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The involvement of exon sequences in splice site se- 
lection was studied in uiuo in HeLa cells transfected 
with  a series of model  three  exon-two  intron  pre-mRNAs 
which  differed  only in the  sequence  of  their  internal 
exons. When the majority  of  the  human  globin-derived 
175-nucleotide  internal exon (DUP175)  was  replaced 
with a  sequence from the yeast URA3 gene (DW184), the 
splicing pathway  changed  from  complete inclusion of 
the internal  exon in Dm175 to its predominant  skip- 
ping in the DUP184 construct.  Skipping  of  the  exon  was 
reversed  by  increasing  the  strength  of its flanking splic- 
ing elements indicating that  exon sequences exert  their 
effect  only  in the presence of relatively weak splicing 
signals. A series of  block mutations in the internal  exon 
of DUP184 showed  that  a stretch of 6 cytidine nucleo- 
tides increased the inclusion of the DUP184 internal 
exon  about  7-fold.  Mutations  generating  purine-rich se- 
quences (AAG and GAAG) at the 3’ end of the  exon  led to 
complete  exon  inclusion  while stepwise insertion of se- 
quences from the internal exon of  DUP175 into the 
Dm184 background  increased exon inclusion  5-fold. 
Combination  of  the stretch of cytidines with sequences 
derived from Dm175 exon resulted in  complete  exon 
inclusion indicating that  diverse signals within exons 
may cooperate  with each other in affecting splice site 
selection. 

Splicing of pre-mRNA depends on the presence of relatively 
short sequence elements, i.e. the 3’ splice site,  the 5’ splice site, 
the  branch point  sequence and  the polypyrimidine (poly-Y) 
tract, encompassing the region between the  branch point  se- 
quence and  the 3’ splice site.  In  addition  to  authentic splicing 
elements,  similar sequence  motifs occur in  many locations 
within exons and  introns  but  under  normal conditions they 
remain  silent. These  cryptic  splicing elements frequently be- 
come activated in  transcripts  carrying point mutations or de- 
letions within  the  authentic  elements. Moreover, in  alternative 
splicing a given splice site may be selected or ignored  depend- 
ing on the cell type or its physiological state.  This  apparent 
flexibility of the splicing machinery  raises  the question of  mo- 
lecular mechanisms involved in ignoring cryptic splice sites  in 
constitutive  splicing and  in selection of certain splice sites over 
others  in  alternative splicing (for review, see Refs. 14). 

A number of determinants were demonstrated  to be involved 
in splice site selection. They  include the concentrations of con- 
stitutive (5-10) and gene specific splicing  factors (11-14), the 
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characteristics of cis-acting  sequence elements  in pre-mRNA, 
such  as  the  match of splice sites (15-19) or  the  branch point to 
the consensus  sequence (20-23), the proximity of splice sites  to 
each other or to  the  branch point (24-28) as well as  the  length 
and composition of the poly-Y tracts (29-35). There  is evidence 
that selection of splice sites is also affected by the secondary 
structure of pre-mRNA (3640)  and by coupling of splicing to 
transcription in  vivo (4143).  

Initially, exons were not considered to be involved in splice 
site selection. However, a growing body of evidence indicates 
that exons constitute  an  important cis-acting  sequence element 
in splicing. It was found that exon length affects splicing effi- 
ciency in monointronic pre-mRNAs (44-47) and modifies splic- 
ing  patterns  in  multi-intron  transcripts (10, 29, 30, 48, 49). 
Early  reports noted that exon sequences  also play a role in 
splice site selection (20, 50). Subsequently  it  was shown that  in 
alternative splicing even one or two point mutations  within 
exon sequences can  alter full recognition of the exon to its 
predominant  skipping (51, 52). Specific exon sequences  were 
found essential for sex-specific splicing in Drosophila (11, 53), 
for proper  splicing in  certain  retroviruses (54, 55) ,  and for a 
number of other pre-mRNAs (56-60). The cumulative evidence 
led to a proposal (611, supported by subsequent observations 
(16, 30, 49, 62), that exons and  not  introns  constitute  the ele- 
ment  in pre-mRNA initially recognized by transacting splicing 
factors. 

