FS, respectively Trans- 
formant males containing pW8-genomic-dU2AFS0 
(F77.2) or pW8-genomic-dU2AFS0FS ((334.2) on 
one of thelr autosomes were mated w~th virgin 
females of the genotype I(1)9-21IFM7a. The num- 
ber of progeny observed In the test cross wlth the 
genomic dU2AFS0 gene were 101 w t  females, 83 
w+ or wa semibar females, 77 y w t B  or y w a B  
males, and 40 w t  males (the phenotypically res- 
cued class). In the cross with the dU2AFS0 gene 
contain~ng the frameshlft mutation, 91 w t  females, 
76 w+ or wa semibar females, 63 yw+Bor  ywaB 
males, and 0 w t  males were observed In each of 
these matlngs one y w +  male was observed They 
probably arose from recombination between the 
FM7a balancer chromosome and the chromosome 
contalnlng 9-21, and therefore these males could 
carry a wild-type copy of the 9-21 gene 
X.-D Fu and T Manlatls, Science256. 535 (1 992), 
H. Ge, P. Zuo, J. L. Manley Cell66, 373 (1991) A. 
R Kralner, A. Mayeda, D. Kozak, G. Binns, ibid.. 
p. 383, H Thelssen et a/., EMBO J. 5, 3209 
(1986), T. Manlatis, Science 251, 33 (1991) W 
Mattox, L Ryner, B. S. Baker, J Biol Chem 267, 
19023 (1 992) 
A M. Zahler, W S Lane, J A Stolk, M B Roth, 
Genes Dev. 6, 837 (1992) 
A. Mayeda, A M Zahles, A. R. Krainer, M B. Roth, 
Proc Nail Acad. Sci. U.SA 89. 1301 i l992). 
Y -J Kim, P. Zuo, J L Manley, B. S Baker , '~en is  
Dev. 6, 2569 (1992) 
A. M. Zahler, W. S Lane, J A. Stolk, M B Roth, 
Genes Dev. 6, 837 (1992) 
X.-D. Fu, A. Mayeda, T. Maniatls, A R. Krainer. 
Proc. Nail. Acad Sci U.S.A. 89, 1 1228 (1 992) 
A. M. Zahler, K. M. Neugebauer, W. S. Lane, M B. 
Roth Science 260, 219 (1993), M. Tian and T 
Manlatis. Cell 74, 1.05 (1993). 
S. W. Ruby and J Abelson, Trends Genet, 7, 79 
(1991). 
V. Smlth and B. G. Barrell, EMBO J 10, 2627 
(1 991) 
B. C Rymond and M. Rosbash, In Molecular and 
Cellular Biology of the Yeast, Saccharomyces: 
Gene Expression, J. R. Broach, J. R Pringle, E. W. 
Jones, Eds. (Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY, In press). 
B. Patterson and C. Guthrie Cell 64, 181 (1991). 
M Ashburner, Drosophila: A Laboratory Hand- 
book (Cold Sprlng Harbor Laboratory Press, Cold 
Spring Harbor, NY, 1989). 
S. Misra and D. C. Rio, Cell 62, 269 (1990). 
A. Sailer, N. J. MacDonald C. Weissmann Nu- 
cleic Acids Res. 20, 2374 (1 992) 
Single-letter abbreviations for the amino acid res- 
idues are as follows. A, Ala, C, Cys; D, Asp; E, 
G lu  F, Phe, G Gly; H, His, I, I le K, Lys L, Leu; M,  
Met; N, Asn  P, Pro, Q, Gln R, A r g  S, Ser, T, T%r, 
V Val; W, Trp; and Y Tyr. 
G. Dreyfuss M. J Maturi~s, S. Piriol-Roma, C. G. 
Burd, Annu. Rev Biochern 62, 289 (1993), E 
Birney, S. Kumar A R: Krainer, Nucleic Acids 
Res 20, 4663 (1992) ibid. 21, 1333 (1993). 
3ZP-labeled f t z  pre-mRNA was prepared as de- 
scribed [D C. Rio, Proc. Natl. Acad. Sci. U.S.A. 
85. 2904 (1988)l. HeLa and Drosophila Kc cell 
nuclear extracts were prepared as described [J. 
D. Dignam, R. M. Lebovitz, R. G. Roeder, Nucleic 
Acids Res. 11, 1475 (1 983)] and were depleted of 
U2AF activity by chromatography on polyU-Seph- 
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arose in the presence of 1 M KC1 (3). U2AF glycerol, and 45 p g  of protein from nuclear extract, temperature-sensitive fission yeast strains 
actlvlty was eluted In buffer containing 2 M KC1 29. We thank P. McCaw for the lnitlal lhbrary screening 
(Drosophiia Kc cell nuclear extract) or 2 M gua- experiments and N Brown, K. Rendahl, R. (5, 6). These mutants block pre-mRNA 
nidine hydrochloride (HeLa cell nuclear extract). Stanewsky, and M. Adams for provldlng reagents splicing in vivo at the nonper~nissive te~n- 
These fractions were termed the eluate. Depletion and materials; T Laverty and G. M. Rubln for In perature. One Inutant, prp2-, is defective 
of U2AF was checked by proteln ~mmunoblot situ chromosome hybridization, and G M. Rubln, 
analysls with the use of antibodies to dU2AF50 C L. Wyman, and C. W. Siebel for discussion and in an step of pre-lnRNA 
and wewC 13). to detect the larae and small comments on the manuscriwt. Suwworted bv before lariat formation (5). To clone the 
subun~t 'of U ~ A F ,  respectively. spicing reactlon grants from the NIH ( ~ 0 1 - ~ ~ 2 6 0 6 3 )  and the NSF prp2+ gene, we used a genomic DNA li- 
mlxtures (25 ~ 1 )  contained 20 mM Hepes-KOH (pH 
8.0), 46 mM KCI, 4 mM MgCI,, 3 mM ATP. 5 mM 

