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We analyzed the in vitro splicing pathways of three multi-intervening-sequence (IVS) pre-mRNAs: human
j-globin, which contains two IVSs (K. M. Lang, V. L. van Santen, and R. A. Spritz, EMBO J. 4:1991-1996,
1985); rat a-lactalbumin, which contains three IVSs; and murine interleukin-3, which contains four IVSs. We
found that there are highly preferred pathways of IVS removal from these multi-IVS pre-mRNAs in vitro. The
three IVSs of rat a-lactalbumin pre-mRNA were excised sequentially from 5' to 3'; in most molecules, IVS1 was
remnoved first, followed by IVS2 and finally by IVS3. The splicing pathway of interleukin-3 pre-mRNA in vitro
was more complex. The four IVSs were excised in a highly preferred temporal order, but the order was not
strictly sequential or directional. In most molecules, IVS1 and IVS4 were removed first, either simultaneously
or in rapid succession. Subsequently, IVS2 was excised, followed by IVS3. The observed splicing pathways
apparently resulted from differences in lag times and maximum excision rates of the different IVSs. We
detected no exon skipping during splicing of these transcripts in vitro. These observations have implications for
proposed models of splice site selection.

Many eucaryotic genes contain intervening sequences
(IVSs) that are removed from nuclear mRNA precursors
(pre-mRNA) by RNA splicing (for reviews, see references 10
and 26). The sequence requirements for accurate splicing are
well known. However, normal pre-mRNAs may contain
several IVSs and a number of cryptic splice sites, and it is
not known how the splicing machinery selects the correct
pairs of splice sites. If no mechanism existed to ensure that
only the appropriate 5' and 3' splice sites are joined, exons
might be omitted from the mRNA (exon skipping). Several
different mechanisms could ensure orderly IVS removal: (i)
splice sites might be recognized by a linear scanning process
initiating at one end of the pre-mRNA; (ii) individual IVSs
might be excised at different rates; or (iii) the pre-mRNA
might undergo conformational changes during splicing.
A number of laboratories have attempted to define in vivo

splicing pathways for pre-mRNAs that contain multiple
IVSs. In most studies, only steady-state RNA was analyzed
(4, 7, 9, 13, 23, 24, 29, 32, 35), making it impossible to prove
that there were precursor-intermediate-product relationships
in observed RNA species. However, studies of splicing of
two different adenovirus transcripts isolated at various times
after in vivo labeling demonstrated that for the major late
transcript, IVS1 was removed before IVS2 (14) and that for
the E2A transcript, IVS2 was generally removed before
IVS1 (8).
To determine whether there is a preferred order of re-

moval of IVSs from pre-mRNAs containing multiple inter-
vening sequences, we had previously analyzed the splicing
pathways of human P- and -y-globin pre-mRNAs in vitro (19).
Globin genes contain only two IVSs; therefore, their tran-
scripts represent the simplest class of multi-IVS pre-
mRNAs. We now report the analysis of splicing pathways of
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two more complex multi-IVS pre-mRNAs: rat a-lactalbumin
(aLA), which contains three IVSs, and murine interleukin 3
(IL3), which contains four IVSs. For both the rat aLA and
murine IL3 pre-mRNAs, we observed highly preferred path-
ways of IVS removal. For aLA pre-mRNA, the three IVSs
were excised sequentially from 5' to 3'. However, for IL3
pre-mRNA, the preferred pathway of IVS excision was more
complex. First, IVS1 and IVS4 were removed at approxi-
mately the same time, followed by IVS2, and finally by
IVS3.

MATERIALS AND METHODS
Materials. Restriction enzymes were obtained from New

England BioLabs, Inc., SP6 RNA polymerase was from
Promega or New England BioLabs, placental RNase inhib-
itor was from Promega or Amersham Corp., DNase I was
from Worthington Diagnostics, RNase Ti was from Cal-
biochem-Behring, radiochemicals were from New England
Nuclear Corp. and Amersham Corp., GpppG and T4 poly-
nucleotide kinase were from Pharmacia Inc., and DNA
polymerase (Klenow fragment) was from New England
Nuclear Corp.

