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ABSTRACT

We present evidence that the splice sites in mammal-
ian pre-mRNAs are brought together via a three
dimensional diffusion mechanism. We tested two
mechanisms for splice site pairing: a lateral diffusion
(‘scanning’) model and the currently favored three
dimensional diffusion (‘jumping’) model. Two lines of
evidence that distinguish between these two models
are presented. The first utilized bipartite splicing
substrates tethered by double-stranded RNA stems
predicted to provide either a moderate or severe block
to splice site pairing via a scanning mechanism. Splice
site pairing via a jumping mechanism was expected to
be unaffected or affected minimally. The second
approach utilized a flexible poly(ethylene glycol)
moiety within the intron. This insertion was predicted
to reduce scanning efficiency but not the efficiency of
a three dimensional diffusion mechanism. The best
explanation for the data with the bipartite RNAs is that
splice site pairing occurs through three dimensional
diffusion. Kinetic analysis of the poly(ethylene glycol)
containing substrate showed that neither the lag
phase nor the initial rates of mRNA production and
spliceosome assembly were affected by this insertion.
Therefore, both experimental approaches supported the
three dimensional diffusion model of splice site pairing.

INTRODUCTION

complex diffuses laterally along the RNA, towards a second splice
site specific complex. In this scenario, the scanning machinery could
interact directly with intronic RNA or with the intron assembled into
an RNP. The ‘jumping’ model posits a mechanism that involves the
interactions of two splice-site containing RNP complexes, but in this
case the association of the splice sites occurs independently of the
RNA between the splice sites, and the rate at which the complexes
associate is determined by three dimensional diffusion. This mode
is operative duringrans splicing in trypanosomes and nematodes
(3-5). This mechanism is also operative duringvitro trans
splicing in mammalian systens-g).

Several attempts were made to address the problem of splice site
pairing. The use of tandem duplications ‘ddfilice sites in a rabbit
-globin ©) or a human €globin (L0) genes resulted in an almost
exclusive use of the upstreafnsplice site (or distal relative to the
intron and 3 splice site). Tandem duplications df splice sites
resulted in splicing exclusively to the distal or downstreagplide
site in rabbif3-globin and exclusively to the proximal or upstream
3' splice site in human y&lobin. Thus the two groups reached
opposite conclusions: one favored a three dimensional diffusion
mechanism ), while the second advocated ‘a3’ scanning
model (0). Similar arguments were made in favor of scanning in
the differential processing of the E3 transcription unit of
adenovirus-2X1(1). The same rationale was used to favor the three
dimensional diffusion model in the exclusive utilization of exon
or exonB during alternative splicing of the Troponin T pre-mRNA
(12), and in the exon skipping mutations in the dihydrofolate
reductase gene in Chinese hamster ovary cells (n these
experiments, the basic assumption that duplicatadd3 splice

The B splice site and the polypyrimidine tract/branchpoinsites of identical sequences were equivalent has since been showr
sequences are both defined very early in the splicing reaction. Hoat to be the case. The exclusive use of the proxinsaliBe site

are these twois elements brought into apposition with each otherth the Gy-globin experiments could be explained by the presence
The large size of many mammalian introns makes this a difficutf an almost complete exon downstream of thatisije $imilarly,
process to envision. Nuclear pre-mRNAs do not exist as fréke exclusive use of the distal 8plice site in thef3-globin
random coils, but rather, they are thought to be assembled irgxperiments could be explained by the absence of a full exon
more compact ribonucleoprotein structures via interactions witfownstream of the proximalsplice site (ibid.). The exon definition
hnRNP proteinsl). Nevertheless, the distance between splice sitesodel of Berget and colleagued5( and its subsequent
must be enormous relative to the few angstroms required during thgerimental confirmatiori§,17) also could explain the use of the
first transesterification reaction. THesplice site and its associated distal splice sites in these experiments. Moreover, the more recent
factors can be brought together with the polypyrimidine tractdentification of exonic splicing enhancet${20) argues strongly
branchpoint and its interacting factors by one of two distinghat any assumption of splice site equivalence is naive. It is also
mechanisms. The ‘scanning’ model, originally proposed by Shakmown now that levels of ASF/SF2 and hnRNP Al can influence
(2), postulates a mechanism in which a splice site-containing RNie choice between tandem duplicatédsglice sitesin vitro

