
structure shows that residues 15 to 20 are 
part of a helix A and that residues 23 to 25 
are involl~ed in P sheet A. In T4 regA, 
changing Ala2' to asparagi~le results in a 
significant alteration of the binding affinity 
( 12). The side chain of Ala" is located in a 
hydrophobic en\,ironment generated by the 
side chains of p sheet A and helix D (Val3', 
Ile"4, LeuIL4, and TrpL1'). Residue 25 is in 
the center of this p pleated sheet-forming 
region. It is likely that the integrity of this P 
sheet is mailltailled by the hydrophobic in- 
teractions involving the Ala" side chain. 
Mutating Ala2' to valine appears to have 
no effect on the binding ability; this finding 
reinforces the interpretation that this hy- 
drophobic binding domain is important for 
rnaintaillillg 3D structure. 

Photochemical cross-linking to radioac- 
tive nucleotides, in colnbinatioll with cy- 
anogell bromide cleal~age of the regA pro- 
tein, led to the suggestio~l that two re- 
gions-residues 31 to 41 and 96 to 122- 
may be i~lvolved in RNA binding (14). 
Residues 31 to 41 are part of the P sheet 
systern. In the COOH-terminal segment, 
resiiii~es 11 3 to 116 are involved in the 
same antiparallel P sheet system A that 
contains Ala" as well as residues 31 to 35. 
Thus, several types of experiments have 
suggested that P sheet system '4 may he 
illvolved in RNA recognition. The muta- 
tio~lal experiments ~nentiolled above sug- 
gest that sequences ill  the NH2-terminal 
region between ValLi and Ala2' are impor- 
tant for RNA binding (13). This region is 
found in a helix A, which serves to connect 
p sheet regions A and B. 

Understallding the manner in which 
regA binds RNA in a sequence-specific 
manner requires the determination of the 
structure of the protein co~nplexed to one of 
its RNA substrates. In view of the numerous 
and complex types of specific interactions 
exhibited by this protein, it is possible that 
the region involved in recogllitioll is not 
simple and may span a large portion of the 
molecule. For example, the :wo p sheet 
regions A and B that are 25 A apart could 
both be in\,ol\,ed in RNA interactions, as 
could the a-helical segment connecting 
them. Although the experiments described 
above suggest that one or more of these 
regions of the regA molecule constitute a 
possible site of RNA recognition, the inter- 
actions found between the U1A protein and 
the U l  RNA (9) emphasize the importance 
of the RNP-1 and RNP-2 motifs. Hence, 
mutatio~lal experiments with regA should 
be conducted in which, for example, the 
sequences of the central p sheets are lnaiie 
identical to the RNP-1 and RNP-2 consen- 
sus sequences. Because regA binds to various 
mRNAs with different affinities (3), chang- 
es induced in binding affinities may yield 
insight into the regA recogllitioll system. 
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Distinct Binding Specificities and Functions of 
Higher Eukaryotic Polypyrimidine Tract-Binding 

Proteins 
Ravinder Singh, Juan Valcarcel, Michael R. Green 

In higher eukaryotes, the polypyrimidine-tract (Py-tract) adjacent to the 3' splice site is 
recognized by several proteins, including the essential splicing factor U2AF65, the splicing 
regulator Sex-lethal (Sxl), and polypyrimidine tract-binding protein (PTB), whosefunction 
is unknown, Iterative in vitro genetic selection was used to show that these proteins have 
distinct sequence preferences. The uridine-rich degenerate sequences selected by 
U2AF65 are similar to those present in the diverse array of natural metazoan Py-tracts. In 
contrast, the Sxl-consensus is a highly specific sequence, which can help explain the 
ability of Sxl to regulate splicing of transformer pre-mRNA and autoregulate splicing of its 
own pre-mRNA. The PTB-consensus is not a typical Py-tract; it can be found in certain 
alternatively spliced pre-mRNAs that undergo negative regulation, Here it is shown that 
PTB can regulate alternative splicing by selectively repressing 3' splice sites that contain 
a PTB-binding site. 