Transcription and processing reactions. The human -
globin mRNA transcriptional template (pSP6,Bc) contained
complete human ,-globin cDNA inserted into pSP64 (20).
The rat aLA transcriptional template (pSP6a-LA; Fig. 1A)
contained the rat aLA gene inserted into pSP65 (20). The 5'
end of the gene was from paLA2.5, the middle section was
from paLAO.9 and paLA1.1, and the 3' end of the gene was
from the cDNA clone patLA35 (5, 28). The murine IL3
transcriptional template (pSP6IL3; Fig. 1B) contained the
murine IL3 gene inserted into pSP65 and included the 5' end
of the cDNA clone pcDIL3 (33) and the rest of the gene from
the genomic clone pXMGM12 (22). The poly(A) tail-encoding
portion of pG-y3'c (18) was added to the 3' end of the
P-globin, aLA, and IL3 transcriptional templates.

pSP6,Bc and pSP6a-LA linearized with HindIlI and
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FIG. 1. SP6 aLA and IL3 transcriptional templates. Arrows indicate the site and direction of transcription initiation from the SP6
promoter. (A) pSP6a-LA; (B) pSP6IL3. Hatched boxes here and in other figures represent 5' and 3' untranslated sequences. Abbreviations:
El, E2, E3, E4, and E5, exons 1, 2, 3, 4, and 5, respectively. The positions of IVS1, IVS2, IVS3, IVS4, and their corresponding sizes are
indicated. In vitro transcripts of linearized templates terminate at the indicated HindIII site of pSP6a-LA and at the EcoRI site of pSP6IL3.

pSP6IL3 linearized with EcoRI were transcribed with SP6
RNA polymerase (11). The 50-,ul reaction mixture contained
40 mM Tris hydrochloride (pH 7.9), 6 mM MgCl2, 2 mM
spermidine, 10 mM dithiothreitol, 2 ,ul placental RNase
inhibitor (20 to 30 U/,u), 500 puM each ATP and CTP, 100 puM
each UTP and GTP, 500 ,uM GpppG, 31 ,uCi of [a32P] UTP,
2.5 pug ofDNA template, and 15 U of SP6 RNA polymerase.
,-Globin mRNA and aLA transcripts were isolated by
oligo(dT) cellulose column chromatography (2). aLA and
IL3 transcripts were processed in HeLa cell nuclear extracts
as described previously (6, 15), except that placental RNase
inhibitor was omitted from the reactions.
RNA analyses. Cleavages at the 5' and 3' splice sites were

analyzed by Si nuclease protection analysis with 32P-end-
labeled double-stranded DNA probes (3, 33). Exon ligation
was analyzed by RNase Ti protection assay (19). Processed
RNA (12.5 ng) was hybridized to full-length cDNA probes
digested with RNase Ti and was electrophoresed in 4%
denaturing polyacrylamide gels (19, 27). The RNase Ti
analyses with the IL3 half-probes were electrophoresed in
6% denaturing polyacrylamide gels.

RESULTS
In vitro splicing pathway of aLA pre-mRNA. During proc-

essing of rat aLA pre-mRNA in vitro, the three IVSs were
excised in a highly preferred order. IVS1 was first, followed
by IVS2, and finally by IVS3. In a very small percentage of
the molecules (<1%), cleavage occurred at the 5' splice site
of IVS2 before cleavage occurred at the 5' splice site of
IVS1.
The approximately 2.6-kilobase aLA transcripts were

processed in vitro and analyzed by the RNAse Ti protection
assay (Fig. 2A). The 590-nucleotide (nt) PstI-Xba cDNA
fragment from paLA35 used as a probe protected all of
exons 1 (164 nt), 2 (159 nt), and 3 (76 nt) and the 5' portion
of exon 4 (195 nt). Excision of IVS1 and ligation of exons 1
and 2 were first observed at 30 min resulting in the appear-
ance of a 323-nt protected RNA fragment. IVS1 was re-
moved from most pre-mRNA molecules by 2 h, although
splicing of IVS1 continued slowly for at least 6 h, by which
time IVS1 had been removed from 70% of the transcripts
(Fig. 2B).

Splicing of IVS2 (producing a 399-nt protected fragment)
was first observed at 1 h (Fig. 2A) and continued over the

next 5 h. Most of the IVS2 splicing was completed at
between 3 and 4 h; at 6 h, both IVS1 and IVS2 had been
removed from approximately 40%o of the RNA transcripts
(Fig. 2B). Splicing of IVS2 occurred almost exclusively in
transcripts from which IVS1 had already been removed.
Removal of IVS2 before the excision of IVS1 would have
resulted in the presence of a 237-nt protected RNA fragment;
this fragment was not observed. However, by Si nuclease
analysis with a 2,275-nt probe 32P-3'-end-labeled at the
BamHI site in exon 1 and extending to the EcoRI site in exon
4, we could detect cleavage at the 5' splice site of IVS2
before IVS1 removal in a very small fraction (<1%) of
transcripts (data not shown). We do not know whether these
molecules were processed further in vitro.
The excision of IVS3, resulting in fully spliced aLA