If exons are recognized by the splicing  factors, they  must 
contain some negative or positive sequence elements which 
contribute to splice site selection. However, except for purine- 
rich  sequences that  have been recently  identified in some al- 
ternatively spliced exons (63-67), there  appear to  be no gener- 
ally conserved sequences within exons which may serve as 
recognition signals.  Thus  it  remains  unclear which internal 
exon sequences affect splice site selection. To address  this  ques- 
tion we took advantage of model three-exonic pre-mRNAs in 
which alterations  in splicing patterns  are easily  detectable, 
being reflected in  either skipping or inclusion of the  internal 
exon. This  system  has  already allowed us to  demonstrate  that 
the  length of exons (29) as well as  their  interactions with other 
sequence elements  in pre-mRNA affect splice site selection both 
in vitro and in vivo (30). In  this  report we extend these  studies 
to identify exon sequences which contribute  to splice site 
selection. 

MATERIALS AND METHODS 
Construction of Plasmids and Site-directed Mutagenesis-All recom- 

binant DNA manipulations were carried out according to standard pro- 
tocols (68). In all plasmids  the  modified gene fragments were inserted 
between the cytomegalovirus  immediate early promoter and a human 
/3-globin poly(A) site (29, 30, 69). The construction of DUP175,  DUP51, 
and  DUP33  clones, which are based on a duplicated  fragment of human 
/3-globin gene and contain  three exons and two introns, was described in 
detail previously (29, 30; Dm175 was termed  DUP171 in these re- 
ports). DUP54 was obtained by Ba131 nuclease digestion of plasmid 
DUP175 linearized at the unique NcoI site  in  the internal exon. A 
151-nucleotide  long NcoI-BsmI fragment of Saccharomyces  cereuisiae 
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FIG. 1. Panel A ,  the  structure of  RNA transcripts. RNA was expressed 

transiently in uiuo in transfected  HeLa cells from plasmids  carrying an 
immediate  early cytomegalovirus promoter and  appropriate  fragments 
of the  human p-globin gene.  Construction of the plasmids has been 
described previously (29,30)  and  under "Materials and Methods."Bones 
represent exon sequences, lines, intron sequences. Hatched area in 
DUP184 represents a fragment of S. cereuisiae URA3 gene that re- 
placed most of the p-globin sequence in  the  internal exon of the DUP175 
construct. Jugged lines represent  end points of the  internal deletions in 
DUP175 that result  in DUP51 and DUP54  constructs. Panel B,  se- 
quences of the  internal exons. Sequences of DUP175 RNA that  remain 
in  the second exon of DUP184 pre-mRNAare underlined by a solid  line. 
Sequences  shown in parentheses were  introduced into  the second exon 

URA3 gene  was inserted  in both orientations into the NcoI site of 
DUP33 to construct DUP184 and DUP184rev, respectively. The remain- 
ing constructs tested  in  this  study were prepared by site-specific mu- 
tagenesis of the DUP184 clone (29, 70). DUP184N2 and DUP184/Y3 
have strengthened polypyrimidine tracts  in  the  intron  upstream of the 
internal exon. DUP18403P and DUP184/5'ss have the consensus 
branch point  sequence in  the  upstream  intron  and  the consensus 5' 
splice site at   the 3' end of the  internal exon, respectively. The sequences 
of the  mutations  within  the  internal exon of DUP184 are shown in Fig. 
1, B and C .  The  structure of the clones was verified by DNA sequencing. 

Analysis of in  Vivo Splicing-For analysis of in uiuo splicing all 
plasmids  were  transfected into HeLa cells by electroporation and  al- 
lowed 40-48 h for expression  (71). RNA was  isolated thereafter by the 
guanidiniudcesium chloride method  (68) or using a Tri-reagent (MRC, 
Cincinnati, OH). Moloney murine leukemia virus reverse transcriptase 
(Life Technologies Inc.) and 32P kinased 25-mer, complementary  to 
nucleotides 76-100  of the  third exon, were used in  primer extension 
assay to  analyze the endogenously synthesized and spliced RNA (30). 
After  reverse transcription, cellular  RNAwas hydrolyzed in  0.2 N NaOH 
for 1 h at 65 "C. Products of primer extension were analyzed on 8% 
polyacrylamide, 7 M urea sequencing gels. To quantitate  the  results,  the 
amount of material  in  primer extension bands was  determined by den- 
sitometry. Exon inclusion was expressed as percentage of the product 
with included internal exon relative to the  sum of products  with the 
internal exon skipped and included. All autoradiograms were captured 
by  DAGE  MTI  CCD72 video camera (Michigan City, IN) and  the images 
were processed using  NIH Image  1.43 and MacDraw Pro  1.0  software. 
The final  figures were printed on a Sony dye sublimation printer. 