(DMB 8857176) to C.R. K. was "pported by brary to transform a prp2.1 leu1.32 strain of 
an Amerlcan Cancer Society, Callfornla Dlvlslon, 

creatlne phosphate, 0.1 mM EDTA, 0.25 mM DTT, senlor postdoctoral fellowship S. pombe. Plasmid from one transformant 
0 5 rnM phenylmethylsulfonyl fluoride, RNasin (0.5 that grew at 37OC carried a 13.6-kb insert. 
u/FI), 6SA (25 ~gi rn l ) ,  2.5% polyvinyl alcohol, 10% 16 July 1993; accepted 25 ~ u g u s t  1993 Instability of the plas~nid after growth under 

nonselective conditions resulted in coordi- 
nate loss of prototrophy and the ability to 

U2AF Homolog Required for Splicing in V~VO grow at high temperature, indicating that 
the rescue of the high-temperature growth 

Judith Potashkin,* Karuna Naik, Kelly Wentz-Hunter 
Several fission yeast temperature-sensitive mutants defective in pre-mRNA processing 
(prp- mutants) at the nonpermissive temperature have been identified. Here, the prp2+ 
gene has been cloned by its ability to complement the temperature-sensitive growth defect 
of a p r p T  mutant. The gene also corrects the pre-mRNA splicing defect of prp2- mutants 
and encodes a 59-kilodalton polypeptide (PRP2). A molecular characterization indicates 
that PRP2 is a previously uncharacterized yeast splicing factor with extensive similarity to 
the mammalian splicing factor U2AF65. Thus, this study provides evidence that a U2AF 
homolog participates in RNA processing in vivo. 

defect was due to plasmid-borne DNA. 
Fragments of the insert were subcloned into 
expression vectors to determine the small- 
est insert capable of rescuing the tempera- 
ture-sensitive growth defect (Fig. I) .  A 
3.3-kb Sst I fragment co~nule~nented the - 
growth defect, whereas smaller subclones 
did not. 

