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Very small vertebrate exons are problematic for RNA splicing because of the proximity of their 3' and 5'
splice sites. In this study, we investigated the recognition of a constitutive 7-nucleotide mini-exon from the
troponin I gene that resides quite close to the adjacent upstream exon. The mini-exon failed to be included in
spliced RNA when placed in a heterologous gene unless accompanied by the upstream exon. The requirement
for the upstream exon disappeared when the mini-exon was internally expanded, suggesting that the splice sites
bordering the mini-exon are compatible with those of other constitutive vertebrate exons and that the small size
of the exon impaired inclusion. Mutation of the 5' splice site of the natural upstream exon did not result in
either exon skipping or activation of a cryptic 5' splice site, the normal vertebrate phenotypes for such mutants.
Instead, a spliced RNA accumulated that still contained the upstream intron. In vitro, the mini-exon failed to
assemble into spliceosome complexes unless either internally expanded or accompanied by the upstream exon.
Thus, impaired usage of the mini-exon in vivo was accompanied by impaired recognition in vitro, and
recognition of the mini-exon was facilitated by the presence of the upstream exon in vivo and in vitro.
Cumulatively, the atypical in vivo and in vitro properties of the troponin exons suggest a mechanism for the
recognition of this mini-exon in which initial recognition of an exon-intron-exon unit is followed by subsequent
recognition of the intron.

All intron-containing pre-mRNAs contain specific con-
served sequence elements at the 5' and 3' splice sites that are
essential for accurate and efficient splicing. In vertebrates,
the branch point, pyrimidine tract, 3' splice site, and 5'
splice site are important determinants of splicing efficiency
(recently reviewed in reference 27). Although each can
diverge from consensus, the degree to which each matches
the consensus is related to the efficiency of splicing of the
adjacent exon (19, 21, 25, 35, 44, 48, 50, 52, 71, 73-76). In
certain differentially spliced genes, additional elements lo-
cated upstream of the branch point (36, 58) or downstream of
the 5' splice site (7) have been shown to influence recogni-
tion of the neighboring exon. In addition, splicing efficiency
in a number of systems is influenced by exon sequences (5,
6, 11, 16, 18, 20, 22, 23, 28, 29, 36, 37, 40, 51, 59, 63-65, 72).
Thus, a region encompassing shortly upstream of the branch
point to shortly downstream of the 5' splice site usually
contains all of the sequences necessary for recognition of an
exon. We have recently suggested that the exon is the unit of
splice site recognition in vertebrates (53). This perspective
suggests that successful exon recognition occurs when the
balance of all of these intron and exon elements is sufficient
to support the definition process.
The length of the exon is also an important parameter in its

recognition. The average size of vertebrate internal exons is
137 nucleotides (30). Experiments manipulating exon size
have suggested that shortening an internal constitutive exon
to less than 51 nucleotides results in skipping of the exon,
suggesting that placement of a 3' and 5' splice site too close
together impairs recognition (17). However, a significant
number of constitutive exons are shorter than this experi-
mentally derived exon minimum length (30). The mechanism
whereby short exons are recognized is unclear. For one of
these, the alternatively included, neural-specific Ni src exon
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(18 nucleotides), expansion of the exon causes loss of
differential splicing and results in constitutive inclusion of
the Ni exon (6).

Interestingly, there are naturally occurring constitutive
exons which are extremely short (less than 12 nucleotides).
Such mini-exons are frequent in genes coding for contractile
proteins, including the troponin I family of muscle-specific
myofibrillar proteins involved in calcium regulation of car-
diac and skeletal muscle contraction (70). The chicken fast
skeletal troponin I (sTNI) gene is a single-copy gene of
approximately 4.5 kb which is organized into eight exons,
the first of which is untranslated (45). The third exon of the
sTNI gene (TGAAGAG, encoding only two complete amino
acid residues) is only 7 nucleotides in length. Analysis of the
extent of homology between genomic DNA encoding sTNI
and cDNAs isolated from muscle RNA revealed that all
cDNAs contained the mini-exon (45). Thus, despite the
apparent lack of space for splicing factors to associate
simultaneously with both ends of such a small exon, the
mini-exon is included in a constitutive fashion in the wild-
type mRNA in vivo.
We were interested in defining the mechanism by which

naturally occurring vertebrate mini-exons are recognized by
the cellular splicing machinery and correctly processed. We
suspected the existence of essential cis-acting sequences
that facilitate recognition of mini-exons, perhaps by extend-
ing the recognition domain. Here we report that the sTNI
mini-exon is constitutively included in in vivo-spliced prod-
uct RNA when inserted into a heterologous gene, but only
when accompanied by the wild-type, naturally positioned
upstream exon. In vitro, the mini-exon does not assemble
into detectable spliceosomes unless accompanied by the
upstream exon. Furthermore, mutation of the 5' splice site
terminating the upstream exon produces atypical in vivo and
in vitro phenotypes consistent with the presence of an
unusual recognition unit. We suggest that the sTNI 7-nucle-
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otide exon 3 is recognized as a unique exon-intron-exon unit
encompassing the mini-exon and its nearby upstream exon.

MATERUILS AND METHODS

Plasmid construction. All sTNI sequences originated from
plasmid RTA1, containing chicken sTNI exons 1 to 5,
provided generously by Thomas Cooper. The wild-type
minigenes were constructed by inserting either a 417-nucle-
otide NheI-BstBI sTNI DNA fragment containing exons 2
and 3 (nucleotides 904 to 1320; minigene E2E3) or a 291-
nucleotide PvuII-BstBI DNA fragment containing exon 3
flanked by 111 and 173 nucleotides of introns 2 and 3,
respectively (nucleotides 1029 to 1320; minigene E3), into a
modified mouse metallothionein-II (mt) gene. The recipient
vector (mtlmt3) was modified prior to insertion of any sTNI
DNA sequences by removing the second of three mt exons
by digestion with SmaI while retaining mt exon 1-intron 1
(161 nucleotides)/intron 2 (67 nucleotides)-mt exon 3. Tran-
scription is driven by a Rous sarcoma virus long terminal
repeat (RSV LTR) promoter element in the recipient vector,
and polyadenylation occurs at the authentic mt site in exon
3. Verification of these plasmid constructions as well as all
subsequent ones was done by extensive restriction enzyme
mapping and by primer extension DNA sequencing when
required.