RESULTS 

Exon Sequence Affects Selection of Splice Sites-We have 
previously reported  the use of a model pre-mRNA splicing sub- 
strate DUP175, based on a duplicated fragment of the  human 
P-globin gene containing the  first p-globin intron  and  flanking 
exon sequences  (29). The duplication yields a  construct  contain- 
ing two identical introns  and two pairs of identical 3' and 5' 
splice sites (Fig. lA). The  resulting three-exonic pre-mRNA 
undergoes efficient splicing in vitro and in vivo leading to full 
and  accurate removal of both introns  and ligation of all three 
exons (Ref. 29,  see  also Fig. 2, lane 1 ) .  However, when the 
majority of the second exon in  this construct  was  replaced  with 
S. cerevisiae URA3 gene fragment (Fig. l A ,  DUP1841, the in 
vivo splicing pattern of the pre-mRNA (Fig. 2, lune 4) shifted 
toward exon skipping. Quantitative  analysis showed that for 
DUP184 pre-mRNA only 8% of the spliced product contains  the 
internal exon (Table I). This  shift occurred in  spite of the fact 
that  the pre-mRNA retained  the original splice sites,  their im- 
mediately adjacent exon sequences, and a similar  length of the 
internal exon (184 versus 175). These results suggested that 
substitution of the  internal sequences within  the exon either 
removed positive sequence elements  present  in DUP175 or in- 
troduced  negative  sequence elements  originating from the 
URA3 gene fragment.  The  series of experiments described be- 
low was  intended to  discriminate between these possibilities. 

Substitution of Splicing  Elements Flanking the Suboptimal 
Exon-To determine  whether  the sequence of the 184-nucle- 
otide exon represents a major block to  the splicing machinery, 
we mutated  the splicing elements  flanking  the exon to increase 
their  strength.  The  mutations included purine-to-pyrimidine 
substitutions  in two (DUP184N2) or three (DUP184N3) differ- 
ent positions in  the polypyrimidine tract of the  upstream  in- 
tron,  resulting  in 15 contiguous pyrimidines, and a  change in 
the  branch point  sequence, which modified the existing  se- 

of DUP184 by site-specific mutagenesis  and  the  resulting constructs are 
termed DUP184/GC1, DUP184/GC2, etc., as numbered by the  super- 
scripts at the  parentheses. Sequence of DUP184 RNA that was further 
mutated as shown in panel C is underlined by a dashed  line.  Arrows in 
DUP5l  and DUP54  indicate the  end points of the  internal deletions in 

the 3' end of the  internal exon in DUP184. Dashes indicate DUP184 
DUP175. Panel C ,  sequence of mutations  within  the  45 nucleotides at  

sequence which remains unchanged in  the  mutants. 
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during splicing in uiuo. Total RNA isolated from HeLa cells electro- 
porated  with DNA constructs  indicated above each  lane  was  analyzed 
by primer  extension as  described under  “Materials  and Methods.” The 
size  and  structure of the corresponding  primer  extension  products are 
shown. Mock (lane 2 )  is a  negative control carried  out  with  RNAisolated 
from HeLa cells electroporated  without exogenous DNA. In  vivo splicing 
of DUP175 (lane 1 )  and DUP33 (lane 3 )  was  analyzed previously (29, 
30) and  served  as  a  control for internal exon inclusion and skipping, 
respectively. Lane 4,  in vivo splicing of DUP184 pre-mRNA. The  same 
method of analysis  was  used  in all subsequent figures. 

TARLE 1 
Quantitative  analysis of the  efficiency  of exon inclusion 

The  amount of the  material  in  the  primer  extension  products  with 
skipped  or  included  internal exon or with the  internal exon skipped  was 
quantitated by densitometry of the  autoradiograms.  The  results  are 
expressed as  percent of the product  with  included  internal exon relative 
to  the  sum of both  products. 

Construct  Internal exon inclusion 
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“The  band visible in Fig. 4, lane 9, does  not  comigrate  with the 
extension  product of spliced RNA. 

quence  to the yeast  consensus UACUAAC sequence  (DUP184/ 
BP). In  addition, a consensus 5’ splice  site, AG/GUAAGU, was 
created  downstream of the  internal  exon  by  mutation of the 
existing AG/GUUGGU sequence. 
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FIG. 3. Strong splicing sequence elements promote efficient 

inclusion of the suboptimal exon. Sequences in the  introns  up- 
stream  and  downstream from the second exon in DUP184 were  mutated 
to  increase  the  strength of the  splicing  elements  flanking  the exon as 
described previously 129, 30) and  under  “Materials  and Methods.” The 
mutations  included two (lane 5,  construct DUP184N2) and  three (lane 
6,  DUP184N3) purine  to  pyrimidine  substitutions  in  the  upstream poly- 
pyrimidine  tract,  resulting  in 15 contiguous  pyrimidines,  a  mutation  in 
the  upstream  branch  point  resulting  in  the UACUAAC branch point 
sequence (lane 7, DUP184BP). and  a  mutation  in  the  downstream 5’ 
splice site  resulting  in  a  consensus 5’ splice site, CAGIGUAAGU (lane 
8, DUP184/5’ss). The  controls (lanes 1 4 )  are  as described in the legend 
to Fig. 2. 