mRNA (a 594-nt protected fragment), was first observed at 2
h and continued over the course of the reaction. At 6 h, the
final time point assayed, 7% of the RNA was fully processed.
In addition, a very minor approximately 271-nt protected
fragment that also appeared at 2 h probably represented
transcripts from which IVS3 had been excised but IVS2 had
not.
We observed no 240-, 359-, or 236-nt fragments resulting

from exon skipping and ligation of exon 1 to exon 3, exon 2
to exon 4, or exon 1 to exon 4, respectively. To determine
whether the RNase protection assay could detect such
aberrantly spliced products, we hybridized uniformly 32p_
labeled ,B-globin mRNA, transcribed from pSP6pc, to an
unlabeled 428-nt NcoI-BamHI genomic P-globin DNA frag-
ment containing exon 1, IVS1, and exon 2 and treated the
hybrids with RNase Ti (Fig. 3). The IVS was not included in
the mRNA. Therefore, the IVS segment of the DNA probe
was analogous to a skipped exon; it could not hybridize to
the mRNA and would thus form a loop in the probe-mRNA
hybrid. If this loop resulted in the failure of the probe to
protect the RNA surrounding the exon 1-exon 2 junction,
RNase Ti would cleave the RNA at the two guanosines at
that site. However, less than 10% of the RNA molecules was
cleaved at this site by RNase Ti (Fig. 3). This finding
demonstrates that the RNase Ti assay would detect approx-
imately 90%o of spliced RNA molecules in which exon
skipping had occurred. RNA species comprising 2% or more
of the total RNA would be readily detectable in the RNase
Ti assay; however, we did not detect any apparent products
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of exon skipping. Therefore, exon skipping did not occur in
a significant fraction of aLA transcripts spliced in vitro.

In vitro splicing pathway of murine IL3 pre-mRNA. Murine
IL3 transcripts were processed in vitro via a complex
pathway. In most of the transcripts, IVS1 and IVS4 were
removed early in the reaction, either simultaneously or in
rapid succession. IVS2 was removed next, followed shortly
by IVS3. Several other minor splicing pathways also appar-
ently existed.
The approximately 2.2-kilobase IL3 transcripts were proc-

essed in vitro and analyzed by the RNase Ti protection
assay (Fig. 4B). The 465-nt PstI-XbaI cDNA fragment from
pcD-MCGF used as a probe protected a 205-nt fragment of
exon 1, all of exons 2 (42 nt), 3 (96 nt), and 4 (42 nt), and a
98-nt segment of exon 5. Therefore, exon 3 and exon 5 (96-
and 98-nt fragments, respectively) were not resolved by the
gel electrophoresis system, and the exon 2 and exon 4
fragments comigrated at 42 nt. Unexpectedly, we observed
excision of two IVSs (IVS1 and IVS4) at approximately the
same time. A 247-nt exon 1-exon 2 protected RNA fragment
(Fig. 4), resulting from excision of IVS1, was first observed
at 1 h after the start of the splicing reaction, accumulated
rapidly until approximately 3 h, and then accumulated more
slowly until IVS1 had been removed from 90% of the
transcripts at 8 h (Fig. 4B). We also observed excision of
another IVS at approximately the same time, although
perhaps beginning slightly earlier than IVS1 excision. This
IVS could not be identified from this experiment (Fig. 4A)
because the excision of IVS2 alone, IVS3 alone, and IVS4
alone would each have resulted in protected fragments (exon
2-exon 3, exon 3-exon 4, or exon 4-exon 5) of approximately
140 nt. To differentiate among these possibilities, we ana-
lyzed spliced IL3 RNA by RNase Ti digestion with two
cDNA half-probes (Fig. 5). The 5' half-probe (Fig. SA), a
185-nt HindIII-BamHI cDNA fragment from pcD-MCGF,
protected an 86-nt segment of exon 1, all of exon 2 (42 nt),
and the 5' portion of exon 3 (64 nt). Excision of IVS1 was
first observed at 0.5 h, resulting in 128- and 134-nt exon
1-exon 2 protected fragments. Excision of IVS2, first de-
tected at 1 h after the start of the splicing reaction, was
represented by two RNA species; most of the RNA was in
an exon 1-exon 2-exon 3 protected fragment (192 nt); only a
small amount was in an exon 2-exon 3 (106 nt) protected
fragment. Therefore, the 140-nt (exon 4-exon 5) fragment
seen (Fig. 4) could not have resulted from the excision of
IVS2 alone because IVS2 splicing followed the excision of
IVS1 in most molecules. The 3' half-probe (Fig. SB), a 177-nt
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FIG. 2. RNase Ti protection analyses of axLA pre-mRNA splic-
ing. (A) Uniformly 32P-labeled pSP6a-LA transcripts were proc-
essed in vitro, hybridized to a 594-nt PstI-XbaI cDNA fragment,
digested with RNase Ti, and electrophoresed in a 4% denaturing
polyacrylamide gel. Lanes: M, 32P-3'-end-labeled MspI-digested
pBR322 as molecular size standards; 0 to 6, 0- to 6-h portions of the
splicing reaction. Abbreviations: El, E2, E3, and E4, exons 1, 2, 3,
and 4, respectively; E1-E2, ligated exons 1 and 2; E1-E2-E3, ligated
exons 1, 2, and 3; El-E2-E3-E4 ligated exons 1, 2, 3, and 4; E3-E4,
ligated exons 3 and 4; T1(93) and T1(46), complete RNase Ti
fragments from IVS1 and IVS3, respectively. Tl(93) contains 22
repeats of the sequence CCT, and Tl(46) contains 13 repeats of the
sequence ATT. (B) Scanning densitometry analysis of the autoradi-
ograph illustrated above. Each point represents the percent total
RNA (normalized for the number of uridines in the protected
fragments) which has had the IVS excised. Symbols: 0, IVS1
excision from aLA transcripts; 0, IVS2 excision from aLA tran-
scripts; ,, IVS3 excision from aLA transcripts.
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FIG. 3. RNase Ti cleavage of RNA-DNA hybrids at the site of
single-stranded DNA loops. Uniformly 32P-labeled 0-globin mRNA
transcripts of pSP6Pc (12.5 ng) were hybridized to an unlabeled
428-nt NcoI-BamHI human P-globin genomic DNA fragment, di-
gested with RNase Ti, and electrophoresed in a 4% denaturing
polyacrylamide gel. Lanes: M, 32P-end-labeled MspI-digested
pBR322; 1, RNase Ti digestion; 2, undigested P-globin mRNA. The
91-nt protected fragment was visible on a longer exposure of this gel.
Abbreviations: El, E2, and E3, exons 1, 2, and 3, respectively.