Several mutants were created by using a three-piece
polymerase chain reaction (PCR) cloning strategy. In gen-
eral, specific sTNI DNA fragments were amplified by using
unique internal primers (X and Y) which contain the specific
sequence modification and common external primers (A
[5'-ttgaccattcaccacattggtgtgc-3'] and B [5'-attaggtgacactata
gaatacaa-3']). The amplified DNA fragments were then di-
gested either with SpeI (mt exon 1) and XhoI or with XhoI
and HindIII (pGEM-1), while the vector DNA was digested
with SpeI and HindIII. The only exception to this procedure
was mutant E3d96, in which the A-X-amplified DNA frag-
ment was digested with SpeI and BamHI and the Y-B-
amplified DNA fragment was digested with BamHI and
HindIII. A three-piece cohesive end ligation was then set up
overnight in the presence of T4 DNA ligase. In mutant
E2E3.Xho, three nucleotides of the authentic sTNI exon 3
sequence were changed in order to generate an XhoI site
(TGAAGAG to TCTCGAG). This was accomplished using
primers X (5'-gtggctcgagactatgcagggagag-3') and Y (5'-gtggt
ctcgaggtaagtgtgtcctg-3'). Clone E2E3.300 has a unique XhoI
site inserted at sTNI nucleotide 1029 by using the primers X
(5'-gtggctcgagctgaacaaaaggttg-3') and Y (5'-gtggctcgagctgc
caacttttac-3'). In mutant E2.5'E3, the exon 2 5' splice site
has been changed from GA:GTAAGT to GA:CGAAGT by
using primers X (5'-gtggctcgagggaacttcgtcagac3') and Y (5'-
tgttctcgagcattttctgtctccac-3'). Mutant E2E3.5' contains an
exon 3 5' splice site mutation (AG:GTAAGT to GC:
GTAAGT) and was constructed using primers X (5'-gtggctc
gagctatgcagggagagt-3') and Y (5'-gtggctcgagcgtaagtgtgtcctg-
3').

Further truncation of the sTNI intron 2 to just 5 nucle-
otides upstream of the putative exon 3 branch point se-
quence was accomplished by deleting a 162-nucleotide SpeI-
BamHI DNA fragment from minigene E2E3 (mutant E3d96).
The Spel site is located 30 nucleotides upstream of the mt
intron 1/sTNI nucleotide 904 in minigene E2E3 within mt
intron 1. To allow truncation just upstream of the putative
exon 3 branch point, a BamHI site was engineered in
minigene E2E3 at sTNI nucleotides 1070 and 1071, using the
three-piece PCR cloning technique designed above (X [5'-

gtgtggatccattggaaacaagcag-3'] and Y [5'-gtgtggatccgaagat
gctaactgc-3']).

Several sTNI sequence replacement mutants were gener-
ated for this study. Clone E3.rep is the E3 minigene with a
122-nucleotide Kpnl-BamHI DNA fragment of calcitonin
intron 3 inserted at the site of sTNI intron 2 truncation (sTNI
nucleotide 1029). The exon replacement clone mtE2E3 was
constructed by (i) deleting a 161-nucleotide SpeI-XhoI DNA
fragment from the E2E3 minigene which spans sTNI exon 2
and (ii) substituting a 184-nucleotide SmaI DNA fragment of
metallothionein that spans mt exon 2. Clone E2E3.74 was
generated by inserting a 63-nucleotide adenosine deaminase
cDNA fragment into the XhoI site engineered into exon 3 in
clone E2E3.Xho. Clone E3.74 was constructed from
E2E3.74 by deleting a 156-nucleotide SpeI-PvuII DNA frag-
ment, filling in with Klenow enzyme, and ligating with T4
DNA polymerase. Clone E2E3.323 was constructed by
inserting a 323-nucleotide BamHI DNA fragment of calcito-
nin intron 2 into the XhoI site engineered at sTNI nucleotide
1079 in the E2E3 minigene. The final replacement clone,
E2E3d40, represents clone E3d96 in which the natural sTNI
exon 2 was replaced to rescue inclusion of exon 3. This was
done by deleting a 51-nucleotide XhoI-to-BamHI DNA frag-
ment from the modified E2E3 minigene containing unique
XhoI and BamHI sites at sTNI nucleotides 1029 and 1070,
respectively. Finally, E3.APRT was generated by inserting
the 291-nucleotide PvuII-BstBI sTNI DNA fragment into a
unique EcoRI site located in intron 2 of the human adenine
phosphoribosyltransferase (APRT) gene.
Primer extension DNA sequencing. The original sTNI plas-

mid, RTA1, was sequenced to verify its nucleotide content
in comparison to that of the published sTNI genomic se-
quence (45). Confirmation of all plasmid constructions was
also accomplished by using this sequencing protocol. Spe-
cifically, sequencing was done by the dideoxy-chain termi-
nation method on double-stranded DNA, using the Seque-
nase protocol as provided by the manufacturer (United
States Biochemical Corp.). Verification of PCR cDNA prod-
ucts was done by a modified Sequenase protocol (13).