Primer  extension  analysis of the  in  vivo spliced RNA shows a 
substantial  increase  in  the  amount of inclusion  product  gener- 
ated  by  these  changes  (Fig. 3). Either  double  (Y2)  or  triple  (Y3) 
mutations  in  the poly-Y tract  upstream of the  internal exon 
(Fig.  3,  lanes 5 and 6, respectively)  or  the  creation of a consen- 
sus 5’ splice  site  downstream  (Fig.  3,  lane 8) are  sufficient  to 
direct  essentially  complete  inclusion of the exon. The  consensus 
branch  point  sequence  is  not as effective and  leads  to  approxi- 
mately 70% of exon  inclusion  (Fig.  3,  lane 7, and  Table  I).  The 
above data  indicate  that poor recognition of the  internal exon is 
markedly  improved by increasing  the  strength of the splicing 
elements  around  the modified 184-nucleotide exon. 

Mutational  Scanning of the  184-Nucleotide  Exon for Negative 
Sequence  Elements-Several  regions in  the  internal  sequence 
of the  DUP184  exon  were  subjected  to  sequence-specific  mu- 
tagenesis  to  test  for  the  existence of negative  elements that 
may  prevent  its  inclusion  in  the  final  spliced  product.  Anumber 
of short  tracts of adenosine  and  uridine  nucleotides  located 
throughout  the  exon  were  replaced  with  guanosine  and  cytidine 
nucleotides  resulting  not  only  in a change of sequence at sev- 
eral  positions  in the exon  but  also  in  its  overall GC content  (Fig. 
1B;  the  rationale  for  this  approach  is  presented  under  “Discus- 
sion”).  Primer  extension  analysis of RNA  from  HeLa  cells  tran- 
siently  expressing  the modified transcripts  shows  that  muta- 
tions  termed  GC3,  GC4,  and  GC5 do not  promote  inclusion of 
the internal  exon  (Fig. 4, lanes 6-8). A combination of these 
three  mutations  in a single  transcript  (Fig. 4, lane 10) or a 
combination of mutation  GC4  with  mutation  GC1  (Fig.  4,  lane 
9) were  also  without effect as were  three  additional  mutations 
located  between  GC4  and  GC5  (not  shown).  The  only  detectable 
effect of these  mutations is the  generation of a spliced  product 
resulting  apparently  from  the  activation of a cryptic  splice  site 
near  the  center of the  exon  in  GC5  pre-mRNA  (Fig. 4, lune  8). 
This effect is  much  less  pronounced  in  the  triple  mutant  (Fig. 4, 
lane 10). Thus,  these  mutations  did  not  uncover  any  major 
negative  elements  in the DUP184  exon  preventing  its  inclu- 
sion.  The  apparent  lack of strong  negative  elements  is  also 
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of DUP184 by site-specific mutagenesis. Lanes 1 4 ,  controls; lune .5, DUP184/GC2; lune 6, DUP184GC3; lune 7, DUP184/GC4; lane 8, DUPE341 
FK. 4. Mutational scanning of the 184-nucleotide exon. Sequences  shown  in parentheses in Fig. 1B were  introduced  into  the  internal exon 

GC5. In lunes 9 and 10 mutations GC1 and GC4, and GC3,  GC4 and GC5, respectively, were combined in  a  single  transcript.  The  additional  band 
visible in lanes 5, 8, and IO corresponds  to the product of splicing to a  cryptic 3 '  splice  site  in  the  internal exon (see  text). 

shown by the  fact that DUP184rev  pre-mRNA,  which  contains 
the yeast DNA fragment  in  reverse  orientation  and  therefore 
has  a different  sequence,  undergoes  full  skipping of the  inter- 
nal  exon.' 

Surprisingly,  mutation  GC2  which  alters  the AATTTTTTA 
sequence,  located 60 nucleotides  downstream  from  the 3' splice 
site,  to AACCCCCCA led  to  significant  inclusion of the  internal 
exon in  the spliced  product  and  the  activation of the  same 
cryptic  splice  site as mutation  GC5  (Fig.  4,  lane 5 ) .  Quantita- 
tive  analysis of the  data  showed  that  inclusion of the exon 
increased  approximately 7-fold (Table I). Note  that  the  GC2 
and  GC3  constructs  differ  in that the  same  short  tract of thy- 
midines  is  replaced  by  cytidines  and  guanosines,  respectively 
(Fig.  1B).  Thus,  since  the  GC3  mutation  was  neutral,  it  appears 
that  inclusion of the exon is  enhanced by a positive  signal 
provided  by the  cytidine  tract  in  the  GC2  mutation  and  not  by 
the  removal of a negative  sequence  element. 