BamHI-XbaI cDNA fragment from pcD-MCGF, protected
the 3' portion of exon 3 (38 nt), all of exon 4 (42 nt), and the
5' portion of exon 5 (97 nt). The excision of IVS4 was first
observed at 0.5 h, resulting in 139- and 149-nt exon 4-exon 5
protected fragments. The excision of IVS3 alone, producing
an 80-nt exon 3-exon 4 protected fragment, was not observed
at all, and exon 3-exon 4-exon 5 protected fragments (177
and 188 nt), were not observed until 1 h after the start of the
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FIG. 4. RNase TI protection analyses of IL3 pre-mRNA splic-
ing. (A) Uniformly 32P-labeled pSP6IL3 transcripts were processed
in vitro, hybridized to a 483-nt PstI-XbaI cDNA fragment, digested
with RNase Ti, and electrophoresed in a 4% denaturing polyacryl-
amide gel. Lanes: M, 32P-3'-end-labeled MspI-digested pBR322; 0 to
8, 0- to 8-h aliquots of the splicing reaction. Abbreviations: El, E2,
E3, E4, and E5, exons 1, 2, 3, 4, and 5, respectively; El-E2, ligated
exons 1 and 2; E4-E5, ligated exons 4 and 5, El-E2-E3, ligated
exons 1, 2, and 3; El-E2-E3-E4 ligated exons 1, 2, 3, and 4;
El-E2-E3-E4-E5, ligated exons 1, 2, 3, 4, and 5; E2-E3-E4-E5,
ligated exons 2, 3, 4, and 5; El-E2-E3-E4, ligated exons 1, 2, 3, and
4; T129, a complete 29-nt RNase Ti fragment from IVS2. (B)
Scanning densitometry analysis of the autoradiograph illustrated
above. Each point represents the percent total RNA (normalized for
the number of uridines in the protected fragments) which has had the
IVS excised. Symbols: 0, IVS1 excision from IL3 transcripts; 0,

IVS2 excision from IL3 transcripts; A, IVS3 excision from IL3
transcripts; A, IVS4 excision from IL3 transcripts.

M 1 2

-736

-302

622-
527-

404-

309

242-
238
217-
201-
190
180-

160-
147-

122-

110-

-211

90-

76-

67-

34- I-
B
0 C.