Cell culture. NIH 3T3 fibroblast cells were grown in
Dulbecco's modified Eagle medium (DMEM) containing
10% bovine serum. APRT- CHO cells (cell line U1S36 was
provided by John Wilson) were maintained in DMEM sup-
plemented with 2x nonessential amino acids and 10% bovine
serum.
DNA transfection. NIH 3T3 cells were transfected by the

calcium phosphate precipitation method (26, 47). One T-75
flask containing cells at approximately 80% confluency was
transfected with 20 ,ug of plasmid DNA. Total cellular RNA
was isolated 48 h after transfection, using the RNAzol B
method as provided by the manufacturer (Biotecx Labora-
tories, Inc.). APRT- cells were transfected by lipofection,
using the Lipofectin reagent and protocol provided by
GIBCO/BRL. One T-75 flask containing cells at approxi-
mately 60% confluency was cotransfected with 10 ,ug of
plasmid DNA and 1 p.g of plasmid pSV2neo. Drug-contain-
ing medium (400 ,ug of Geneticin [GIBCO/BRL] per ml in
DMEM-10% bovine serum) was added to the cells 48 h after
transfection. Resulting drug-resistant colonies were pooled
and maintained in drug-free DMEM supplemented with 10%
bovine serum. Total cellular RNA was isolated by the
RNAzol B method.
RT-PCR. The standard reverse transcription (RT) proto-

col used was performed in the presence of actinomycin D.
Briefly, 5 ,ug of total cellular RNA was denatured at 95°C for
5 min in presence of 1 ,ug of oligonucleotide complementary
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to sequences in mt exon 3 (primer B [5'-tatggagaacgagtc
agggttgtac-3']). Annealing was then allowed to occur in the
presence of KCI at 55°C for 20 min; this procedure was
followed by the addition of an RT mix containing 5 x RT
buffer, RNAsin, 0.83 mM deoxynucleoside triphosphates
(dNTPs), 0.5 ,ug of actinomycin D, and 200 U of Moloney
murine leukemia virus reverse transcriptase and extension at
37°C for 1 h. At this point, the cDNA samples were base
denatured, boiled for 3 min, and precipitated in the presence
of HCI and sodium acetate.

After resuspension of the cDNAs in 50 p,l of Tris-EDTA,
5 ,ul of cDNA was used in 100-,ul PCRs containing 50 mM
KCI, 10 mM Tris-HCl (pH 9.0 at 25°C), 0.1% Triton X-100,
1.5 mM MgCl2, 1.25 ,uM each dNTP, 1 ,ug each of primers A
and B, approximately 40,000 cpm of [,y-32P]dATP-labeled
primer A, and 2.5 U of Taq DNA polymerase (Promega).
Primer A is homologous to the R region of the RSV LTR
(5'-accattcaccacattggtgtgcacc-3'). PCR conditions were as
follows: an initial denaturation cycle at 94°C for 5 min,
followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 2 min. PCR cDNA products were digested with
PvuII and visualized on 10% nondenaturing polyacrylamide
gels prior to autoradiography. In some instances, nonradio-
active primers were used, and the gels were silver stained. In
Fig. 6B, APRT-specific primers homologous to nucleotides
409 to 428 of exon 1 (primer C [5'-atggcggaatctgagttgca-3'])
and 2288 to 2297 of exon 5 (primer D [5'-agaatggtactgat
cctagc-3']) were used. In this case, the RT-PCR protocol
used was exactly the same as discussed above except that 30
PCR cycles were done at 94°C for 1 min, 60°C for 1 min, and
72°C for 2 min. The resulting cDNA samples were visualized
on silver-stained 10% nondenaturing polyacrylamide gels.

In vitro analysis. In vitro splicing templates were con-
structed as follows: E3 and the expanded exon 3, a genomic
sTNI fragment beginning with a PvuII site 111 nucleotides
upstream of exon 3 and terminating at a BstBI site 172
nucleotides downstream of exon 3 (RNA was transcribed
from template DNA truncated at a Sacl site 35 nucleotides
downstream of exon 3); E2E3 wild type and 5' splice site
mutant, a genomic fragment beginning with an EcoRI site 99
nucleotides upstream of exon 2 and terminating with a Sac
site 35 nucleotides downstream of exon 3 (RNA was tran-
scribed from template DNA truncated at a BamHI site
located just downstream of the insert in the vector poly-
linker) cloned into pGEM transcribable vectors. In vitro
splicing reactions were performed as described previously
(53). Assembly reactions were analyzed by using reactions
supplemented with 1% polyethylene glycol; splicing reac-
tions were supplemented with 4% polyethylene glycol. As-
sembled complexes were analyzed on native gels consisting
of 3.5% polyacrylamide (80:1) and 1% agarose as described
previously (77).

RESULTS

sTNI gene organization and experimental design of mini-
genes. We initially suspected that the sTNI mini-exon might
require elements distal to the exon itself for maximal recog-
nition and inclusion in spliced RNA. Our first goal, there-
fore, was to define a minimum cassette of sTNI information
competent to direct inclusion of the mini-exon when trans-
ferred to a heterologous gene. The intron upstream of the
mini-exon (exon 3) is only 166 nucleotides, and the total
length of the portion of the sTNI gene encompassing exons
2 and 3 is only 203 nucleotides, within the size limit for
vertebrate internal exons (53). From a mechanistic stand-
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FIG. 1. Schematic diagram of the chicken sTNI gene and con-
struction of the parental sTNI minigenes. (a) The entire eight-exon
sTNI gene. The E2E3 minigene was constructed by inserting a
417-nucleotide NheI-BstBI sTNI DNA fragment, which encom-
passes exons 2 and 3, into a modified mouse mt gene (mtElmtE3).
Prior to insertion of any sTNI sequence, the mtElmtE3 gene was
digested with SmaI to remove the second of three mt exons. The E3
minigene was generated by inserting a 291-nucleotide PvuIl-BstBI
sTNI DNA fragment into the mtElmtE3 gene. In all figures, sTNI
exon sequences are shown as filled boxes and mt sequences are
shown as white boxes. Expression of the corresponding pre-mRNA
is driven by an RSV LTR promoter element. (b) The region of the
sTNI gene (nucleotides [nt.] 904 to 1320) encompassing exon
2-intron 2-exon 3. Exons are boxed, conserved splicing consensus
sequences are underlined, the 34-nucleotide uninterrupted polypy-
rimidine tract is shown in boldface type, and the putative exon 3
branch point is indicated by an A.

point, it seemed possible that the relatively small size of
intron 2 might have a functional significance in recognition of
exon 3. Therefore, our first constructs included both exons 2
and 3.