In a study to determine whether the Sst 
I fragment contained the wild-type prp2+ 
gene or a multicopy number suppressor, a 
leucine plasmid bearing the cloned frag- 
ment was integrated by homologous recom- 
bination into the chromosome. The plas- 

Removal of intervening sequences from pombe is a useful model for the study of mid was linearized within the open reading 
pre-mRNA is a multistep process requiring splicing because its gene structure is similar frame with Nhe I and transformed into an 
the participation of numerous RNA and to that of metazoans; multiple introns are h+ prp2.1 leu1.32 ade6.210 strain. A stable 
protein factors that make up a large com- not unusual, and consensus sequences at clone that grew at 37°C on minimal medi- 
plex termed the spliceosome (1). The small the intron-exon borders and the branchsite um plus adenine was isblated. Integration 
nuclear ribonucleoprotein (snRNP) parti- sequence are similar to those of mammalian was confirmed by Southern (DNA) analysis 
cles that make up the spliceosome are corn- 
nosed of small nuclear RNAs and several 
polypeptides. In addition, several non- 
snRNP proteins are essential for splicing; 
the functions of these trans-acting factors 
are now being elucidated. 

The basic mechanism of pre-1nRNA 
splicing has been evolutionarily conserved 
(2). The yeast Saccharomyces cerewisiae 
model system has been utilized to identify 
numerous splicing factors through classical 
and ~nolecular genetic approaches (2). Bio- 
chemical analysis of mammalian splicing 
systems has identified additional factors, 
but a role for most of these putative splicing 
components has not been esta'blished in 
vivo. One of these factors, U2 auxiliary 
factor (UZAF), is a non-snRNP protein 
identified in mammalian cells that is re- 
quired in vitro for pre-spliceosome assembly 
(3). It has been suggested that U2AF func- 
tions to facilitate binding of U2 snRNP to 
the pre-I~RNA, but no genetic evidence 
demonstrating the imuortance of U2AF in 

introns. In addition, SV40 small t-antigen (7). The integrant was mated with an h- 
pre-mRNA is spliced correctly in S. pombe, ura4.Dl8 strain. Random spore analysis 
suggesting a strong evolutionary conserva- showed that all leu+ spores were ts+, indi- 
tion of the splicing machinery (4). cating a tight genetic linkage between the 

In order to identify trans-acting splicing leucine marker and the prp2 locus. The 
factors in fission veast. we initiated a search ura4 and ade6 markers recombined freelv. , , 

for splicing mutants (5). Several prp- mu- These results indicate that the wild-type 
tants were identified from collections of gene was cloned. 

Fig. 1. Subclonlng of the fragment 
containing the prp2+ gene. Frag- 
ments of the 13.6-kb Hlnd I l l  clone 
that rescues the temperature-sensi- 
tlve growth defect of a prp2- strain 
were subcloned into fission yeast 
vectors. The numbers Indicate the 
approximate length (in kilobases) of 
the restriction fragments containing 
the prp2+ gene that were sub- 
cloned. Each plasmid was trans- 
formed into a prp2- straln and test- 
ed for ability (+) or inability (-) to 
grow at the nonpermlssive temper- 
ature. The extent and directlon of 

Growth 

PRP2-13.6 + 

, 
0 . 

0 . 
0 . 
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RNA in vi;o has been obtained. the PrP2+ 'pen reading frame is 

The fission yeast Schi~osaccharomyces indicated by the single broad arrow. B, Bgl II; E, Eco RI; H, Hlnd I l l ,  N, Nhe I; P, Pst I; R Eco RV; S, 
Sst I: V. Pvu I I .  The orialnal 13.6-kb Hind I l l  fraament was oartiallv diaested wlth Hind Ill, and a 9.6-kb , , 

fragment was subcloled Into the Hind I l l  siteGf the vectdr p W ~ ~  (20)) to produce pPRP2-9.6. 
Department of Pharmacology and Molecular Biolo- A 3.3-kb Sst I fragment was inserted into the Sst I site of the expression vector plRT3 (20) to create 
gy, University of Health Sciences, Chicago Medical pPRP2-3.3. A 2.3-kb Eco RV fragment was inserted at the Sma I site of plRT3 after end-filling with 
School, North Chicago, IL 60064 Klenow fragment to produce pPRP2-2 3 A 1.6-kb Hind Ill-Pvu II fragment was cloned into the Sma 
'To whom correspondence should be addressed. I site of plRT3 after Klenow fragment treatment to produce pPRP2-1.6. 
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