,:)r-%-

VOL. 7, 1987 _



3432 LANG AND SPRITZ

E 2 £23
C'~~ ~ ~~~~E E 2

'-E-2 E3-P

: *~~~*

2--4 ~E E5Ftd 1

t2 i

24.23Bu
180

ls~~~~~~t

122-
_

1J-_

Barn .

L; -
:w : r

FIG. 5. Half-probe RNase Ti protection analyses of IL3 pre-mRNA splicing. Uniformly 32P-labeled pSP6IL3 transcripts were processed
in vitro, hybridized to either a 192-nt HindIII-BamHI 5' cDNA fragment or a 178-nt BamHI-XbaI 3' cDNA fragment, digested with RNase
Ti, and electrophoresed in a 6% denaturing polyacrylamide gel. Lanes: M, 32P-3'-end-labeled MspI-digested pBR322; 0 to 3, 0- to 3-h aliquots
of the splicing reaction. Abbreviations: El, E2, E3, E4, and E5, exons 1, 2, 3, 4, and 5, respectively; Ti29, a complete 29-nt RNase Ti
fragment from IVS2. (A) E1-E2, ligated exons 1 and 2; El-E2-E3, ligated exons 1, 2, and 3; E2-E3-R, ligated exons 2 and 3. (B) E4-E5, ligated
exons 4 and 5; E3-E4-E5, ligated exons 3, 4, and 5.

splicing reaction. Therefore, the unidentified 140-nt fragment
seen in Fig. 4A could not have resulted from IVS3 excision
but instead resulted from the excision of IVS4. IVS4 exci-
sion was first observed at 0.5 h (Fig. 4B), continued rapidly
until about 3 h, and slowed thereafter. By 8 h, IVS4 had been
removed from 75% of IL3 transcripts. These data thus
demonstrate that IVS1 and IVS4 are removed from IL3
pre-mRNA in vitro at approximately the same time, begin-
ning 0.5 h after the start of the splicing reaction.
The excision of IVS2, producing a 343-nt exon 1-exon

2-exon 3 fragment (Fig. 4A), was first observed at 1.0 h and
continued until at least 8 h after the start of the splicing
reaction, at which time IVS2 had been removed from ap-
proximately 40% of the transcripts. IVS3 excision (fully
spliced mRNA, 483 nt) was first observed at 1.5 h (Fig. 4A),
when 1% of transcripts were fully spliced (Fig. 4B), and at 8
h, approximately 35% of the RNA was fully spliced.
There apparently was not a significant amount of exon

skipping during splicing of IL3 transcripts in vitro. We
observed no 301-, 303-, 84-, 140-, or 194-nt fragments that
would have resulted from exon skipping and ligation of exon
1 to exon 3, exon 1 to exon 5, exon 2 to exon 4, exon 2 to

exon 5, and exon 3 to exon 5, respectively. However, a
247-nt fragment that would result from ligation of exon 1 to
exon 4 could not be resolved from the 247-nt fragment that
resulted from the appropriate ligation of exon 1 to exon 2.

In most transcripts, IVS1 and IVS4 appeared to be re-
moved simultaneously in vitro. However, Si nuclease anal-
yses demonstrated that in one small fraction of transcripts,
IVS1 was removed first and that in another small fraction,
IVS4 was removed first. To analyze cleavage at 5' splice
sites, we used a 1,813-nt probe 3' end-labeled at the HindIII
site in exon 1 and extending to the NcoI site in exon 5 (Fig.
6). By 30 min after the start of the splicing reaction, we
observed fragments protected by transcripts cleaved only at
the 5' splice sites of IVS1 (85 nt), IVS4 (1,488 nt), and (to a
much lesser extent) IVS3 (1,311 nt). The 85-nt fragment
protected by transcripts cleaved at the IVS1 5' splice site
continued to accumulate over 3 h. The 223-nt fragment
protected by transcripts cleaved only at the IVS2 5' splice
site (i.e., without cleavage at IVS1 splice sites), a very minor
component of the RNA, was first observed at 1 h and
accumulated slowly. The 1,311-nt fragment protected by
transcripts cleaved only at the 5' splice site of IVS3 (but not
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FIG. 6. S1 nuclease analysis of cleavage at the 5' splice sites of IL3 pre-mRNA. pSP6IL3 transcripts were processed in vitro, hybridized
to a 32P-3'-end-labeled 1,813-nt HindIII-NcoI DNA fragment, digested with S1 nuclease, and electrophoresed in a 4% denaturing
polyacrylamide gel. The gel in the left panel was electrophoresed for 1.5 h, and the gel in the right panel was electrophoresed for 6 h. Lanes:
M1, 32P-3'-end-labeled MspI-digested pBR322; M2, 32P-3'-end-labeled MspI-digested M13mp2; 0 to 3, 0- to 3-h aliquots of the splicing
reaction. Abbreviations: 11(5'), cleavage at the 5' splice site of IVS1 (85 nt); I2(5'), cleavage at the 5' splice site of IVS2 (223 nt); I3(5'),
cleavage at the 5' splice site of IVS3 (1,311 nt); 14(5'), cleavage at the 5' splice site of IVS4 (1,488 nt); 1,813 nt, full-length probe. Symbols:
0, the cap structure; *, the labeled end of the probe.