Several eukaryotic RNA-binding proteins 
preferentially interact with uridine-rich se- 
quences and have thus been classified as 
Py-tract-binding proteins ( 1  ). H~unan 
U2AF"' is an essential splicing factor that 
recognizes a wide variety of Py-tracts (2). 
Drosophiia Sxl regulates 3 '  splice-site 
switching of t~ansformer (tra) pre-mRNA 
and exon skipping of its olvn pre-mRNA 
(3,  4). The U-oct;~mer (U,C) sequence 
cornlnoll to the non-sex-specific (NSS) Py- 
tract of tra and the male-specific Py-tract of 
Sxl pre-mRNA has been suggested to be the 
Sxl-binding site (4-6). PTB, also known as 
hnRNP I (i), was originally identified by its 

binding to the Py-tracts of adelloviral major 
late (Ad ML) and a-tropomyosi~l pre- 
mRNAs, and on this basis was proposed to 
be a splicing factor (8). 

To gain insight into RNA recognition 
and function of these proteins, we per- 
formed iterative i l ~  vitro genetic selection 
(9). The sequences of 20 to 30 comple- 
mentary DNA (cDNA) clones from each 
selected pool revealed that U2AF"', Sxl, 
and PTB had distinct RNA sequence pref- 
erences (Fig. 1,  A to C). The U2AF65- 
selected sequences were enriched in uri- 
dines that were frequently interrupted by 
two to three cvtidines [UUUUUU(U/C)- 

Howard Hughes Medical nst~tute. Program in Molecular 
CC(C/U)UUUUUUUCC]. The relative 

Medlclne, Unlverslty of Massachusetts Medical Center, distribution of nucleotides in the U2AF6'- 
Worcester. MA 01 605, USA. selected pool (11.5% A, 29.8% C, 7.3% 
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G, and 51% U) mirrored that of a collec- 
tion of natural metazoan Py-tracts (9.8% 
A, 33.7% C, 9.8% G, and 46.7% U) (10). 
These findings are consistent with the role 
of U2AF65 as an essential splicing factor 
that must recognize the diverse array of 
natural Py-tracts (2, 1 1 ). 

The majority of Sxl-selected sequences 
comprised a stretch of 17 to 20 uridines 
interrupted by two to four guanosines (Fig. 
1B). The Sxl-consensus, UUUUUGUU- 
(U/G)U(G/u)UUU(G/u)UU, is similar to 
the default, NSS Py-tract (UUUUUGUU- 
GUUUUUUUU) of tra pre-mRNA (4) and 
is more complex than a simple U-octamer, 
the proposed Sxl-binding site (4-6). We pre- 
viously analyzed Sxl function in a 3' splice 
site switch assay that used a pre-mRNA (M- 
tra) with two altemative 3' splice sites: a 
proximal tra NSS 3' splice site and a distal 
female-specific (FS) 3' splice site (5). Under 
standard conditions, splicing was exclusively 
to the NSS 3' splice site. Addition of Sxl 
decreased splicing to this site and concomi- 
tantly activated the altemative FS 3' splice 
site (Fig. 2A). To verify the functional rele- 
vance of the more complex Sxl-consensus, 
we replaced the natural NSS Py-tract/3' 
splice site of tra by the Ad ML Py-tract/3' 
splice site (1 2), which contains a U-octamer. 

This M-Ad ML pre-mRNA was refractory to 
Sxl regulation (Fig. 2A), consistent with in 
vivo studies (13). Incorporation of the 
UUUUGUUG sequence upstream of the U- 
octamer rendered this pre-mRNA (M-Ad 
MLNss) Sxl-responsive. 

Approximately 50% of the Sxl-selected 
clones contained a GUUG sequence (Fig. 
1B) that is also present in the NSS Py- 
tract of tra (4). To analyze the role of the 
two guanosines, we converted them to 
cytidines or uridines. The double-cytidine 
mutation markedly impaired Sxl regula- 
tion, and the double-uridine mutation had 
a smaller, but reproducible effect (Fig. 
2B). Together, these results indicate that 
the IJUUUU(U/G)UU(U/G)UUUUUU- 
UU sequence, and not a U-octamer, con- 
fers Sxl responsiveness. This Sxl-consen- 
sus has been conserved among the NSS 
Py-tracts of five Drosophih species (14). 
The 19- to 23-nucleotide uridine-rich 
elements in the introns of Sxl pre-mRNA 
are involved in splicing autoregulation 
by Sxl (15). However, these sequences 
lack the GUUG element, which is present 
in tra NSS Py-tracts (14). Our in vitro 
selection (Fig. 1B) and mutational analy- 
ses (Fig. 2B) show that uridines can par- 
tially substitute for the two guanosines, 

