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AMP deaminase (AMPD) is a central enzyme in eucaryotic energy metabolism, and tissue-specific as well as
stage-specific isoforms are found in many vertebrates. This study demonstrates theAMPDI gene product in rat
is alternatively spliced. The second exon, a 12-base miniexon, was found to be excluded or included in a
tissue-specific and stage-specific pattern. This example of cassette splicing utilizes a unique pathway through an
RNA intermediate that generates an alternative 5 ' splice donor site at the point where exon 2 is ligated to exon
1. In the analogous intermediate of human AMPDI, the potential 5' splice donor site created at the boundary
of exon 1 and exon 2 was a poor substrate for splicing because of differences in exon 2 sequences, and human
AMPDI was not alternatively spliced. These results demonstrate that in some cases alternative splicing may
proceed through an RNA intermediate that generates an alternative splice donor site not present in the primary
transcript. Discrinination between alternative 5' splice donor sites in the RNA intermediate of AMPD1 is
apparently controlled by tissue-specific and stage-specific signals.

AMP deaminase (AMP aminohydrolase; EC 3.5.4.6)
(AMPD) activity has been found in all eucaryotic cells
examined thus far, but it is not present in procaryotes, which
suggests that this enzyme catalyzes a reaction that is impor-
tant for energy metabolism in the specialized environment of
the eucaryotic cell. Tissue-specific and stage-specific iso-
forms ofAMPD have been reported in many vertebrates (14,
22, 23). In human and rats, two functional AMPD genes
have been identified (16a). AMPDJ is expressed at high
levels in skeletal muscle; AMPD2 is expressed in many
nonmuscle tissues of the adult animal as well as in embry-
onic muscle, cardiac muscle, and smooth muscle. Two
clinical phenotypes of inherited AMPD deficiency have been
described in humans. Homozygous deficiency of AMPD
activity restricted to erythrocytes has been estimated to
have a frequency of -0.03% in Japanese, Chinese, and
Koreans (21). Deficiency of AMPD restricted to skeletal
muscle is a common cause of inherited metabolic myopathy
in the United States and Europe (30), and the latter pheno-
type is presumably a consequence of mutations in the
AMPDJ gene.

Alternative splicing is used in many tissues, including
skeletal muscle, to generate protein diversity (2). Prior
studies suggest that more than one transcript may be pro-
duced from the AMPDJ gene in rat skeletal muscle. RNase
mapping experiments performed with an AMPDI probe
demonstrated the presence of two transcripts that have
identical or closely related 5' and 3' termini, but the internal
sequences of these transcripts diverge at one or more points
(29). The study described here demonstrates that two
mRNAs are produced from the rat AMPDJ gene and that the
only difference between these two transcripts is the inclusion
or exclusion of exon 2, a 12-base miniexon. The relative
abundance of these two AMPD1 transcripts is regulated by
tissue-specific and stage-specific signals.
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This pattern of alternative splicing exhibited by rat
AMPDJ has been referred to as cassette splicing. It has been
assumed in this type of splicing, the variably retained exon is
removed as a part of a larger intron that contains the exon as
well as both of the flanking introns (2). The study presented
here demonstrates that this is not the only mechanism for
cassette splicing. In the case ofAMPDI, a novel pathway for
alternative splicing has been identified. This pathway re-
quires the formation of an RNA intermediate that generates
a functional, alternative 5' splice donor site at the point
where exon 1 is ligated to exon 2. The analogous RNA
intermediate of the human AMPDI transcript generates a
potential 5' splice donor site at the boundary of exon 1 and
exon 2 that is a poor substrate for splicing because of
differences in exon 2 sequences, and human AMPDJ is not
alternatively spliced. These differences in splicing patterns
between rat and human AMPDJ indicate that the RNA
intermediate identified in this study is a requisite for alter-
native splicing of AMPDI.