*To whom correspondence should be addressed at: Department of Molecular Cancer Biology, Box 3686 DUMC, Durham, NC 27710, USA



Nucleic Acids Research, 1996, Vol. 24, No. 91639

(21-23) and in vivo (24,25). Therefore, this experimental prepared by cloning tHecaRI fragment from pPIP.RNA C into
approach did not distinguish one model from another. pPIP.RNA B. pPIP.RNA F1i and pPIP.RNA F2i were prepared by
An approach utilizing anti-sensé@methyl oligoribonucleo- PCR amplification of fragment 1074-1183 from the Adenovirus
tides was employed by Mayedd al (26). Oligonucleotides 2 major late promoter transcription unit with primers carrying
directed to the'Splice site or the branchpoint sequence of a humakhd and Notl restriction sites respectively, and cloning this
B-globin-derived pre-mRNA inhibited splicing vitro, whereas fragment in the antisense orientation into pPIP.RNA F. pPIP.RNA
oligonucleotides directed to other exonic or intronic sequences di@i5'ss was prepared by inserting the same fragment in the sense
not inhibit splicing. The lack of effect by the latter anti-senserientation into th&lotl site in pPIP.RNA F. DNA templates were
oligonucleotides was taken to indicate a three dimensional diffusipnepared for transcription as follows: pPIP.RNA A was restricted
mechanism. Two problems undermine this conclusion: first, sinegth Notl. pPIP.RNA F, F1i, F2i and F2&s were prepared by
reaction times were very long (4 h) it is impossible to ascertain tRRCR amplification using the sequencing forward primer [#1211
relative rates of splicing in the presence and absence of oligbew England Biolabs, (NEB)] and a reverse primer ZP16:
Second, a scanning machinery may be capable of melting shHSHGGGGGGTCCATTAACCCTCACTAAAGGG-3 and restrict-
duplexes such as those created by the dodecamer oligos added. ibhabf the PCR product witival. Restriction enzymes were
this was the case is suggested by the weak effect of an oligo plapacthased from NEB. All oligodeoxynucleotides used for cloning,
downstream of the branchpoint, a sequence that is thought toREand PCR reactions were synthesized by an ABI 382 DNA/RNA
scanned late in the splicing reacti,?8). Synthesizer. All RNAs were transcribed using T7 RNA Polymerase
In vitro transsplicing was observed by Konargtal (29 and  (Stratagene)3?).
Solnick @30). In both studies significant RNA—-RNA secondary
structures were required to tether the precursors for a reasonabpylicing and RT-PCR of bipartite RNAs
efficient reaction (15-30% of wild-type). RNAs not tethered by . .
secondary structure were spliced at 0.2% of wild-tyg®. ( Before splicing, RNAs were annealed af©8for 2 min and
Konarskeet al (ibid.) and Solnick30) cautiously suggested that _cooled slowly to 34C, then_placed onice. Splicing reactions were
their results precluded an obligate scanning mechanism tHagubated for 2 h as previously describgg).(Nuclear extracts