Ad ML Fern- ---- w u y  

Fig. 2. Sequence requirements for Sxl respon- 
siveness. (A) Sequences upstream of U-octamer 
are required for tra 3' splice site switching by Sxl. 
Schematics of the chimeric pre-mRNAs, M-tra, 
M-Ad ML, and M-Ad ML,,, are shown (27). The 
NSS Py-tracW3' splice site of tra was replaced 
by the Py-tracW3' splice site of Ad ML gene in 
M-Ad ML (72). The CCC sequence of M-Ad ML 
was converted to UUUUGUUG sequence in 
M-Ad ML,,,. The affinity of Sxl for the U,C- 
containing Py-tracW3' splice site of Ad ML pre- 
mRNA was approximately one-thirtieth that for 
the NSS Py-tract. (B) The two guanosines within 
the tra NSS Py-tract are important for Sxl regu- 
lation. Schematics of the wild-type, the double- 
C, and the double-U mutants of M-tra are 
shown. The concentrations of GST-Sxl were 3 
p,g/ml, 10 pg/ml, and 30 pg/ml. The pre-mRNAs 
were synthesized by SP6 RNA polymerase (28) 
and analyzed for 3' splice site switching by Sxl in 
a HeLa nuclear extract (29). The spliced prod- 
ucts were detected by primer extension with 
splice junction primers for M-tra as described 
(5). The splice junction primer for Ad ML 3' splice 
site of M-Ad ML and M-Ad ML,,, pre-mRNAs 
was 5'-CCTCAACCGCGAGCG TTC-3'. 

which explains the binding of Sxl to these 
elements. 

The majority of the PTB-selected clones 
contained the consensus sequence (U/G)- 
C(A/Y)GCCUG(Y/G)UGCYYYYCYY 
YYG(Y/G)CCC (Fig. 1C). As demonstrat- 
ed by RNA-binding assay (Fig. 3A), 
U2AF65 and Sxl bound with high affinity 
to the Sxl-selected (Sxl-s) sequence (16), 
but failed to bind to the PTB-selected 
(PTB-s) sequence. Conversely, PTB 
bound efficiently to the PTB-selected se- 
quence and the Ad ML Py-tract/3' splice 
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Fig. 3. In vitro selection identifies natural PTB- 
binding sites. (A) Sequence preference of PTB is Negative regulatory elements 

distinct from that of U2AF and Sxl. The protein F:te: BIvSS 
P[ br a-Tropornyosin 

p-lVS6 PTB-s - - concentrations were as follows. Sxl: 0.3 ng/pI, 1 .O 
Negative regulatory element a-lG1 a-IVS2 a-IVS3 

ng/pI, and 3.0 ng/pI; U2AF: 0.6 ng/pI, 1 .8 ng/pI, 
and 5.4 ng/pI; PTB: 0.6 ng/pI, 1.8 ng/pI, and 5.4 P-Tropomyosin U A  Y I 

PTBcarsensus CCYCCCUCGUGCYWYCYYWGCCCC 

ng/pl, with the exception of Sxl-c probe (1.8 ng/ a-IVS2 CCUCCCUCCUGCACCCCACCCCCWC 
$-I~SS PVSG a-IVS~ GCCCCCU.CUCCUGCUCCGCACAUUUC 

PI, 5.4 ng/pI, and 16.2 ng/pl) and the last lane of U A  Y Y 

NSS tra probe (16.2 ng/p.l). (B and C) lntron se- P~con.ensur  GCYCCCUGCUCCYYWCYYWCCCCC 

quences containing the negative regulatory ele- 8-IVS6 ACACCCUCCUCUCACUCUCAUCACW 
B-NS6 CUCCACUC-UCCCACCCCUCCCCCUA 

ments of a-tropomyosin, and P-tropomyosin pre- B-IVSS CCUCACUC-UCCCCUCACCCUCCAUC 

mRNAs efficiently bind PTB. Sequences in a-IVS2 
and a-IVS3 of human a-tropomyosin (8. 18) and P-IVS6 of rat p-tropomyosin RNA probes were used for the mobility-shift assay: PTB-s was the PTl3- 
(18) pre-mRNA showed significant match to the PTB-consensus and also selected clone P53.3; a-IVSl was the Xma I-Xho I fragment upstream of exon 
corresponded to the previously identified negative regulatory elements in the 2; a-IVS2 was the Asp 718-Pvu II fragment upstream of exon 3; a-IVS3 was 
a-tropomyosin (17) and P-tropomyosin (78). Additional PTB-consensus-re- the Pst I-Sty I fragment downstream of a-tropomyosin exon 3 (25); and 
lated sequences are present in a-IVS2, a-IVS3, and P-IVS6 (30). C, RNA- P-IVS5 and $-IVS6 were nucleotides 1 to 258 and nucleotides 421 to 595, 
protein complex; P, free probe. The PTB concentrations were 0.06 ng/pI, respectively, of P-tropomyosin (18). The RNA probes corresponding to Asp 
0.18 ng/pl, 0.54 ng/pl, 1.6 ng/pl, and 4.8 ng/pI, with the exception of a-IVS1 718-Acc I fragment at the 5' end of a-IVS2 and nucleotides 421 to 521 at the 
(0.1 8 ng/pl, 0.54 ng/kl. 1.6 ng/pI, 4.8 ng/pI, and 14.2 ng/pI). The following 5' end of p-IVS6 also efficiently bound PTB. 