within IVS1 or IVS2) was first observed at 0.5 h, accumu-
lated until 1.5 h, and then slowly disappeared. The 1,488-nt
fragment, protected by transcripts cleaved only at the 5'
splice site of IVS 4, generally followed the same pattern as
the 1,311-nt fragment described above, but was present in
slightly larger amounts. The amount of full-length probe
(1,813 nt), protected by uncleaved pre-mRNA, decreased
over time.
To analyze cleavage at both the 5' and 3' splice sites of

processed IL3 RNA, we used as an S1 probe the same
1,813-nt HindIII-NcoI 5' fragment described above, but it
was 5' end-labeled at the NcoI site in exon 5 (Fig. 7). The
325-nt fragment protected by transcripts cleaved at the 5'
splice site (but not the 3' splice site) of IVS4 was first
observed at 0.5 h, accumulated until 1 h, and then gradually
disappeared. Cleavage at the 3' splice site of IVS4 (resulting

in a 203-nt protected fragment) was first observed at 1 h after
the start of the splicing reaction, and the amount of this
fragment increased substantially over the next 2 h. A very
small amount of a 502-nt fragment, protected by transcripts
cleaved at the 5' splice site of IVS3 (without cleavage at
IVS4 splice sites or at the IVS3 5' splice site), was also
observed at 0.5 h. The amount of this fragment was greatest
at 1 h, and it disappeared by 2 h. A 367-nt fragment,
protected by transcripts cleaved at the 3' splice site of IVS3
(without prior cleavage at IVS4 splice sites), was first seen at
1 h and subsequently gradually disappeared. A very small
amount of a 598-nt fragment, protected by transcripts
cleaved at the 3' splice site of IVS2 (without prior cleavage
in IVS3 or IVS4), was seen at 1 h, and it remained constant
for the next 2 h. A small amount of a 1,632-nt fragment,
protected by transcripts cleaved only at the 3' splice site of

I4(5')

-1 3(5')
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FIG. 7. Si nuclease analysis of cleavage at the 5' and 3' splice sites of IL3 pre-mRNA. pSP6IL3 transcripts were processed in vitro,
hybridized to a 32P-5'-end-labeled 1,812-nt HindIII-NcoI DNA fragment, digested with Si nuclease, and electrophoresed in a 4% denaturing
polyacrylamide gel. The gel in the left panel was electrophoresed for 2 h and the one in the right panel was electrophoresed for 6 h. Lanes:
M1, 32P-3'-end-labeled MspI-digested pBR322; M2, 32P-3'-end-labeled MspI-digested M13mp2; M3, 3P-3'-end-labeled BsrNI-digested pBR322

as size mnarkers; 0 to 3, 0- to 3-h aliquots of the splicing reaction. Abbreviations: 14(3'), cleavage at the 3' splice site of IVS4 (203 nt); I4(5'),
cleavage at the 5' splice site of IVS4 (325 nt); I3(3'), cleavage at the 3' splice site of IVS3 (367 nt); I3(5'), cleavage at the 5' splice site of IVS3
(502 nt); I2(3'), cleavage at the 3' splice site of IVS2 (598 nt); 1,590 nt, unobserved cleavage at the 5' splice site of IVS2; I1(3'), cleavage at
the 3' splice site of IVS1 (1,632 nt); 1,728 nt, unobserved cleavage at the 5' splice site of IVS1; 1,812 nt, funl-length probe. Symbols: 0, the
cap structure; 0, the labeled end of the probe.

IVS1, was detected at 1 h and gradually disappeared over the
3-h time course. We were unable to detect a 1,728-nt
fragment protected by transcripts cleaved only at the IVS1 5'
splice site. However, by Si analysis with a 210-nt HindIIl-
Avall probe 32P-5'-end-labeled in exon 2 (data not shown),
we demonstrated that cleavage at the 5' splice site of IVS1
does precede cleavage at the IVS1 3' splice site.
Two other very minor (<1% of total RNA) intermediates

were also detected by the RNase Ti protection analyses

(Fig. 5): a 278-nt exon 2-exon 3-exon 4-exon 5 fragment and
a 385-nt exon 1-exon 2-exon 3-exon 4 fragment. These
fragments fnight represent either intermediates in minor
splicing pathways or terminal nonproductive reaction prod-
ucts. Because their component parts and final reaction
products were represented in other RNA species, it was not
possible to distinguish between these two explanations.