requires continuity of all phosphodiester bonds between the spli¢€'e_prepared as described by Dignemal (34). Splicing
sites. Recentlyin vitro transsplicing not requiring obvious base éactions were stopped by adding an equal volume of high salt
pairing of the substrates was demonstrated by Chiara andsReedguffer (7 M urea, 0.5% SDS, 100 mM LiCI, 10 mM Tris—HCI pH
Bruzik and Maniatis 7) and Eulet al (8). Trans splicing in 5, 10 mM EDTA) on ice, and the RNAs were extracted and
mammalian systems is consistent with splice site pairing throu%ec'p'tated- Each RT annealing reaction contained 100 mM KCl,
a three dimensional diffusion mechanism because this mod&t "M RNA and 166 nM RT primer. RT annealing reactions were
requires functional interactions between complexes assembl@gced at 98C for 1 min, 50C for 20 min, then on ice. RT
independently at the splice sites irrespective of the intron betwe@iension reactions contained 250 mM Tris—HCI pH 8.3, 375 mM
them. Consequently, the three dimensional diffusion model §Cl 15 MM MgCh, 10 mM DTT, 50QuM each dNTP and 5 (i
currently favored, although the relatively low efficiency of thisMoloney murine leukemia virus RT (Gibco-BRL), and were
reaction and the requirement for a downstrearsplice site or Incubated at :23’1: for 1 h. For direct visualization of the RT
exonic enhancer remain difficult to explain. products, @-3 P]dCTP was added to a final concentration of
To test the three dimensional diffusion model directly, we0 NCill. RT reactions were treated with RNase A at a final
designed splicing substrates that would block scanning, but rfg@ncentration of 0.04 mg/ml for 20 min at °&) then
three dimensional diffusion. The first approach utilized bipartitehenol-extracted and precipitated. Labeled Rodymts were
splicing substrates predicted to have minimal effects on splice sigs0lved on denaturing, Tris—borate-EDTA (TBE), 8 M urea, 10%
pairing through jumping, and either moderate or severe effects gﬁrylamldt_a:blsacrylamde (27:5:1) gels. PCR reactions contained
scanning. The best interpretation of the results with the bipart#® MM Tris—HCI pH 8.8, 50 mM KCl, 1.5 mM Mg£10.001%
RNAs is that splice site pairing occurs through three dimension@l/V) gelatin, 10% of the resuspended unlabeled RT reacfidh, 1
diffusion. The second approach utilized a poly(ethylene g|ycogaverse pnmer 2218' M forward primer ZP20, 200M each
obstacle to a scanning machinery that due to its flexibility was nBN P> 2 nCHl [a- 2PJdCTP [New England Nuclear (NEN)], and
predicted to interfere with a reaction proceeding through thrék01 UK Taq DNA polymerase (Stratagene). Reactions were
dimensional diffusion. The kinetics of spliceosome assembly agycled 21 times for 1 min at 98, 1 min at 6C, 3 min at 72C
the appearance of splicing intermediates and products with t#&d followed by a final 10 min extension at’@2 DNAs were
substrate also argued in favor of splice site pairing through thré¥racted, precipitated, and resolved on native 7% acrylamide:bis-