Figure la depicts a schematic of the sTNI gene, including
the DNA fragments used to construct the minigenes E2E3
and E3 containing sTNI exons 2 and 3 and just exon 3,
respectively. The E2E3 minigene contains sTNI sequences
encompassing the last half of intron 1 through the first half of
intron 3. The E3 minigene contains exon 3 flanked by 111
and 173 nucleotides of introns 2 and 3, respectively. In both
cases, the sTNI DNA fragments were inserted into a modi-
fied mouse mt gene in which the second of three mt exons
was replaced with sTNI sequences. Figure lb displays the
primary sequence of the region of the sTNI gene that is
present in the E2E3 minigene. Included are the sequences
and nucleotide locations of pertinent splicing consensus
signals flanking both exons 2 and 3. Especially notable is the
34-nucleotide pyrimidine tract upstream of the mini-exon.

Inclusion of the mini-exon requires upstream sTNI se-
quences. The splicing phenotypes of the E2E3 and E3
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FIG. 2. Evidence that inclusion of the mini-exon requires up-

stream sTNI sequences. Total RNA (5 ,ug) isolated from 3T3 cells 48
h posttransfection with the indicated minigenes was assayed for
inclusion of exon 3 by RT-PCR, using primer B for cDNA synthesis
and primers A (radiolabeled) and B for PCR amplification. The
resulting products were digested with PvuII and visualized on a 10%
nondenaturing polyacrylamide gel, which was subsequently sub-
jected to autoradiography. Utilized minigenes and potential spliced
RNA products are illustrated at the bottom; arrows indicate utilized
splicing pathways. Nucleotide numbers indicate the size of the
expected RT-PCR product after PvuII digestion. Lanes: 1, no RNA;
2, RNA from untransfected cells; 3 to 5, RNA from transfections of
the indicated minigenes.

minigenes were determined by using an RT-PCR assay of
total RNA obtained from transiently transfected NIH 3T3
cells (Fig. 2). In this assay, the final PCR product was

subjected to restriction nuclease digestion before gel visual-
ization to maximize the ability to distinguish products that
differ by seven nucleotides, resulting from exclusion or

inclusion of exon 3. Analysis of the splicing phenotype of the
E2E3 minigene indicated that in this sequence context, both
exons 2 and 3 were correctly recognized and included in the
processed mRNA. Inclusion was demonstrated by the pres-
ence of a single 173-nucleotide amplified fragment containing
sTNI exons 2 and 3, having a sequence consistent with
correct splicing of exons 2 and 3 (Fig. 2, lane 5). No PCR
product consistent with RNA resulting from skipping of
exon 3 was detected. Furthermore, no PCR product RNA
that contained intron sequences was observed, indicating
that the introns between and flanking the sTNI exons were

efficiently spliced in the transgene. Because the splicing
pattern of the E2E3 minigene was identical to that observed
with the wild-type gene in vivo (i.e., constitutive inclusion of
the mini-exon), we believe that the E2E3 mini-gene contains
all of the sTNI sequence information necessary for proper
inclusion of the mini-exon in spliced RNA.

In contrast, analysis of the splicing phenotype of the E3
minigene indicated that exon 3 was not recognized in this
context. PCR analysis revealed a prominent 136-nucleotide
amplified fragment diagnostic of exon 3 skipping and only
trace amounts of a 143-nucleotide amplified fragment diag-
nostic of exon 3 inclusion (Fig. 2; compare lanes 3 and 4).
Absence of exon 3 in the produced RNA was confirmed by
sequencing the amplified band. These data indicated that the
sequence context of exon 3 in the E3 minigene is not
sufficient to support efficient inclusion of the 7-nucleotide
exon. No PCR product that contained intron sequences was
observed, indicating that the presence of the mini-exon in
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FIG. 3. Evidence that an expanded mini-exon does not require
upstream sTNI sequences. Total RNA from cells transfected with
the indicated minigenes was assayed for inclusion of exon 3 by
RT-PCR as described for Fig. 2. Observed products are illustrated at
the bottom. Lanes: 1, no RNA; 2, RNA from untransfected cells; 3
to 7, RNA from transfections of the indicated minigenes.

the primary transcript did not cause the accumulation of a

partially processed RNA species in total cell RNA.
An expanded mini-exon does not require upstream sTNI

sequences. The phenotypes of the E3 and E2E3 minigenes
suggested that exon 3 alone was incapable of being efficiently
recognized in vivo. We suspected that the extremely small
size of exon 3 contributed to the exclusion phenotype of
exon 3 within the context of the E3 minigene. To test this
hypothesis, a mini-exon containing an XhoI restriction site
within exon 3 was created by mutation of nucleotides 2 to 4
of the exon (TGAAGAG to TCTCGAG). The modified exon

was still included in mRNA when part of an E2E3 minigene
(Fig. 3, lane 5). A small amount of skipping of the modified
exon was detected by RT-PCR, suggesting that sequences
within the mini-exon, although not necessary for recognition
of exon 3, may facilitate maximal recognition.
The modified exon 3 was expanded at the XhoI site with a