MATERIALS AND METHODS
Isolation and sequencing of cDNAs. The cDNA clones

described in this report were isolated from a XgtlO library
prepared from adult rat soleus muscle (27). The cDNA probe
used to isolate these clones was labeled by using multiprimer
extension (5). Oligonucleotide probes were end labeled by
T4 polynucleotide kinase and purified by electrophoresis in a
5% polyacrylamide gel (27). Hybridization and washing
conditions of Nytran filters were the same as described
previously (27) except that filters were hybridized with the
cDNA probe at 55°C and washed four times in 1 x to 2 x SET
(1 x SET is 30 mM Tris chloride [pH 8.0], 150 mM NaCl, and
2 mM EDTA)-0. 1% sodium dodecyl sulfate-0. 1% sodium
pyrophosphate at 55°C. cDNAs were subcloned into pBS
(Bluescribe vector; Stratagene Cloning Systems, San Diego,
Calif.) for double-stranded DNA sequencing by the dideoxy-
chain termination method (31).
RNA isolation and analyses. Total cellular RNA was ex-

tracted from various tissues of adult (200- to 400-g) Sprague-
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Dawley rats (Charles River Breeding Laboratories, Inc.,
Wilmington, Mass.), human muscle biopsy specimens,
mouse NIH 3T3 fibroblasts, and mouse C2C12 myoblasts
with guanidine isothionate and isolated by cesium chloride
gradient centrifugation (13).
RNase protection analysis was performed essentially as

described by Krieg and Melton (10). Restriction fragments of
AMPDJ were ligated into the multiple cloning site of pBS,
and complementary RNA (cRNA) probes were synthesized
with T3 or T7 RNA polymerase and purified by electropho-
resis in a urea-acrylamide denaturing gel. Total RNA (5 to
100 ,ug) was hybridized with an excess of cRNA probe (1 x
105 to 3 x i0- cpm per reaction) at 50°C overnight. The
fragments protected from digestion with RNases A and T1
were displayed on an 8% acrylamide gel containing 8 mM
urea. After autoradiography, relative quantities of the pro-
tected fragments were estimated with a Bio-Rad model 620
video densitometer (Bio-Rad Laboratories, Richmond, Cal-
if.).

Primer extension analysis was performed as follows. A
10-,ug sample of total RNA was mixed with 5 x 105 cpm of
end-labeled oligonucleotide primer in 5 ,ul of RNase-free
water and heated to 55°C for 20 min. After addition of 2 ,ul of
buffer (250 mM Tris chloride [pH 8.0], 25 mM MgCl2, 250
mM KCl, 25 mM dithiothreitol), the reaction was allowed to
gradually cool to 42°C. Extension was initiated by adding 1.5
,ul of a 10 mM deoxynucleoside triphosphate mix, 1 ,ul of
1-mg/ml dactinomycin, and 20 U of reverse transcriptase,
followed by incubation at 42°C for 60 min. The reaction was
terminated by adding 2.5 ,u1 of 500 mM EDTA. The products
were extracted with phenol-chloroform, ethanol precip-
itated, and fractionated on an 8% acrylamide gel containing
8 mM urea.
cDNA copies of alternatively spliced AMPD transcripts