dimensional diffusion. acrylamide (30:1), TBE gels. Electrophoresis was at 7 V/cm
for 4 h A_Molecular Dynamics Phosphorimager was used for all

MATERIALS AND METHODS quantifications.

Preparation of templates andn vitro transcription Directed ligations and splicing of PIP.PE, PIP.DNA and

pPIP.RNA A was prepared by cloning the following sequence int%”D?'A

theXhd site in pPIP7.A%1): 5-TCGAGAAGCTTCACCTGGC- RNA E was transcribed as describ8d)( except that reactions
CCGCGGTGATGCCTGAATTCGCGGCCGCAAGCTTC-3 contained 4 Ci/mmol-32PJUTP. RNA D was transcribed in
pPIP.RNA B was prepared by cloning the complementarseactions containing 0.05 Ci/mmat$2P]UTP and with 48 molar
sequence into®ad—Xhd deletion of pPIP7.A. pPIP.RNA C was excess of dGMP or GMP over GTP. PE or DNA were phosphory-
prepared by cloning the complementary sequence to ZPGted using T4 polynucleotide kinase (NEB). Reactions contained
between th&ph andHindlIl sites of pPIP7.A. pPIP.RNA Fwas 1.4 uM each RNA, 1.1uM each bridging oligo and 0,8M
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Figure 1. Splicing of bipartite RNAs.a) Diagram of RNAs assayed for splicing and their possible splicing products. RNAs are drawn to scale and their lengths (i
nucleotides) are indicated. Boxes indicate exons, lines indicate introns, and short vertical lines indicate branch points. Positions of reverse transcription (RT) pr
ZP31 and ZP32, and polymerase chain reaction (PCR) primers ZP18 and ZP20 are indicated. RNA F1i contained a 116 nt insertion downstream of the stem fo
sequence and upstream of the branchpbnPCR assay. PCR products were linear with respect to input DNA template over at least an 800-fold range. Primers wel
ZP18 and ZP20, and template was pPIP7.A (a plasmid carrying a contiguous sequence of exon A, the intron, and) &breBlijty using primer ZP31 or ZP32.
Primers and substrates are indicated above each lane. Quantification of primer extension products and correction for the number of radioactive residues show
ZP32 efficiency of extension from RNA F was 83% of ZP31 efficiency (compare lanes 4 and 7 with lanes 11 and 14). RNA B contained the same sequence as
F, except that it lacked the F2 exon and upstream sequence. RNA C contained the same sequence as in RNA F, except that it lacked sequences downstreal
stem-forming sequence. Major products expected from primer ZP31: RNA A: none, RNAs B, A:B: 189 nt (closed squares), RNA C, A:C: 166 nt (closed triangle
RNAs F, A:F: 260 nt (closed circles). Major products expected from primer ZP32: RNA A: none, RNAs B, A:B: 61 nt (open squares), RNAs C, A:C: 133 nt (op
triangles), RNAs F, A:F: 133 nt (open circlesl). RT-PCR results. The assay contained RNAs alone (lanes 1-3, 10 and 11; RNA Ai contained an unrelated 194 r
insertion downstream of thé $plice site and upstream of the stem forming sequence) or annealed RNAs A:F (lanes 8 and 9) and A:F1i (lanes 12 and 13). The b
marked S represents spliced product (65 bp). Spliced and unspliced band identities were confirmed by direct sequencing of the PCR products (not shown). Th
band migrating near the 190 bp marker (lane 8) was the result of ‘skipping over’ the base of the stem by the RT enzyme. With RNA A:F1i, splicing to the F1 e
was 71% and splicing to the F2 exon was 29% of spliced RNA. Lanes 4—7 contained mock reactions containing no templates for the transcription (lane 4), spl
(lane 5), RT (lane 6) and PCR (7) reactions; each mock reaction was carried through all subsequent steps. When splicing to F2 was detected with ZP32, we were
to detect similar levels of splicing to F2 with ZP31 as an RT and PCR primer. It is likely that RNA A remained annealed to the RNA produced by splicing to F2 ¢
interfered with RT primed with ZP31. Therefore, the signal obtained with ZP31 as the RT primer represented splicing to F1 only.
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kinased PE or DNA. Reactants were annealed°& 88d slowly a  RNAs A:F2i and A:F2i5'ss
cooled to <10C in water, then incubated under ligation conditions
for 12 h at 18C with 15-22 Udl T4 DNA ligase (NEB) 85).
PIP7.A was uniformly labeled in reactions containingc#mmol
[a-32P]UTP. Splicing reactions were incubated &C3fr the times
indicated. To analyze splicing precursors, intermediates, and
products, RNAs were purified as described above and resolved on
denaturing 12-15% acrylamide:bisacrylamide (27:5:1), TBE, 8 M
urea gels33). To analyze splicing complexes, following incubation
with nuclear extracts for the times indicated heparin was added to
0.5 mg/ml and reactions were incubated a4C3@r 5 min. Splicing 2N
complexes were resolved on native 4% acrylamide:bisacrylamide ~ ° [ ]

(80:1) Tris—glycine gels3().

F2i or F2i5'ss insertion

RESULTS 1. SPLICING TQ EXON F1

We constructed bipartite RNA splicing substrates predicted
interfere with a scanning mechanism, but not with a three
dimensional diffusion mechanism (Fi@). The double-stranded
RNA stem in RNA A:F was expected to create a scanning block
in splicing to exon F1 due to the discontinuity of the RNA at the
base of the stem. We predicted, however, that this would be a weak

block, as this substrate would potentially allow a scanning,
machinery to ‘skip’ over the base of the stem at some frequency;

ZP13  ZP31

SPLICING T( EXON F2 (diagrammed for 4;F2i5'ss}

——
as it does for reverse transcripte®g éee also Figld below). In zeis e PR 7P
contrast, splicing to exon F2 was expected to present a formidable
block to single-stranded scanning because such a process would l
have to unwind the 46 base pair stem, switch scanned templates,

and scan in both'5 3" and 3- 5' directions.