Positive  Sequence  Elements  in  P-Globin DUP17.5 and  DUPlil  
Internal Exons-The lack of negative  elements  in  the  184- 
nucleotide  exon  prompted  us  to  search  for  positive  sequence 
elements  in  the  fully  included  DUP175  exon.  As a result of 
deletiodinsertion  steps  leading  to  the  construction of DUP184, 
this clone and  the  parent  DUP175  construct  share a common 
sequence of 12  and 13 nucleotides at the 5' and 3' ends of the 
exon,  respectively.  Since the  184-nucleotide  exon  undergoes 
predominant  skipping,  these  two  short  regions  clearly  do  not 
contain  sequences  required  for  efficient  exon  recognition.  In 
contrast,  in vivo splicing of a deletion  mutant of DUP175, 
termed  DUP51,  leads  to  full  inclusion of the 51-nucleotide  long 
internal  exon  (Fig.  5,  lane 1) in  spite of the  removal of 124 
nucleotides of the internal  exon  sequence.  Sequence  compari- 
son of the  internal  exons  in  DUP175  and  DUP51  constructs 
shows  that  they  share  45  nucleotides of the  sequence at the 3' 
end of the  internal  exon  (Fig. 1, A and B )  and  only 6 nucleotides 
at the 5' end.  Thus,  it  seems  possible  that  the  45  nucleotides 
contain  positive  signals  necessary  for  efficient  exon  recognition. 
This  idea  is  reinforced by a n  additional  deletion  mutant of 
DUP175, i.e. DUP54.  The  second  exon of this  mutant  retains 
only 18 nucleotides  from  the 3' end of the  DUP175  exon, the 
remainder  originating  from  the 5' end  (Fig. 1B). Splicing of 
DUP54  pre-mRNA  leads  to  predominant  skipping of the  inter- 

' J. Wozniak and R. Kole, unpublished  results. 
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FIG. 5. Different  pathways  of in vivo splicing for DUP51 and 
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nal  exon  (Fig.  5,  lane 2; 34% inclusion of the exon, Table I), 
narrowing  down  the  positively  acting  sequence  to  one  between 
18 and  45  nucleotides  from  the 3' end of the  DUP175  internal 
exon. Note  that  skipping of the  DUP54 exon is  unlikely  to  be 
due  to  negative  elements  since  its  entire  sequence  is  present  in 
the efficiently  included  second  exon of DUP175  pre-mRNA  (see 
Fig.  1B). 

Reconstitution of the  175-Nucleotide  Exon  Sequences in  the 
DUPl84 Background-To test  whether  the  putative  positive 
sequence  from  the  DUP175  exon  can  function  in a different 
sequence  context  and  promote  the  inclusion of the 184-nucle- 
otide  exon  and  to  more closely identify  the  sequences  within  the 
45-nucleotide  fragment  responsible for exon  recognition, a step- 
wise  reconstitution of the 3' end of the  DUP175  exon  in  the 
DUP184  background  was  undertaken.  Addition of 6 nucleotides 
(GUGGUG) of the 175-nucleotide  exon  immediately  upstream 
of the common  sequence at the 3' end,  to  create a 19-nucleotide 
sequence  shared  by  both  exons  (Fig.  lC,  DUP184/19),  did  not 
enhance  exon  recognition  in vivo (DUP184/19;  Fig. 6A, lane 31, 
as shown  by  primer  extension of RNA  from  transfected  HeLa 
cells. This  was  to  be  expected  since 18 nucleotides of this se- 
quence  are  present  in  the poorly recognized  DUP54  exon  (Fig. 
1B  and  Fig. 5 ,  lane 2). Further  extension of the common se- 
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the Dm184 internal exon affect splicing pathways. Panel A, 
lnnes 3-6, sequences at   the 3' end of the  internal exon in  DUP184 
pre-mRNA are replaced  with  their  equivalents from the DUP175 exon; 
the  actual  sequences  are  shown  in  Fig. 1C. Lane 3,  DUP184/19; lane 4 ,  
DUP184/32; lane 5, DUP184/32'; lane 6, DUP184/45. In lanes 7 and 8, 
the DUP184/45 construct  is combined with  mutations GC2 and GC3, 
respectively. Lanes 1 and 2, controls. Panel B, lane 4 ,  cryptic splice sites 
located in  the  26-nucleotide  insert  are  mutated  (DUP184/45/C); lane 5,  
purine  nucleotides are inserted  into  the URA3 background of 
DUP184/19 resulting  in DUP184/19/AG. See Fig. 1C for actual  se- 
quence. Lanes 1 3 ,  controls. 