were synthesized by using a 3' primer (5'-CCTCCCTC
ATCTTTGACTTC) for the reverse transcriptase reaction,
and cDNAs were amplified by the polymerase chain reaction
(PCR) with a 5' primer (5'-GGATCCCAGTCACAATGCCT)
together with the same 3' primer (11). The 5' and 3' primers
are complementary to exons 1 and 3, respectively, of the rat
AMPDJ gene. A 10-,ug sample of total cellular RNA was
reverse transcribed by using 100 ng of the 3' primer in a 10-pd
reaction mixture. After reverse transcription, 60 RI of water
was added, and the tube was incubated in a boiling water
bath for 5 min. PCR was performed with the cDNA product
in 50 mM KCl-10 mM Tris chloride [pH 8.41-1.5 mM
MgCl2-10 ,ug of gelatin per ml-0.2 mM each deoxynucleo-
side triphosphate-1 ,uM each 5' and 3' primer-2.5 U of
Thermus aquaticus DNA polymerase (Taq polymerase; Per-
kin-Elmer/Cetus) in a total volume of 100 RI. The mixture
was overlayed with mineral oil and amplified with the
Programmable Cyclic Reactor (Ericomp Inc., San Diego,
Calif.) for 40 cycles. Each cycle consisted of denaturation at
95°C for 1 min, primer annealing at 55°C for 2 min, and
extension at 72°C for 3 min. PCR products (10 p.l of PCR
mixture) were size fractionated in a 3% agarose gel in
Tris-borate-EDTA buffer and transferred to a Nytran filter
as described previously (27). Blots were hybridized with a
32P-labeled oligonucleotide (5'-CTl-TTTCAGCAAAGTT
GCGCATTGCATCAT) complementary to an internal se-
quence in exon 3.

Construction of AMPD1 splicing intermediate and expres-
sion in cultured cells. A BamHI-EcoRI fragment of AMPDJ
containing exon 1, exon 2, and part of intron 2 was obtained
from a cDNA clone isolated in this study. An EcoRI-NcoI
fragment of the rat AMPDJ gene containing the remainder of
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FIG. 1. P-Actin expression vector containing AMPDJ splicing
intermediate. A BamHI-EcoRI fragment of rat AMPDI containing a
portion of exon 1, all of exon 2, and a portion of intron 2 was ligated
to an EcoRl-NcoI fragment of AMPDJ containing the remainder of
intron 2 and a portion of exon 3. This construct was inserted in the
BamHI site of the ,B-actin expression vector (pH3 APr-l-neo)
developed by Gunning et al. (8). 5' UT, 5' untranslated sequences of
,-actin; IVS 1, intervening sequence 1 of 0-actin; SV 40 poly A,
polyadenylation site of simian virus 40; AmpR, ampicillin resistance
gene; and SV 40-neo, neomycin resistance gene under the control of
the simian virus 40 early promoter.

intron 2 and exon 3 was isolated from the genomic DNA (28).
These two DNA fragments ligated at the EcoRI sites were
subcloned into a human 0-actin expression vector (8) (Fig.
1). The resultant construct contains the entire sequence of
exon 2 and intron 2, but the 5' and 3' regions of exons 1 and
3, respectively, have been truncated. NIH 3T3 fibroblasts
and C2C12 myoblasts were transfected with 10 p.g of this
plasmid by using calcium phosphate coprecipitation (7).
Cells containing integrated copies of the transfected DNA
were selected by adding geneticin (G418) to the medium at a
concentration of 0.8 mg/ml. Colonies resistant to G418 were
collected with a cloning cylinder and expanded for RNA
analyses as described above.

RESULTS
Cloning and characterization of rat AMPD1 cDNAs. As

outlined in the introduction, previous studies suggest that
there may be two transcripts derived from the AMPDJ gene
in rats (29). Both of these transcripts hybridize to a cRNA
probe synthesized from the 5' terminus of an AMPDJ
cDNA. Consequently, the adult rat soleus muscle AgtlO
cDNA library used to isolate the original AMPDJ cDNA (27)
was rescreened with a 215-base cDNA probe containing
sequences corresponding to the 5' termini of both AMPDJ
transcripts (29). Twenty-eight clones that hybridized to this
probe, presumably a mixture of both types of AMPDJ
transcripts, were isolated.
Comparison of the recently elucidated structure of the rat

AMPDI gene (28) and the results of previous RNase map-
ping studies (29) suggest that the sequences of the two
AMPDJ transcripts may diverge after exon 1. Thus, each of
the 28 positive clones was tested for hybridization to an
oligonucleotide specific for exon 1 (5'-GCTGTCCTAGA
ATC CAG) or exon 2 (5'-AGGTCAAGGAAAAC; two bases
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Type I
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Type I GTCACMTGCCTCTGTTCAACTrACAG GTCMGAMAC IAAArGATGATGCATGC