63-nucleotide fragment of adenosine deaminase cDNA, in-
creasing the size of exon 3 from 7 to 74 nucleotides. The
effect of expanding the exon on splicing was examined in
minigenes with or without exon 2. The expanded exon 3 was
included in spliced RNA when exon 2 was present (Fig. 3,
lane 6). More importantly, the expanded exon 3 was also
included when exon 2 was absent (Fig. 3, lane 7). This
phenotype suggests that expansion of exon 3 alleviated steric
problems associated with the size of the natural exon and
allowed exon 3 to be processed independently of upstream
sTNI sequences. It also indicated that the splice sites
bordering the mini-exon could be spliced to the splice sites of
the transgene mt exons when the sTNI sites were placed
further apart. Therefore, the failure of the natural mini-exon
to be included in the E3 product RNA is probably not due to
an incompatibility of splice sites between the sTNI and mt
exons but rather is caused by some other enabling effect of
the upstream sTNI exon 2.
Mutation of the upstream sTNI exon 2 alters recognition of

the mini-exon. To determine whether a specific sTNI exon 2
sequence was essential for efficient recognition of exon 3,
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sTNI exon 2 was inactivated in the context of the E2E3
minigene. If exon 2 represents an essential cis-acting se-
quence for recognition of exon 3, inactivation of the exon 2
5' splice site should affect recognition and subsequent inclu-
sion of exon 3. To test this prediction, the 5' splice site of
exon 2 was altered from GA:GTAAGT to GA:CGAAGT in
the E2E3 minigene. In vertebrates, mutation of internal 5'
splice sites results in either activation of a nearby cryptic 5'
splice site or skipping of the mutated exon. Therefore, were
the mini-exon a normal exon, the predicted product RNA
would be expected to contain exon 3 but not exon 2. Given
the previously observed dependence of exon 3 on exon 2,
however, a likely phenotype was skipping of both exons 2
and 3.
Upon transfection of the mutant minigene, however, a

novel phenotype was observed: exon 3 was neither properly
included nor skipped. Instead, a spliced RNA was observed
from which only introns 1 and 3 had been removed but intron
2 was retained. The identity of the RNA product was
confirmed by sequencing the PCR product band. There was
no indication of a spliced species resulting from skipping of
exon 2, exon 3, or both exons 2 and 3 (Fig. 4a, lanes 4 and 5).
Instead, inactivation of the exon 2 5' splice site effectively
inhibited recognition of the 3' splice site preceding exon 3,
resulting in a product that retained intron 2. This product
was observed only in the mutant construct; it was never
observed in wild-type constructs, indicating that this intron
is removed with normal efficiency when its splice sites are
wild type.
The presence of a product RNA containing an included

intron is strikingly unusual among the vertebrate 5' splice
site mutants that have been analyzed to date (2, 8, 9, 14, 24,
31-34, 38, 42, 46, 56, 57, 60, 62, 66-69). The observation of
skipping of exons bearing 5' splice site mutations was one of
the cornerstones of our previous suggestion that exons are
the units of vertebrate splice site recognition (53, 60). Such
skipping has been reported even in cases in which the
affected intron is quite short (14), so the inclusion of the
intron upstream of the mini-exon is presumably not the
result of the small size of the intron but instead may reflect
the mechanism of mini-exon recognition.
Although exon 3 required exon 2 for recognition, the

converse was not observed. To test the requirement for exon
3 inclusion, we inactivated exon 3 in the E2E3 minigene by
mutation of the exon 3 5' splice site from AG:GTAAGT to
GC:GTAAGT. In this case, the predominant splicing pattern
observed was inclusion of exon 2 and exclusion of exon 3
(Fig. 4b; compare lanes 3 and 4). Hence, the dependence of
one exon on the other is not bidirectional; only exon 3 is
dependent on an adjacent sTNI exon.

In vitro assembly of the mini-exon requires the upstream
exon. The dependence of recognition of the mini-exon upon
the presence of the upstream exon was also observed in in
vitro assembly and splicing assays. The first set of experi-
ments examined the ability of precursor RNAs containing a
single exon to direct assembly of spliceosomal complexes. A
precursor containing the mini-exon did not direct the assem-
bly of noticeable amounts of complex compared with the
assembly of a standard adenovirus single-exon precursor
RNA when reactions were analyzed on native gels (Fig. 5A).
A precursor containing the expanded mini-exon did direct
the assembly of detectable complex, although not to the
levels of the adenovirus transcript. A precursor containing
the upstream exon 2 also directed low levels of complex
formation. Thus, both exon 2 and an expanded exon 3 were
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FIG. 4. Evidence that mutation of the upstream sTNI exon 2
alters recognition of the mini-exon. (a) Mutation of exon 2. Total
RNA from cells transfected with the indicated minigenes was
assayed for inclusion of exon 3 by RT-PCR as described for Fig. 2
except that the products were visualized by silver staining. Prior to
loading of the gel, the amplified product was digested with either
PvuII or XAoI. Utilized minigenes and potential amplification and
digestion products are illustrated at the bottom. Lanes: 1, 4X174
DNA digested with HaeIII; 2, no RNA; 3, RNA from untransfected
cells; 4 and 5, RNA from transfections of the indicated minigene
digested with the indicated enzyme. The minor band denoted by a
dot in lanes 4 and 5 is of unknown origin. (b) Mutation of exon 3.
Total RNA from cells transfected with the indicated minigenes was
assayed for inclusion of exon 3 by RT-PCR as described for Fig. 2.
Observed products are illustrated at the bottom. Lanes: 1, no RNA;
2, RNA from untransfected cells; 3 and 4, RNA from transfections
of the indicated minigenes.

recognized better in in vitro splicing extracts than was the
natural mini-exon.
We also examined a precursor RNA containing both exons

2 and 3. This precursor directed high levels of complex
formation. At early times of assembly, a single complex with
mobility less than that of the reference adenovirus complex
was formed (Fig. 5A). Thus, a precursor containing both
exons 2 and 3 assembled considerably better than a precur-
sor containing either exon alone. The requirement for more
than one exon for maximal initial early assembly is not
typical behavior for vertebrate precursor RNAs in which a
single internal exon normally directs identical levels of
assembly as a two-exon precursor RNA (53, 77).