quence by replacement of an  additional  13 nucleotides to  the 
total of 32 nucleotides in DUP184/32 shows  some stimulatory 
effect on exon inclusion  (Fig. 6A, lane 4 ), especially when com- 
pared to DUP184/19, its  parent  construct (Fig. 6A, lane 3) .  A 
substantial  increase  in exon inclusion is observed when  an- 
other 13-nucleotide region located further  upstream  is replaced 
by a  corresponding  sequence from the 175-nucleotide exon 
(DUP184/45; Fig. 6A, lane 6). The  addition of 26 nucleotides in 
two 13-nucleotide steps  extended  the common sequence of 
DUP184 and DUP175  exons to the  45 nucleotides apparently 
required for exon recognition in DUP175 and  DUP51 con- 
structs. Note that  the  addition of the  last  13 nucleotides in  the 
DUP184/45 construct  is not solely responsible for the  enhanced 
inclusion of the  internal exon. When the  same  13 nucleotides 
were inserted  in  the DUP184/19 mutant,  leaving a 13-nucle- 
otide spacer of the  yeast sequence  (Fig. lC, DUP184/32*), the 
effect on exon inclusion was  less pronounced  (Fig. 6A, lane 5 ) .  
The  synergistic effect of both additions observed in DUP184/45 

suggests a certain cooperation between  sequence elements pres- 
ent  in  this region. Quantitation of the  data shows that inclusion 
of the exon in DUP184/45 is  increased  to 43% (Table I), ap- 
proximately 5-fold compared to  the DUP184  construct.  This 
result  is likely  caused by the positive effects of sequences de- 
rived from the DUP175 exon rather  than by the removal of a 
negative element from DUP184 since mutation GC5, which 
overlaps  the 13-nucleotide fragment introduced in  the 
DUP184/32:* construct does  not enhance exon recognition (see 
Fig. 4, lane 8).  Interestingly,  when both positively acting ele- 
ments of DUP184/45 and GC2 are combined in DUP184/45/ 
GC2, they promote highly efficient,  almost complete inclusion 
of the  internal exon (Fig. 6A, lane 7, and Table I).  The sequence 
specificity of this effect is  supported by the  fact  that  the GC3 
mutation  in  the background of the DUP184/45 nucleotide sub- 
stitution does not  enhance exon inclusion (Fig. 6A, lane 8, cf 
lane 6). 

Analysis  ofExon  Sequence in DUP184145 Pre-mRNA-In an 
attempt to further  characterize  the  nature of the exon recogni- 
tion element  residing  in  the P-globin-derived 26-nucleotide 
fragment  inserted  in  the DUP184/45 pre-mRNA, we have in- 
troduced additional  mutations  in  this  area  and analyzed their 
effect on splicing of the  resulting  constructs in vivo. The choice 
of mutations  was prompted by two features of the  insert  (see 
DUP184/45 in Fig. 1C). 

First,  the 26-nucleotide insert  contains two GU dinucleotides 
in a  sequence  context  compatible  with the  5' splice site  se- 
quence and includes  a  cryptic 5' splice site,  activated  in  certain 
thalassemias, located  38  nucleotides upstream from the  3'  end 
of the exon (72). It could be hypothesized that  these sequences 
attract  U1  small  nuclear ribonucleoprotein and/or other splic- 
ing factors and  facilitate  subsequent recognition of a down- 
stream,  authentic  5' splice site  (64). However, our  results do not 
support  this hypothesis.  Splicing of pre-mRNA constructs  in 
which the GU dinucleotides  were mutated  to GC (Fig. IC, 
DUP184/45/C) led to a slight improvement in exon recogni- 
tion (Fig. 6B, lane 4 )  relative  to DUP184/45 (Fig. 6A, lane 6, 
and Table I),  suggesting  that cryptic 5' splice sites  adjacent to 
the  authentic one may  interfere with the proper  assembly of 
the splicing  factors  (25,  73). 