A reverse transcription reaction followed by a polymerase chain
reaction (RT-PCR) assay was used for detection and quantification
of splicing efficiencies. The RT-PCR assay used was linear over at
least an 800-fold range (Fidb and data not shown). To differentiate b o] am —
splicing to exon F1 from splicing to exon F2, we used two different W pnes |17 [T01]EP02
reverse transcription primers (Flg), which were equally efficient
and gave the expected extension products {E)jg.The reverse

transcription primer ZP31 was used to detect splicing to F1, and f— ?
primer ZP32 was used to detect splicing to F2 (see legend 1. Fig. = :
Splicing occurred almost exclusively (>99%) to exon F1 (Fg. sk
lanes 8 and 9). This result suggested that a scanning mechanism was b
preferred over a three dimensional diffusion mechanism, and that the B -
scanning machinery was inhibited in splicing to exon F2. We could 0= . — S US
not rule out, however, the possibility that exon F1 was a better =
splicing substrate in the particular configuration of RNA A:F (see Hin—
Results below). iy

RNA F1li was synthesized to test the interpretation that the i —

exclusive use of F1 above reflected splice site pairing via a
scanning mechanism. The 116 nt insertion between the stem and
the F1 branch point (Figa) was predicted to have minimal effects

on scanning to the F1 splice site. Thus if the exclusive use of the 12 A H

F1 splice site in RNA A:F were due to scanning, we expected the

splicing of RNA A:F1i to be identical to that of A:F. To our Figure 2.A 5 splice site inserted downstream of the FapBce site stimulated
surprise, splicing assays with substrate A:F1i showed that 29% Si;?(')'g'&gstofrg% fg)\. E'zaigsamRﬁ‘;SN;z g;’;@hA&)FZS‘?;:‘”gngotsr]sgi’r'elesﬁg;"s‘g n
SP"Ced RNA WaS_Sphced to F2 (I_:_I@d, lanes 12 and 13). A nucleotides) are indicated. Note that splicing between AF2 and F1 (producing
different insertion in the same position of RNA F gave the sam@r2r1) was not detected in significant levels with PCR reactions using primers
results, arguing that the effect of these insertions is not dependextis or ZP31. Also note that splicing between F2 and F1 was not measured in
on a par‘ticu|ar sequence (not Shown)_ A Scanning model does ﬁhj@ assayh) RT—-PCR of splicing reactions with A:F2i and A:F&% The assay

; ; ntained RNAs alone, which gave no signal (not shown) or annealed RNAs
account well for these results. In contrast, a three dimension (:PFZi (lanes 1 and 2) and A:F2S (lanes 3 and 4). The band marked S represents

diffusion model can fully explain them. o .. spliced product, US represents unspliced RNA. With RNA A:F2i, splicing
To address the possibility that exon F2 was an inferior splicingccurred aimost exclusively (>99%) to F1. With RNA A:Ei5splicing to the

substrate due to its longer distance from thend of the RNA  F1 exon was 68% and splicing to the F2 exon was 32% of spliced RNA.
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Figure 3. Splicing of PIP.PE, PIP.DNA and PIP7.4) Construction of the splicing substrates PIP.PE and PIP.DNA by oligodeoxynucleotide-directed ligations. The
oligodeoxynucleotide ZP12 was complementary to positions 122-141 of RNA E and 1-7 of PE or DNA (=ZP11). Oligodeoxynuceotide ZP51 was complemen
to the seven'3nd positions in PE or DNA, and to positions 1-20 of RNA D. T4 DNA ligase was used to generate PIP.PE or PIP.DNA (35). DNA-RNA ligation wa
enhanced 11-fold when priming transcription of RNA D with dGMP instead of GMP (not shownjid) Results of splicing experiments with PIP.PE, PIP.DNA

and PIP7.A. Substrates and incubation times are indicated above the lanes, and drawings representing reaction products and intermediates are shown beside
Spliced product identities were confirmed by reverse transcription coupled to PCR amplification and sequencing of the PCR products (hahdBpResuits