Type 11 GTCACMTGCCTCTGTTCAACTTACAG -I------------AAATTGATGATGCAATGC

Intermediate GTCACMTGCCTCTGTTCAACTTACAG GTCMGG gCtgagtattgggactamcc

FIG. 2. Partial sequence of ratAMPDI cDNAs. cDNAs were cloned from a rat soleus AgtlO library as described in the text. The sequence
of only the 5' region of the three cDNAs cloned from this library is shown. The cDNA indicated as Intermediate is 2.6 kilobases in length,
and it terminates in intron 2 sequences. The boundaries of exon 1, exon 2, and exon 3 are identified by vertical lines and numerical
superscripts.-, Nucleotides present in type I but not type II cDNA. Lowercase letters indicate nucleotides identical to the sequence of
intron 2 in the rat AMPDJ gene (28). The presumed initiation codon is underlined.

were added to the 5' end of the sequence of exon 2 to
enhance hybridization efficiency). All 28 clones hybridized
to the exon 1 oligonucleotide, but 15 of these 28 clones did
not hybridize to the exon 2 oligonucleotide. The latter
represent potential cDNAs that do not contain exon 2, and
several of these recombinants, as well as ones that hybrid-
ized to the exon 2-specific probe, were subcloned in pBS for
sequence analysis.
Two types ofAMPDJ cDNAs were detected (Fig. 2), and

they differed by only 12 bases deleted from the 5' coding
region of one of the cDNAs. This deletion does not change
the reading frame, but it does eliminate four codons and
changes the amino acid specified by a fifth codon. In the
remainder of the sequences, these two cDNAs are identical
(not shown). The 12 bases that are deleted correspond to the
entire sequence of the second exon of the rat AMPDJ gene
(28).
Although comparison of these cDNA sequences did not

indicate any other difference between these two AMPDJ
transcripts, cRNA probes spanning the entire cDNA se-
quence were used in RNase protection analyses to determine
whether there are additional AMPDJ transcripts in RNA
isolated from two skeletal muscle fiber types (Fig. 3 and 4).
(RNase mapping of the 3' terminus [exons 15 and 16] was
presented in a previous publication [29].) Other than the
inclusion or removal of exon 2 sequences, there was no
evidence for heterogeneity in the AMPDJ transcript in these
different muscle fiber types. For convenience, the AMPDJ
mRNA that contains exon 2 sequences will be referred to as
the type I transcript, and the mRNA from which exon 2 is
deleted will be referred to as the type II transcript.

Relative abundance of type I and type IIAMPDI transcripts
in rat tissues. A cRNA probe complementary to the 5' region
of the rat type I transcript, containing a portion of exon 1, all
of exon 2, and a portion of exon 3, was used in RNase
protection assays to assess the relative abundance of type I
and type II mRNAs in different muscle fiber types and
nonmuscle tissues of the adult rat (Fig. 4). The 5' cRNA
probe used in these studies was fully protected by the type I
transcript (215-base fragment); the type II transcript pro-
tected 170 bases of exon 3 and a 33-base fragment of exon 1
(the latter was too small to be visualized on the gel shown in
Fig. 4). In studies not illustrated, it was shown that the
170-base and 33-base partially protected fragments were
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FIG. 3. (A to D) RNase mapping of rat AMPDI transcripts.
RNase protection assays were performed with probes complemen-
tary to exons 3 through 14 of rat AMPDI. Total RNA (10 ,ug) from
extensor digitorum longus muscle (EDL m.) or soleus muscle
(soleus m.) was hybridized to each probe; after digestion with
RNases A and T1, the protected fragments were displayed on a 8%
denaturing polyacrylamide gel (10). Sizes are indicated in bases (b).
(E) Regions of the mRNA to which the probes are complementary
(*-). The sizes (in bases [b]) of the protected fragments predicted
for the different potential patterns of alternative splicing are illus-
trated by solid bars above the probes. The autoradiogram demon-
strating the size of the protected fragments actually observed with
each probe is shown in panels A to D, corresponding to the probe of
the same letter illustrated in panel E.
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FIG. 4. (A) Alternative splicing ofAMPDJ in different tissues of