It is also likely that in another small fraction of transcripts
(<1% of total RNA), IVS2 was excised first, and in yet
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FIG. 8. In vitro splicing pathways of three multi-IVS pre-mRNAs. (A) Human 0-globin pre-mRNA (19); (B) Rat aLA pre-mRNA; (C)

Murine IL3 pre-mRNA. Abbreviations: El, E2, E3, E4, and E5, exons 1, 2, 3, 4, and 5, respectively. Symbols: 0, exons; U IVSs; *, major
pathways; -k, minor pathways; and ?, possible but unproven pathways.

another small fraction, IVS3 was removed first. As de-
scribed above, fragnents representing these minor splicing
intermediates (exon 2-exon 3 and exon 3-exon 4 fragments)
would have comigrated with (and thus not be distinguishable
from) the 140-nt exon 4-exon 5 RNase Tl-resistant fragment
seen in Fig. 4A. The existence of these minor splicing
intermediates ws supported by the detection of a minor
exon 2-exon 3 fragment (106 nt) at 1 h in the 5' cDNA

half-probe experiment (Fig. 5A), in which the excision of
IVS2 was not masked by the excision of IVS4. In addition,
S1 nuclease analysis using a probe 3'-end-labeled in exon 1
(Fig. 6) demonstrated that a small amount of transcripts
cleaved at the 5' splice site of IVS3 (but not at the IVS1 or
IVS2 splice sites) at 0.5 h and also some transcripts cleaved
at the 5' splice site of IVS2 (but not at the IVS1 splice sites)
at 1 h. Cleavages at the 3' splice sites of both IVS2 and IVS3
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were observed at 1 h with an Si probe 5'-end-labeled in exon
5 (Fig. 7). Together, these observations indicated that IVS2
and IVS3 were each excised first from a small fraction of IL3
transcripts.

DISCUSSION

To determine whether pre-mRNAs with multiple IVSs are
processed by preferred pathways, we analyzed the in vitro
splicing pathways of four such pre-mRNAs: human I- and
-y-globin pre-mRNAs (each containing two IVSs; 19), rat
aLA pre-mRNA (containing three IVSs), and murine IL3
pre-mRNA (containing four IVSs). In each case, the pre-
mRNA is processed in vitro via a highly preferred, although
not necessarily exclusive, pathway.
These pathways are summarized in Fig. 8. The two IVSs

of human P- and -y-globin pre-mRNAs were excised sequen-
tially, IVS1 before IVS2 (Fig. 8A) (19). Similarly, the three
IVSs of rat aLA pre-mRNA were also excised sequentially,
IVS1 first, then IVS2, and finally IVS3 (Fig. 8B). However,
the processing of murine IL3 pre-mRNA (containing four
IVSs) in vitro followed a more complex pathway (Fig. 8C).
IVS1 and IVS4 apparently were removed at approximately
the same time, followed by IVS2 and finally by IVS3. IVS1
and IVS4 might be removed simultaneously, in rapid succes-
sion (IVS4 preceding IVS1 or vice versa), or both. S1
nuclease analyses demonstrated that IVS1 can be removed
from transcripts containing IVS4 and vice versa. However,
splicing of IVS1 and IVS4 occurs so rapidly that it is
impossible to distinguish between simultaneous and succes-
sive excision of IVS1 and IVS4 in the majority of molecules.
For all three of the pre-mRNAs studied, we also observed a
number of minor (<1% of total RNA) splicing products that
might either be bona fide intermediates in minor splicing
pathways or might be dead-end splicing products that are not
processed to mRNA. In no case did we ever detect exon
skipping in vitro. Therefore, our observations demonstrate
that there are highly preferred, but not necessarily obliga-
tory, pathways of IVS removal from multi-IVS pre-mRNAs
in vitro. The virtually simultaneous excision of IL3 IVS1 and
IVS4 in vitro suggests that more than one spliceosome can
assemble on that pre-mRNA molecule, consistent with the
observation of double splicing complexes during splicing of
the two IVS adenovirus type 2 major late pre-mRNAs in
vitro (4a).