Second, the  insert also contains one AAG and one GAAG 
sequence,  purine-rich elements suggested by Watakabe et al. 
(63,64) to be exon recognition sequences. To test  the possibility 
that purine-rich elements  are responsible for the positive effect 
of this region on exon inclusion, we have replaced six pyrimi- 
dine  with six purine nucleotides within  the S. cerevisiae se- 
quence of the DUP184/19 exon (DUP184/19/AG, Fig. 1C). With- 
out  additional  purines  this exon is  not included in  the spliced 
product, as  seen  in Fig. 6A, lane 3. Insertion of purines resulted 
in  an RNA with a purine-rich stretch  containing two GAAG 
sequence elements.  This modification led to 100% inclusion of 
the  internal exon (Fig. 6B, lane 5, and Table I), even higher 
than  that for the DUP184/45 construct (Fig. 6A, lune 6). 

DISCUSSION 

To study  the involvement of exon sequences in splice site 
selection we utilized derivatives of DUP175 which differ only in 
the  internal sequence within  the second exon of the pre-mRNA. 
Splicing of two of the  constructs, DUP175 and DUP51, led to 
complete inclusion of the  internal exon, whereas for DUP54 
and DUP184 the splicing pattern  was characterized by pre- 
dominant  skipping of the exon. These  results indicate that exon 
sequences  play  a role in splice site selection presumably via 
exon recognition by the splicing machinery. As shown by the 
results of mutations  in  the  introns of DUP184 pre-mRNA, the 
contribution of exon sequence is relatively  weak  since its effect 
is easily overcome by a strong polypyrimidine tract, a consen- 
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sus  branch point, or a 5’ splice site.  In  other words, the effect of 
exon sequences manifests itself only in  the presence of rela- 
tively weak  splicing elements.  Thus, it is probably no coinci- 
dence that  alternatively spliced exons, such as in Drosophila 
doublesex (11, 14, 53), bovine growth  hormone (571, or Rous 
sarcoma virus (55) genes, are flanked by suboptimal splice sites 
and  appear  to  have  additional sequences regulating splicing via 
interactions  with specific protein factors (12-14). However, our 
experiments  in which splicing pathways of artificial  pre- 
mRNAs were modified by exon sequences indicate  that  the 
effect of exon sequences is  not  limited  to exons which undergo 
alternative splicing in  nature. 

Which sequence elements  or  their absence are responsible 
for poor inclusion of the  internal exons in DUP184 and DUP54 
pre-mRNAs? At the  outset of this  series of experiments we have 
considered a possibility that  the difference in  the overall GC 
content of the  internal exons (55% in DUP175 versus 47% in 
DUP184) may be responsible for the difference in  the splicing 
pathways. This concept was  based on a GenBank  data base 
survey which showed a higher GC content in exons of human 
genes relative to  introns (74).  A  correlation  between  a higher 
GC content  and exon recognition in splicing of plant pre- 
mRNAs was  also confirmed experimentally  (75, 76). Nonethe- 
less, our results did not support  this hypothesis.  Although the 
mutations  analyzed  in Fig. 4  significantly  increased the GC 
content of the DUP184 exon (58% in DUP184/GC3/4/5), they 
did  not reverse exon skipping. Furthermore,  the difference in 
the GC content  between  DUP51 versus DUP54 (63  and 61%, 
respectively) is insignificant but  they  vary  in splicing path- 
ways. However, the fact that  the above sequence modifications 
in  several different  regions within  the 184-nucleotide exon did 
not  enhance  its inclusion argues  against  the existence of 
strongly  negative  sequence elements  within  this exon. The 
same consideration seems  to  rule  out  internal secondary struc- 
ture of the exon as  the  cause for poor  exon recognition by the 
splicing machinery. 

Mutations  in  the DUP184 exon identified positive sequence 
elements, i.e. the  short oligo(C) sequence in DUP184/GC2 and 
the sequences originating from the DUP175 exon in 
DUP184/32 and -32%. The effect of these sequences is additive, 
as clearly seen  in  the splicing of  DUP184145 and DUP184/45/ 
GC2 pre-mRNAs. In  the  latter construct exon inclusion is al- 
most complete. The positive effect of the 26-nucleotide se- 
quence  responsible for efficient exon inclusion in DUP184/45 is 
not  restricted to  the 175- and 184-nucleotide exons. This ele- 
ment  facilitates  with  similar efficiency the inclusion of the 184- 
nucleotide exon containing a fragment of the URA3 gene in- 
serted  in  the reversed orientation  and of the  internal exon in 
DUP51 pre-mRNA, suggesting  that it is able to induce  inclu- 
sion in different exon “contexts.” 