the adult rat. RNase protection assays were performed with a probe
complementary to exon 1 through exon 3 of rat AMPDJ. Assays
were performed as described in the legend to Fig. 3 except that 5 ,ug
of total RNA was used for the three skeletal muscle (m.) samples
and 100 SLg ofRNA was used for the other tissues. (B) Region of the
mRNA to which the cRNA probe is complementary (.4-). The
sizes (in bases [b]) of protected fragments predicted for the type I

and type II AMPDJ mRNAs are also shown. The autoradiogram
illustrating the size of the protected fragments actually observed
with each RNA sample is shown in panel A.

derived from the type II transcript by repeating the analyses
with a cRNA probe synthesized from the type II cDNA.
Using the 5' cRNA probe complementary to the type I

transcript, the relative abundance of the type I and type II

mRNAs was determined in RNA samples from different rat
tissues (Fig. 4). Both transcripts are more than 100-fold more
abundant in skeletal muscle than in any other tissues exam-
ined. The ratio of the type II to type I mRNA varied among
skeletal muscle groups, depending on fiber type; in soleus
(slow-twitch) muscle, this ratio was 1.0; in plantaris (fast-
twitch, oxidative-glycolytic) muscle, the ratio was 0.7; and
in extensor digitorum longus (fast-twitch, glycolytic) muscle,
the ratio was 0.4. In cardiac muscle, the ratio was 9.0, and in
uterus, an example of smooth muscle, type II was the only
AMPDJ mRNA detectable. In nonmuscle tissues of the adult
rat, the relative abundance of these two transcripts varied
from near equivalence (i.e., lung) to essentially 100% type II

transcript (i.e., brain, liver, spleen, and kidney) (Fig. 4).
Prior studies using this same cRNA probe indicate that the
type II transcript predominates in perinatal skeletal muscle
of the fetal rat, and it appears several days before the type I
transcript during in vitro differentiation of rat L6 myoblasts
into myotubes (29).

Identification of an RNA intermediate that generates alter-
native 5' splice donor sites in rat AMPDI. In the course of
screening the rat skeletal muscle cDNA library described
above, a cDNA of composition exon 1-exon 2-intron 2 was

isolated (Fig. 2). Others have reported that incompletely
processed transcripts accumulate in association with alter-
native splicing (1, 3, 4, 9, 24), and the composition of these

intermediates suggests that the splicing machinery may
pause at key introns (4). Initial inspection of the AMPDJ
intermediate described above suggested that it might give
rise to a type I transcript only. However, careful examina-
tion of the sequence of this cDNA suggests a mechanism
whereby exon 2 can also be recognized as an intron, and this
could account for stalling of the splicing apparatus at this key
intron. As a consequence of ligation of exon 1 to exon 2, a
potential 5' splice donor site is created at the boundary of
exon 1 and exon 2 (CAG-GTCAAG). This sequence is in
good agreement with the consensus sequence for a 5' splice
donor site in higher eucaryotes, i.e., (c/a)AG-GT(g/a)AGT
(17). If the spliceosome recognizes this sequence as a 5'
splice donor site, exon 2 will be deleted; on the other hand,
if the spliceosome recognizes the 5' splice donor site 12
bases away at the junction of exon 2 and intron 2, exon 2 will
be retained in the mature mRNA. This proposed mechanism
for alternative splicing of AMPDJ is consistent with obser-
vations demonstrating that primary transcripts with contig-
uous 5' splice donor sites can be substrates for alternative
splicing (2).
As a first step toward determining whether an RNA of the