Analyses of the kinetics of the splicing reactions suggest
that the preferred splicing pathways that we observed re-
sulted from two variables for each IVS: the lag time before
IVS excision begins and the maximum excision rate. We
have previously found (19) that for human B-globin pre-
mRNA, the lag time for IVS1 (130 nt) excision in vitro is
approximately 0.25 to 0.5 h; the lag time for IVS2 (850 nt)
excision is approximately 0.75 to 1 h; and the maximum rate
of IVS1 excision is approximately three times that of IVS2.
In the present study, we found that for rat aLA pre-mRNA,
the lag time for IVS1 (341 nt) excision in vitro was approx-
imately 0.5 h; for IVS2 (429 nt), it was 1 h; and for IVS3
(1,016 nt), it was 2 h. The maximum rate of IVS1 excision
was 3 times that of IVS2 and was 30 times that of IVS3. For
murine IL3 pre-mRNA, the lag times for excision of IVS1
(96 nt) and IVS4 (122 nt) were approximately 0.5 h, and
those for IVS2 (992 nt) and IVS3 (135 nt) were both
approximately 1.25 h. The maximum rates of IVS1 and IVS4
excision were the same and were approximately 4.5 times
that of IVS2 and 7 times that of IVS3. The lag time tended to
correlate inversely with the maximum excision rate, but we

had insufficient data to determine whether this correlation
was significant. Furthermore, neither the lag time nor the
maximum excision rate related simply to the length of the
IVS, the length of either the 5' or 3' exons, or the position of
the IVS in the transcript. We have previously shown that at
least the maximum excision rate of an IVS in vitro can be
greatly affected by the presence or absence of other IVSs in
the pre-mRNA (19). In addition, the position of the IVS in
the transcript can greatly affect its ability to be spliced in
vivo (12). Therefore, it seems likely that both the lag time
and the maximum excision rate of an IVS are complex
functions of splice site accessibility, (related to secondary
and tertiary structures in the pre-mRNA), affinity of the
splice sites for nuclear splicing factors, and perhaps IVS
size.
Proposed models of splice site recognition must be recon-

sidered in light of recent data on splicing pathways of
multi-IVS pre-mRNAs. In simple directional scanning mod-
els, splice site recognition initiates at one end of the tran-
script and proceeds linearly along the pre-mRNA (17, 30).
However, scanning models are inconsistent with the results
of experiments in which splice sites were duplicated (16),
with the differences between the pathways of adenovirus
type 2 major late transcripts (IVSs removed sequentially
from 5' to 3') and E2A transcripts (IVSs removed from 3' to
5)' in vivo (8, 14) and with the in vitro pathway of IL3
pre-mRNA splicing described here. Aebi et al. (1) have
proposed a different type of directional (first come, first
served) model in which the splice sites of each IVS are
recognized and committed in the nascent transcript, thus
preventing subsequent interactions between inappropriate
pairs of splice sites (exon skipping). This proposal is con-
sistent with the observation of ribonucleoprotein particles
near intron-exon junctions in nascent transcripts in vivo (25).
The first come, first served model might be modified to
accommodate differential rates of splice site recognition on
the nascent transcript (instead of immediate recognition of
splice sites). Differential rates of splice site recognition might
result from different affinities of splice sites for splicing
factors, different availabilities of splice sites as a result of the
secondary and tertiary structure of the nascent transcript
(which may change as IVSs are excised), and possibly steric
effects that might prevent simultaneous assembly of neigh-
boring spliceosomes within a certain distance. This modified
scheme would still tend to suppress exon skipping in vivo
but could accommodate preferred, but not strictly direc-
tional, orders of IVS excision and even alternative splicing.
Models linking splice site recognition and transcription are
therefore attractive. However, it is difficult to reconcile such
models with rare (1) or absent (4a, 19) exon skipping when
multi-IVS pre-mRNAs are spliced in vitro. Furthermore,
mutations at 5' splice sites of distal IVSs can cause exon
skipping in vivo (21, 31), whereas by the first come, first
served model, the splice sites of the promoter-proximal IVS
should already be committed and exon skipping should not
occur.

It will ultimately be necessary to determine whether the
splicing pathways that we have defined in vitro accurately
reflect the processing pathways of these pre-mRNAs in vivo.
The splicing pathway of normal rabbit ,B-globin pre-mRNA
in vivo is the same as that which we observed for normal
human 1- and y-globin pre-mRNA in vitro (19). Similarly,
the normal preferred splicing pathway of the leader of the
adenovirus type 2 major late transcript appears to be the
same in vivo (14) and in vitro (4a). However, some splice site
mutations can result in different patterns of aberrant splicing
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in vitro versus in vivo (1). Therefore, we are currently
studying the splicing pathways of the aLA and IL3 pre-
mRNAs in vivo.
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