of splicing complexes formation experiments with PIP.PE, PIP.DNA and PIP7.A. RNAs were incubated under splicing conditions and splicing complexes w
resolved on native gels (29). Splicing substrates and incubation times are indicated above the lanes. H represents heterogeneous complexes, A represe
pre-spliceosome, and B represents the spliceosome.
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(16), we synthesized RNAs F2i and Fa&(Fig2a). RNA F2idid DISCUSSION
not contain a Ssplice site, whereas the insertion in RNA E&5

contained the L2 exori §plice site from the adenovirus 2 major late

transcription unit. It was demonstrated by many laboratories thatg2""ing models provided an attractive explanation for the efficient
weak 3 splice site could be made efficient by the insertion of nd precise removal of very large introns such as those found in the

downstream Ssplice site 16,17). The 5 splice site sequence was uman (r?‘bl (40) or in_the DrOSOph"a uI_trabithorax (.be) (41). :
not expected to affect scanning to either exon due to its locatigfines: Given a three dimensional diffusion mechanism of splice site

upstream of the 46 nt stem-forming sequence. Because of its abifg"n9 and assuming that splicing of long introns (>10 kb) is
to promote the assembly of splicing complexes on an upstream icient and precise, it is reasonable to assume that eukaryotes have

. . . ; evolved solutions to the problems these long introns present. One
splice site {6,17), we predicted that a downstreafmsplice site X ;
would enhance splicing to F2 via three dimensional diffusion. $UCh solution was suggested for' the altematively splireB0 kt.’
Resilts of splicing assays with A:F2i and A:E&i%re shown in intron, where the splicing machinery was proposed to excise the

Figure2b. RNA A:F2i showed an almost exclusive use of the Fintron In segments¢). Each splicing event in this intron may

; . . nerate a novel Splice site, which in turn may be used again. In
ET\?X gﬁ?e\iﬁ%hag?\li)X?:;?gszawgwrgsgpii)ﬁ?x;% S{ﬁ:gg'gigr@me tissues, the entire intron may be removed by this mechanism

. ) ibid.). A more common solution may be provided by an interaction
represented 32% of spliced RNA (Fatp, lanes 3 and 4). A time ( ! :
coFl)Jrse showed 'fhat s[p))licing o Fl( and F2 procee deo% with simi etween an elongating RNA polymerase Il and factors that interact

o . - or ) : th 5 splice sites43). Greenleaf hypothesized that the C-terminal
kinetics \.N'th RNA A'FZ.'ESS (_npt shown), consistent with the SaM&omain of the largest subunit of RNA polymerase |l can interact
mechanism operating in splicing to both exons. These results a

. ) . : th splicing factors such as SR proteins (ibid.). This would tether
argued against the scanning .mod.el. Th_e_ best interpretation of Spolymerase to the nasceslice site occupied by U1 snRNP
results obtained with all the bipartite splicing substrates is that t

. : ) ; . nat Ry sr proteingi@,45) such that upon synthesis of' aglice site
splice sites are brought together via a three dimensional d'ﬁus'fme two reactive groups for the first transesterification reaction would
mechanism. . . . .. be in the vicinity of each other. Although according to this

We constructed another substrate in which splice site pairing iRnothesis the splicing machinery is ‘riding’ on the scanning
scanning was likely to become hindered, whereas splice site pa?%pymerase, given our data we propose that the splicing machinery
t

via three dimensional diffusion would remain functional. Ve SE" does not possess the scanning activity. Evidence for the