Figures SB and C analyze the assembly and splicing
activity of two-exon sTNI pre-mRNAs in which the 5' splice
site terminating the first exon was wild type or mutant. The
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FIG. 5. Evidence that in vitro recognition of the mini-exon also requires the upstream exon. In vitro splicing reactions of the diagrammed
precursor RNAs were examined for complex formation on nondenaturing gels (A, B, and D) or RNA product formation (C) on denaturing
gels at the indicated times. The adenovirus reference precursor RNAs have been described previously (53). The adenovirus exons in all
precursors are identical. (A) Assembly of pre-mRNAs consisting of a single exon and flanking intron sequences. Adeno, an adenovirus
internal exon; E3(7), the natural sTNI exon 3; E3(74), an expanded exon 3 with a total length of 74 nucleotides; E2E3, the natural sTNI exons
2 and 3 with flanking introns; E2, the natural sTNI exon 2. (B) Assembly of sTNI pre-mRNAs consisting of two internal exons. Adeno, a single
intron adenovirus precursor RNA with one 5' and one 3' splice site; E2E3, the natural sTNI exons 2 and 3 with two 5' and two 3' splice sites;
E2E3(5'), a mutant sTNI exon 2 with an altered 5' splice site and the natural exon 3 with one 5' splice site and two 3' splice sites. (C) RNA
products from the reactions depicted in panel B, analyzed on a denaturing acrylamide gel. Splicing product and intermediate RNAs are
indicated. (D) Assembly of precursor RNAs with two complete internal exons. Precursor RNAs A to D are diagrammed below the gel. All
exons represented by white boxes are from adenovirus exon 2; B is the natural sTNI exons 2 and 3. Precursor RNAA can direct the formation
of only one spliceosome; precursor C can direct the assembly of two spliceosomes; precursor D can direct the assembly of only a single
spliceosome.

wild-type sTNI construct directed the assembly of at least
two complexes, both of which had gel migration properties
noticeably different from that of a standard two-exon ade-
novirus construct. This difference could be due to inherent
differences in the factors associating with the two precursor
RNAs or to the presence of two 3' splice sites in the sTNI
constructs and only one in the adenovirus constructs (see
below). The important point from Fig. SB is that mutation of
the 5' splice site of exon 2 resulted in observation of only one
complex of migration identical to that of the first complex
seen with the wild-type sTNI RNA. Notice that this single
complex is noticeably different in gel migration from the
complex (complex A) formed by precursor RNAs containing

a single adenovirus exon or those formed by precursors
containing only sTNI exon 2 (Fig. SA) or an expanded sTNI
exon 3 (Fig. SA). This difference suggests that the two-exon
sTNI complex represents an unusual assembly requiring
sequence elements from both exons 2 and 3.
The pattern of assembly in Fig. SB reflects the assembly of

an active complex. Analysis of the RNA from such an
assembly reaction indicates that the two-exon sTNI pre-
mRNA was active for splicing (Fig. 5C). Thus, not only was
the sTNI mini-exon recognized for assembly, it was also
recognized sufficiently well to permit splicing.
The complexes formed with the two-exon sTNI precursor

RNAs differed in gel mobility from those formed with
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FIG. 6. Evidence that heterologous exons do not facilitate recognition of the mini-exon. (a) mt exon 2. Total RNA from cells transfected
with the indicated minigenes was assayed for inclusion of exon 3 by RT-PCR as described for Fig. 2. Utilized minigenes and potential products
are illustrated at the bottom. Black exon, sTNI mini-exon 3; stippled exon, sTNI exon 2; striped exon, mt exon 2. Lanes: 1, no RNA; 2, RNA
from untransfected cells; 3 to 6, RNA from transfections of the indicated minigenes. (b) APRT exon 2. The E3.APRT minigene containing
the sTNI mini-exon 3 inserted into intron 2 of the hamster APRT gene was cotransfected with pSV2neo into an APRT- cell line. Total RNA
isolated from drug-resistant colonies was assayed for inclusion of exon 3 by RT-PCR as described for Fig. 2 (modified to a PCR profile of 94°C
for 1 min, 60°C for 1 min, and 72°C for 2 min), using oligonucleotides complementary to exons 1 and 5 of the APRT gene. The resulting
products were visualized by silver staining. Prior to loading of the gel, the amplified product was digested with TaqI. The utilized minigene
and potential amplification and digestion products are illustrated at the bottom. Lanes: 1, OX174 DNA digested with HaeIII; 2, no RNA; 3,
RNA from untransfected APRT- cells; 4, endogenous APRT RNA from an APRT' cell line; 5, RNA from the APRT- cell line containing
the E3.APRT minigene.

standard adenovirus precursor RNAs. Figure SD compares
the assembly gel profiles of wild-type and mutant two-exon
precursor RNAs containing adenovirus or sTNI sequences.
The adenovirus precursor RNA consisting of two internal
exons rapidly assembled into a large, slowly migrating
complex of mobility consistent with the presence of two
spliceosomes on the pre-mRNA. With time, larger, more
slowly migrating complexes appeared, consistent with ap-
pearance of the active spliceosome and reaction products.
The migration of these complexes was noticeably different
from that of similarly sized and constructed sTNI precursor
RNAs. The sTNI two-exon pre-mRNA directed the assem-
bly of a set of complexes intermediate in mobility between
the single and double spliceosome complexes formed on the
reference adenovirus pre-mRNAs. Thus, this RNA behaved
like neither a single nor a double exon but more like
something in between. This behavior is consistent with a
two-step mode of recognition for sTNI exons 2 and 3 in
which first the two-exon unit is recognized as a single exon
and then the intervening intron is recognized.

Heterologous exons do not facilitate recognition of the
mini-exon. To determine whether the requirement for an
upstream sequence element was specific for an sTNI exon,
we substituted two heterologous exons for the authentic
sTNI exon 2. The first construction (mtE2E3) utilized the
mouse mt exon 2 (65 nucleotides) and 43 and 76 nucleotides
of the flanking upstream and downstream introns, respec-
tively. As shown in Fig. 6a, the presence of an upstream mt
exon did not facilitate inclusion of exon 3, in contrast to the
complete inclusion pattern observed when the natural sTNI

exon 2 was present (Fig. 6a; compare lanes 5 and 6). This
result suggested that simply providing an internal exon of
comparable size in a position equivalent to that of the natural
gene was not adequate to restore efficient inclusion of exon
3. Further support for this observation comes from a second
exon swap experiment in which the isolated sTNI exon 3,
flanked by 111 and 173 nucleotides of introns 2 and 3,
respectively, was inserted into the second intron of the
human APRT gene (the E3.APRT minigene). In this se-
quence context, APRT exon 2 (111 nucleotides) serves as the
upstream exon for the 7-nucleotide exon 3. Analysis of the
splicing pattern of E3.APRT revealed that exon 3 was
completely skipped in this context, indicating that APRT
exon 2 also failed to rescue inclusion of exon 3 (Fig. 6b, lane
5). Inclusion of exon 3 was restored when both exons 2 and
3 were inserted into the APRT transgene (data not shown);
therefore, the exclusion seen in transgenes containing only
exon 3 was the result of the absence of exon 2.