site, w i th  an affinity that was 15- to Fig.4. PTB isasite-spe- A D 
30-fold higher than that for the Sxl- clf'c 3' SPllce site rePres- M-tra M-Ad ML M-a-Tropo 
selected sequence and the tra NSS Py- (A) S1te-spec'fic 3' u 

PTB-A - - + a ?  
tract13' splice site, which are both high- Spl'ce site repress10n by F I  k F 

PTB. The effect of PTB - ~IIICP 
affinity U2AF65- and Sxl-binding sites. on the use of altematlve - w 6 4 - 4 8  
These results confirm that PTB has a splice s,tes was aria- - __- 
dlstinct RNA-b~nd ing specificity. lyzed on three chtmer~c ' A  

A sequence search revealed that intron pre-mRNAs. M-tra, 
sequences adjacent to exon 3 o f  a-tropo- M-Ad ML, and M-a- 

Female-specfic 
myosin and exon 7 of rat P-tropomyosin Tropo (31). The concen- Noksex-specific t 
 re-mRNAs showed similaritv to the PTB- tratlons of GST-PTB M-tra 
consensus (Fig. 3, B and c). These pre- 
mRNAs undergo a similar type of alterna- 
tive splicing (17, 18). PTB bound the 
a-tropomyosin (a-IVS2) and P-tropomy- 
osin (P-IVS6) pre-mRNA sequences wi th 
an affinity [K, = 1 to 5 nM (where Kd 
is the dissociation constant)] similar to 
that for the PTB-selected sequence (Fig. 
3, B and C). These introns may contain 
multiple PTB-binding sites, because addi- 
tional RNA-protein complexes appeared 
as the PTB concentration was increased. 
The affinity of PTB was lower by a factor 
of at least 100 to 300 for the adjacent 
Py-tract/3' splice site o f  exon 2 o f  a-tro- 
pomyosin (a-IVS1) and exon 6 of $-tro- 
pomyosin (P-IVS5) pre-mRNAs (Fig. 3, B 
and C). 

T o  pursue this result, we used the 3' 
splice site switch assay to  ask how PTB 
affected pre-mRNA splicing in vitro. The 
M-tra and M - A d  ML pre-mRNAs contain 
two alternative 3' splice sites: a proximal 
tra NSS or Ad ML 3' splice site and a 
distal tra FS 3' splice site. In a standard 
nuclear extract, only the proximal 3' 

added to the splicing re- Ad ML 

actions were 22 kg/ml M-Ad ML 
U 

and 88 pg/ml. The prox- Ma-Tropo a-Tropornyosin &#]f 
imal3' splice sites of tra, u 
Ad ML, and a-tropomy- 
osin exon 3 are stronger than the fe- B 

PTB -&+ - 
male-specific 3' splice site (2,5, 8, 78). U2AF+++++- -- 
(6) PTB competes with U2AFfi5 for ~ T B  , -- - - 
b~nding to the Py-tracV3' splice sites of U ~ A F ~  a-Tropomyos 

a-tropomyosin, p-tropomyosin, and p m  , ----- 
..I- 

Ad ML pre-mRNAs in an ultraviolet U2AFr pTropornyosi 

cross-linking assay (5). Concentrations p m  - 
were as follows: GST-U2AF, 3 n g / ~ I  U ~ F -  - - .ar AdML 