inserted a molecule consisting of 10 ethylene glycol repeats flanked. Jiation of SR proteins with the large subunit of RNA
by short DNA sequences (generous gift of A. Schepartz, Yalg,w merase 11 is emerging from situimmunolocalization studies
University) 38,39) into the intron, 24 nt upstream of the branch 44
point (Fig.3a). Since poly(ethylene glycol) (PE) does not resemble A hree dimensional diffusion mechanism of splice site pairing
nucleic acids, we expected an RNA scanning machinery to haveyagicts a more error prone splicing machinery. mRNAs resulting
diminished affinity for the ethylene_ glycol_pprtlon of PIP.PE, whlch:mm intramolecular (exon scrambling) and intermolecdtang
was expected to reduce scanning efficiency. Due to the higRjicing) aberrant splicing may be produced more frequently than
flexibility of the PE moiety $8,39), PIP.PE was not expected 10 previously expectedi() (Fig. 4). Exon scrambling is predicted to
present a block to three dimensional diffusion. As a control, we usgglyr particularly if splice sites are not immediately employed after
an oligodeoxynucleotide approximating the length of PE _angeing recognized, for example in pre-mRNAs that undergo
containing identical sequences to the flanking DNA sequences in Bfernative splicing and in exons preceding very large introns. The
(PIP.DNA; Fig.3a). _ ~ existence of scrambled exon$s{50) suggested that a three
We incorporated PE or the control oligodeoxynucleotide intgimensional diffusion mechanism is operative in splice site pairing,
introns using the method described by Moore and SBaxp\ith  aithough the mechanistic suggestion was undermined by the very
modifications (see legend to Figp). Results of splicing assays |ow frequency of the observed scrambling events (0.01-1% in the
with PIP.PE, PIP.DNA and PIP7.A are shown in Figilrand c.  DCC and cets-1genes and zero in tps3 gene) ¢8-49). Why
With all three substrates, the lariat intermediate began to accumulgéfe these events not been recognized more frequently? First, exor
concomitant with the appearance of the ftexén after 10-15min. scrambling is probably always associated with circularization as
mMRNA and lariat product began to accumulate by 15-20 min in &iggested by Nigret al (48) and Cocquerellet al (51), and first
three reactions. Quantification of mRNA levels showed that thegtiown by Capett al (50). The circularsry transcripts and the
were no differences in the initial rates of mRNAdurction with  presumed circulaDCC and cets-1 scrambled mRNAs are not
all three substrates (data not shown). Fi@ar@nd e shows the polyadenylated and thus have been underrepresented in cDNA
results of splicing complexes formation assays with PIP.Plipraries. Second, cleavage and polyadenylation of circular RNAs
PIP.DNA and PIP7.A. Complex A (pre-spliceosome) appearaghn resolve the circles into potentially unstable linear RNA
after 1-2 min of incubation with PIP.PE, PIP.DNA and the all-ribenolecules due to their uncappedesmini G2). Third, it is likely
control substrate PIP7.A. Complex B (spliceosome) begathat proofreading functions have evolved to discard these aberrant
accumulating after 4-6 min of incubation with the three substrateganscripts, possibly functions similar to those that can sense the
Figure3 shows that the PE moiety did not interfere with the ratpremature truncation of open reading frana&s%7).
of splice site pairing in PIP.PE. Therefore, the kinetics of PIP.PEIn vivo transsplicing reactions were first observed in nematodes
splicing, as assayed by the time of mMRNA appearance, the inita@td trypanosomes, where a common leader segment is efficiently
rate of splicing catalysis, and the formation of splicing intermediatapliced to the body of many mRNA3-5). The expression of a
and products can be explained fully by splice site pairing throughansspliced RNA was postulated to account for mRNAs encoding
three dimensional diffusion. the u variable region of a human transgene linked to endogenous
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Figure 4.Possible modes of splice site pairing via a three dimensional diffusion11
mechanismCis splicing is the most common mode of interaction. The order of
exons in the precursor is identical to the order of exons in the mRNA, andl2
splicing of exons from one precursor generates one mRNXAs $plicing: exon
scrambling, intramolecular interactions between the splice sites result in ad3
mMRNA whose exons are in a different order than the order of exons in the
precursor. Presumably, exon scrambling proceeds through a circular intermediate4
In trans splicing: exon invasion, splicing of exons from different precursors 15
generates the mRNA. Genomic integratiortrahs spliced and scrambled
mMRNASs can result in exon shuffling. 16

17

18

. . . . 19
murineyl-constant region sequences in transgenic riigéy). 5,

Evidence fotranssplicing into the enhybmRNA in chicken and

human thymus cells was obtained by \ellerdl (60,61), and 21
SV40 transcriptsansspliced to each other were observed in tissué?
cultured cells and in HeLa nuclear extra8)s Transsplicing in
mammalian cells is probably a rare event in pre-mRNAs involved
in cis splicing 62). Nonetheless, a three dimensional diffusiores
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