Heterologous intron sequences do not facilitate recognition
of the mini-exon. Collectively, the data presented thus far
strongly suggest that efficient inclusion of exon 3 in spliced
product RNA requires the presence of the normal upstream
exon 2. To determine the role, if any, that intron length
played in the mechanism of inclusion of exon 3, we con-
structed appropriate intronic replacement mutants. The dif-
ference in length between the E2E3 and E3 minigenes is 126
nucleotides. Accordingly, we inserted additional vertebrate
intron sequence in the E3 minigene upstream of exon 3.
Analysis of the splicing phenotype of the mutant E3.rep
revealed that addition of heterologous intron sequence did
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FIG. 7. Evidence that heterologous intron sequences do not

facilitate recognition of the mini-exon. Total RNA from cells trans-
fected with the indicated minigenes was assayed for inclusion of
exon 3 by RT-PCR as described for Fig. 2. Utilized minigenes and
observed products are illustrated at the bottom. Dark exons are
from sTNI. Lanes: 1, no RNA; 2, RNA from untransfected cells; 3
to 8, RNA from transfections of the indicated minigenes.

not improve the level of exon 3 inclusion compared with that
observed with the E3 minigene (Fig. 7; compare lanes 4 and
6). This observation further supported a role for a specific
sTNI upstream sequence element in recognition of exon 3.
The various tested E3 minigenes all demonstrated minor
RNAs resulting from inclusion of exon 3. Further truncation
of the sTNI intron 2 preceding exon 3 from 111 to 70
nucleotides (mutant E3d96) abolished these trace levels of
inclusion of exon 3 (Fig. 7; compare lanes 4 and 7). Inter-
estingly, we were able to rescue inclusion of exon 3, despite
the deletion of intron 2 sequences, by adding back exon 2
and its bordering splice sites (mutant E2E3d40; Fig. 7, lane
8). Taken together, these data indicate that the majority of
sTNI intron 2 is dispensable for exon 3 recognition, since
E2E3d40 is missing the middle one-third of intron 2.
Maximal inclusion of the mini-exon requires a small up-

stream intron. In the natural sTNI gene, intron 2 is only 166
nucleotides in length. This fact, in conjunction with the
observed requirement for the natural upstream exon, sug-
gested that exon 3 may be recognized initially as an exon-
intron-exon unit. In terms of size, the length of sTNI exon
2-intron 2-exon 3 (203 nucleotides) is within the size limits of
natural internal vertebrate exons (30, 53). This hypothesis
predicts that expansion of the natural sTNI intron 2 should
depress recognition of exon 3. To test this prediction, intron
2 was expanded with 323 nucleotides of vertebrate intron
sequences within the context of the E2E3 minigene. Intronic
expansion reduced, but did not eliminate, inclusion of exon
3 (Fig. 8; compare lanes 3 and 4). This observation suggests
that maximal inclusion of exon 3 requires both exon 2 and an
adjacent small intron. The relationship between exon 2 and
intron 2 is somewhat unclear. When exon 2 was replaced
with a constitutive exon, exon 3 was skipped with intron
lengths ranging from 192 to 710 nucleotides. Furthermore,
the shorter the intervening sequence in the intron replace-
ment series, the greater the skipping. In the presence of exon

E2E3:

E2E3.300:

FIG. 8. Evidence that inclusion of the mini-exon requires a small
upstream intron. Total RNA from cells transfected with the indi-
cated minigenes was assayed for inclusion of exon 3 by RT-PCR as
described for Fig. 2. Utilized minigenes and observed products are
illustrated at the bottom. Dark exons are from sTNI. Lanes: 1, no
RNA; 2, RNA from untransfected cells; 3 and 4, RNA from
transfections of the indicated minigenes.

2, exon 3 was included when the intron was 135 or 166
nucleotides but began to be skipped when it was enlarged to
489 nucleotides. Therefore, when exon 2 is present, shorter
introns seem preferable for inclusion; when exon 2 is absent,
longer introns seem more beneficial.

DISCUSSION
Vertebrate internal exons are normally short, some ex-

tremely so. A number of mini-exons whose length is less
than 12 nucleotides have been identified (1, 3, 4, 10, 15, 41,
43, 45, 49, 54, 55, 61). Such short exons seem problematic
for splicing because it is difficult to envision simultaneous
recognition of splice sites separated by only a few nucle-
otides. In this study, we have investigated the mechanism of
in vivo recognition of a vertebrate mini-exon. The mini-exon
under consideration was the 7-nucleotide exon 3 of the
chicken sTNI gene. Despite its extremely small size, this
mini-exon is constitutively included in sTNI mRNA in vivo
(45). When transferred to a heterologous gene, however,
exon 3 was included in the final mRNA only when preceded
by the natural upstream exon and intron. The upstream exon
was required only when exon 3 was its natural small size;
expansion of exon 3 to 74 bases permitted it to be included in
spliced RNA in the absence of exon 2. The ability of the
expanded exon to be included in product RNA suggests that
the splice sites flanking the mini-exon are capable of being
spliced to neighboring exons when they are further apart.
Thus, it seems likely that it is the small size of exon 3, rather
than some fundamental incompatibility of splice sites be-
tween the mini-exon and other vertebrate constitutive ex-
ons, that prevents its recognition in a transgene.