What  is  the  nature of exon sequences that  enhance exon 
inclusion? The  stimulatory effect of the oligo(C) tract  created by 
a block mutation  in DUP184/GC2 suggests a novel exon recog- 
nition element.  This  element may be recognized by poly(C)- 
binding  proteins, like  heterogeneous nuclear ribonucleopro- 
teins J and K (77,  78), or other heterogeneous  nuclear 
ribonucleoproteins found in  the spliceosome that  interact with 
the pre-mRNAs in a  sequence specific manner (79). The fact 
that  the DUP184/GC2 mutation also activates a cryptic splice 
site is probably insignificant for exon recognition since the 
same cryptic splice site is activated  in  the DUP184/GC5 mu- 
tant  without  any positive effect on exon inclusion. The positive 
role of 5’ cryptic splice sites  in exon recognition, which seemed 
a possibility in splicing of the DUP184/32* and DUP184/45 
constructs, was not  supported by analysis of DUP184/45/C and 

DUP184/19/AG pre-mRNAs. Although these  mutants lack 
cryptic splice sites,  the  internal exon is efficiently included in 
the  final spliced product. 

Splicing of DUP175, DUP51, DUP184/45, -184/32, -184/32*, 
-184/AG, and -184/45/C pre-mRNAs leads to enhanced inclu- 
sion of the  internal exon. The  feature  that  appears  to charac- 
terize  these  constructs  is  the presence of  AAG andor GAAG 
sequences close to  the 3’ end of the  internal exon. Similar 
sequences have been  recently shown to act as exon recognition 
elements  in exon M2  of the IgM gene (63,641, exon 5 of cardiac 
troponin  T  gene (651, exon ED1 of human fibronectin  gene (661, 
and  in  the  last exon of bovine growth  hormone (67). We note 
that  in  our  constructs relatively  minor differences in  the pu- 
rine-rich  sequence have a major effect on exon inclusion. In 
DUP184 pre-mRNA the 45-nucleotide region at  the  3‘  end of 
the  internal exon contains 30 purines  and,  as can be seen  in 
Fig. 112, two GAA, one AGAA, and one AGA element. The cor- 
responding region in DUP184/45 contains  31  purines  and one 
AAG, one GAA, and one GAAG element  but  the splicing path- 
ways of these two pre-mRNAs are significantly  different. Var- 
ious synthetic polypurine  sequences  were in fact  recently 
shown to  stimulate exon recognition to a  different extent (80). 
Interestingly,  among all  synthetic  repeats  studied (80) the AAG 
trinucleotide, represented twice in  the 45-nucleotide region of 
DUP175 and  absent  in  the corresponding region of DUP184, 
appears to  have  the  strongest  stimulatory effect. Clearly, this 
remarkable sequence specificity must be reflected in complex 
interactions with appropriate splicing  factors. In vitro splicing 
experiments  are  in progress to identify  factors interacting with 
these  and  other  signal  elements described in  this report. 

Short  internal exons are  rare  in  nature (81) and  tend  to be 
skipped during splicing in vitro and in  vivo (29,30,48,49). The 
fact that  certain exon sequences  play  a role in splicing raises 
the possibility that it is  the lack of these exon recognition se- 
quences and  not  the  short  length of the exons per se that  is 
responsible for their skipping. However, Xu et al. (65) showed 
that  insertion of purine-rich  sequences into  short  internal ex- 
ons of pre-mRNAs similar to DUP33 or DUP23 constructs  (29, 
30) is  not sufficient to promote exon inclusion. Furthermore, 
the difference in exon inclusion between  DUP33 and DUP54 
clones (Fig. 51, both  lacking the positive sequence elements 
discussed above, also suggests  that exon length  is  an  important 
factor in splice site selection. Comparison of our  previous re- 
sults (29, 30) and those of  Xu et al. (65) also suggests  that 
purine-rich sequences constitute  weaker splicing elements 
than  the  strong splice sites or branch points  since only the 
latter effectively restore inclusion of short exons into spliced 
RNA. 

Although exon inclusion was enhanced in  the DUP184/45 
transcript  it  remained  still below that  seen  in DUP175 and 
DUP51. This would suggest that  either additional positive se- 
quence signals exist in  the  latter constructs or that some neg- 
ative  elements, unidentified by the  mutational  scan,  remain  in 
the 184-nucleotide exon. Clearly, the oligo(C) sequence intro- 
duced by mutagenesis  into  the  internal exon of DUP184/GC2 
represents a positive element since it promoted exon inclusion 
and  further enhanced the effects of purine-rich elements  as 
seen  in  the DUP184/45/GC2 construct.  These results suggest  a 
diversity of exon recognition signals  that similarly to  other 
splicing elements (29,  30) cooperate with one another  in splice 
site selection. 
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