(+): GST-PTB. 0.09 ng/pl, 0.27 ng/pI, 6 
0.81 ng/pI, or 2.4 ng/pI (triangle) or 1.6 C M - ~ d  ML - 
nglpl (+). (C) Reversal of the PTB-me- rU2AF - A Ad ML 

diated 3' splice site switch by recombi- PTB + + +  
nant U2AF6". Concentrations were as If-.l 

follows: GST-PTB, 88 pg/ml; and re- r-- - 
combinant U2AF5, 20 pg/rnl (lane 2) - 
and 60 pg/ml (lane 3). (D) U2AF6" and 
PTB recognize the Py-tract in a distinct 
fashion. Transcripts containing the Ad ML Py-tracV3' splice site (12) were incubated with U2AP5 or PTB, 
modified with CMCT, and the sites of modification detected by primer extension (32). 

splice site o f  Ad ML pre-mRNA and the the 3' splice site o f  Ad ML pre-mRNA 
NSS 3' splice site o f  tra pre-mRNA were (M-Ad M L )  in a concentration-depen- 
used (Fig. 4A). Addit ion o f  PTB repressed dent manner and concomitantly activated 
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the alternative tra FS 3 ' splice site. Acti
vation of the alternative 3 ' splice site 
eliminates the possibility that PTB is a 
nonspecific splicing inhibitor. As an addi
tional control, PTB neither repressed the 
NSS 3' splice site of tra (M-tra) nor acti
vated the alternative FS 3 ' splice site. 
Thus, in a crude HeLa cell nuclear extract, 
PTB selectively binds and represses the 
Ad ML 3 ' splice site. 

Previous in vivo studies have shown 
that the Py-tract/3' splice site region of 
exon 3 of a-tropomyosin pre-mRNA con
tains a negative regulatory element {17), 
and we have shown that this same region 
contains a PTB-binding site (Fig. 3C). 
PTB specifically repressed the 3 ' splice 
site of exon 3 of a-tropomyosin pre-
mRNA (M-a-Tropo) (Fig. 4A). Efficient 
repression of exon 3 of a-tropomyosin also 
requires sequences in the downstream in-
tron {17). These elements resembled the 
PTB-selected sequences and efficiently 
bound PTB (a-IVS3) (Fig. 3C). Taken to
gether, these results strongly suggest that 
PTB is a negative regulator of a-tropomyo
sin pre-mRNA splicing. 

The binding of PTB to the Py-tract/3' 
splice sites of a-tropomyosin, p-tropomyo-
sin, and Ad ML pre-mRNAs suggested that 
PTB may antagonize the essential splicing 
factor U2AF65and thus repress 3 ' splice site 
use. In support of this prediction, in an 
ultraviolet cross-linking assay PTB compet
ed with U2AF65 for binding to the Py-tracts 
of a-tropomyosin, p-tropomyosin, and Ad 
ML pre-mRNAs (Fig. 4B). Furthermore, 
the addition of recombinant U2AF65 re
versed the effect of PTB on pre-mRNA 
splicing (Fig. 4C). These results indicate 
that PTB mediates 3' splice site repression 
most likely by preventing the binding of 
U2AF65 to the Py-tract. Although PTB and 
U2AF65 have distinct sequence preferences, 
their RNA-binding specificity can be over
lapping—for example, on the Ad ML Py-
tract. In a chemical footprinting assay, 
U2AF65 and PTB gave rise to distinct pat
terns: whereas U2AF65 protected each of 
the seven or eight consecutive uridines, 
PTB protected only the three uridines ad
jacent to the 3 ' splice site (Fig. 4D). In fact, 
our in vitro selection data demonstrate that 
some of the PTB-selected sequences are 
highly pyrimidine-rich (Fig. 1C). These re
sults can provide a basis for competition 
between U2AF65 and PTB on certain Py-
tract/3' splice sites. 

We conclude that PTB has a distinct 
RNA-binding specificity and can function 
as a sequence-specific 3 ' splice site repres
sor. Another hnRNP protein, hnRNP A l , 
has also been shown to modulate splice 
site selection (19). Our results explain the 
previous inability to demonstrate a direct 
involvement of PTB in pre-mRNA splic

ing {20). Negative regulatory elements 
present in a- and ^-tropomyosin pre-
mRNAs, previously identified from in 
vivo experiments {17, 18), bind PTB in 
vitro, strongly suggesting a role in splicing 
regulation. Our results do not exclude the 
possibility that other splicing factors may 
be required for complete regulation of tro
pomyosin pre-mRNA splicing {21). 

In summary, although Drosophila Sxl and 
mammalian PTB recognize distinct se
quences, they both appear to act by block
ing the accessibility of U2AF65 to the Py-
tract. Thus, modulation of U2AF65 binding 
appears to be a common mode of 3 ' splice 
site regulation (5, 22). 
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