Mutation of the 5' splice site of exon 2 depressed inclusioh
of exon 3. Instead, an unusual vertebrate phenotype resulted
in which all introns except the mutated one were removed.
Normally, mutation of the 5' splice site of an internal
vertebrate exon results in either exon skipping or the recog-
nition of a cryptic 5' splice site, not intron inclusion. The
exon skipping phenotype has been observed even when the
affected intron is small (14). Therefore, intron inclusion in
the sTNI mutant likely arises from unique requirements for
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the recognition of this mini-exon. We suggest that the
troponin I mini-exon is initially recognized as an exon-
intron-exon unit, followed by subsequent recognition of the
small intervening sequence between them. From this per-
spective, mutation of the 5' splice site of this intron permits
initial recognition of the exon-intron-exon unit but prohibits
later intron recognition, resulting in a product RNA with an
included intron.

Vertebrate internal exons have a natural maximum (30);
few exons exceed 300 nucleotides, and artificial expansion of
exons inactivates their recognition in vitro (53) and in vivo
(59a). The intron separating the 30-nucleotide exon 2 and the
7-nucleotide exon 3 is only 166 nucleotides, making a poten-
tial exon 2-intron 2-exon 3 unit of only 203 nucleotides, well
within the range of vertebrate internal exons. The 166-
nucleotide intron 2 has very strong splicing signals compared
with the average intron. Most striking is the presence of an
uninterrupted stretch of 34 pyrimidines adjacent to the
putative branch point of exon 3. If recognition of this region
of the sTNI pre-mRNA actually occurs by a two-step
mechanism, strong signals within the contained intron may
be required for its recognition during the second step.
Interestingly, these same strong signals are not sufficient to
permit inclusion of exon 3 when it is separated from its
natural upstream exon, suggesting that recognition of the
mini-exon requires additional elements, presumably because
of its extremely small size.
Although recognition of the mini-exon required the pres-

ence of a nearby upstream internal exon, other constitutive
exons could not replace the natural upstream sTNI exon.
Visual inspection of the relative strengths of the utilized
heterologous upstream exons revealed that both possess
longer, contiguous pyrimidine tracts located immediately
adjacent to the 3' splice site AG, in comparison with the
natural sTNI exon 2 in which the polypyrimidine tract is
shorter and punctuated with purines. This difference sug-
gests that efficient recognition of the mini-exon requires the
nearby upstream exon to be relatively weak. From a mech-
anistic viewpoint, this observation suggests that a weak
upstream exon is necessary for initial recognition of an exon
2-intron 2-exon 3 unit. The presence of a strong upstream
exon would likely promote skipping of a downstream mini-
exon; only with a relatively weak upstream exon could the
splicing machinery be capable of recognizing the larger
exon-intron-exon unit instead of just the upstream exon.
However, we do not yet know what precisely about this
exon is responsible for suppression of its own 5' splice site
such as to lead to recognition of exons 2 and 3 as a unit. How
does it know to skip over the strong 5' splice site bordering
exon 2 and reach further downstream to the 5' splice site
bordering exon 3 during initial recognition? Presently, we
are subjecting this exon to further mutagenesis to determine
whether nonconserved sequences within exon 2 are respon-
sible for suppression of its 5' splice site.
The sTNI exon 3 is just one example of a naturally

occurring vertebrate mini-exon (Table 1). The limited num-
ber of known mini-exons can be grouped into two categories:
(i) mini-exons with a short adjoining intervening sequence
(i.e., cardiac troponin T exon 3, and fast skeletal troponin T
exon 7) and (ii) mini-exons with long adjacent introns (i.e.,
neural cell adhesion molecule exon 12d, cardiac troponin T
exon 17, renin exon 6, pro-alpha 2 (I) collagen exon 2, and
AMP deaminase exon 2). Obviously, mechanisms other than
the one proposed here for sTNI must operate for mini-exons
bordered by large introns. It seems likely that mini-exons
lying within large introns also require an enabling element to

TABLE 1. Vertebrate mini-exons

Exon length Short
Gene Exon no. (nucle- adjoining

otides) intron

Chicken/murine NCAM0 12d 3
Chicken cardiac troponin T 17 6
Chicken/quail sTNI 3 7 +
Human renin 6 9
Chicken cardiac troponin T 3 11 +
Chicken pro-alpha 2 (I) collagen 2 11
Chicken/rat fast skeletal tropo- 7 12 +

nin T
Human/rat AMP deaminase 2 12

a NCAM, neural cell adhesion molecule.

ensure efficient inclusion, but that in these cases the element
will be located within a flanking intron.
Whereas only a handful of mini-exons with lengths of 12

nucleotides or less have been identified, there are a signifi-
cant number of identified exons within the 20- to 30-nucle-
otides size range (30). These exons are probably also some-
what stressed for recognition in that constitutive exons
shortened below 51 nucleotides are skipped unless the
strength of their splicing signals is increased (17). Computer
correlation of exon length and splice site strength indicates
that as exon length deviates from the average value of 130 to
150 nucleotides, splice site strength increases (12). There-
fore, short exons seem to require stronger than normal splice
sites to be recognized.

Finally, some differentially utilized exons are small. At
least one of these has been shown to become constitutively
recognized when lengthened (6). Others seem to have special
elements that are required for recognition but do not partic-
ipate in differential recognition (14a). In general, differential
exons frequently have weaker splicing signals than do con-
stitutive exons. Our results would suggest that one way to
weaken an exon and make it dependent upon special se-
quences and their cognate factors is to shorten the exon. As
a general model for the recognition of small vertebrate
exons, we propose the following: (i) exons in the 20- to
30-nucleotide size range require strong splicing signals for
inclusion; (ii) exons in the 20- to 30-nucleotide size range
with suboptimal splicing signals require an additional en-
abling element for inclusion; and (iii) mini-exons of 12
nucleotides or less require both strong splicing signals as
well as an enabling element for inclusion.
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