structure illustrated in Fig. 1 is an intermediate in the
alternative splicing pathway of AMPDJ, experiments were
undertaken to demonstrate the presence of this RNA in vivo.
For these studies, RNase protection assays were performed
by using two types of cRNA probes: probe A, complemen-
tary to exon 1-exon 2-intron 2 sequences, and probe B,
complementary to intron 1-exon 2-intron 2 sequences (Fig.
5). The RNA intermediate of the structure illustrated in Fig.
1 is expected to protect 274- and 180-base fragments of
probes A and B, respectively. These fragments were easily
detectable in RNA from skeletal muscle (Fig. 5). An alter-
native RNA intermediate of the structure exon 1-intron
2-exon 2-exon 3 is also a possible product of the AMPDJ
gene, and it is expected to protect a 191-base fragment of
probe B. This intermediate, if formed, does not accumulate
to sufficient levels in skeletal muscle to permit detection by
this technique. The AMPDJ primary transcript containing
both introns 1 and 2 was readily detectable with both probes
(180- and 359-base protected fragments of probes A and B,
respectively). Thus, these results demonstrate that an RNA
intermediate with the structure exon 1-exon 2-intron 2 is
formed and accumulates to significant levels in vivo. Al-
though the RNAs that gave rise to the protected fragments
shown in Fig. 5 may be heterogeneous downstream of exon
3, for the purposes of this discussion we will refer to them
simply as the intermediate and primary transcripts.
To determine whether an AMPDJ transcript of the struc-

ture exon 1-exon 2-intron 2-exon 3 is an intermediate capable
of being alternatively spliced to either a type I or a type II
mRNA, a construct containing these sequences in an expres-
sion vector (Fig. 1) was transfected into 3T3 fibroblasts and
C2C12 myoblasts. RNA from these cells was analyzed by
two techniques. RNase protection assays using a cRNA
probe like the one described in Fig. 5A illustrate that the
transcript produced by this expression vector, which was
similar to the RNA intermediate produced from the rat
AMPDJ primary transcript, could be processed to a tran-
script analogous to the type I mRNA (80-base protected
fragment) and the type II mRNA (68-base protected frag-
ment) (Fig. 6). The ratio of type II to type I transcripts was
considerably greater in C2C12 myoblasts than in 3T3 fibro-
blasts. In neither cell line was the ratio similar to that
observed in any tissue in vivo (Fig. 4). This finding may
reflect differences in trans-acting factors in the various cell
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FIG. 5. Identification of RNA splicing intermediate in rat skele-
tal muscle. RNase protection assays were performed with 25 ,ug of
total RNA from the various fiber types of skeletal (sk.) muscle and
from 3T3 cells transfected with the minigene construct shown in Fig.
1. The compositions of cRNA probe A (complementary to exon
1-exon 2-intron 2) and probe B (complementary to intron 1-exon
2-intron 2) are shown below panels A and B, respectively. The sizes
(in bases [b]) of the protected fragments predicted for the different
types of transcripts are shown by the solid bars above the probes.
Autoradiograms illustrating the protected fragments actually ob-
served with each probe are shown in panels A and B, and the source
of cellular RNA to which the probe was hybridized is shown above
each lane. The tRNA lane is the digestion product of the probe plus
40 ,ug of tRNA; the undigested probe is illustrated in the lane labeled
probe, and size markers (396, 344, 298, 220, 154, and 75 nucleotides)
are shown in the lane labeled marker. m., Muscle.

types or differences between the intermediate produced by
the chimeric minigene and the RNA intermediate generated
from the natural gene as a consequence of consecutive
splicing reactions (6, 25, 26, 34).
As a second assay, the same RNA samples from trans-

fected 3T3 cells, along with cDNAs for the type I and type II

rat AMPDJ transcripts, were used as templates for PCR
reactions primed by oligonucleotides corresponding to exon
1 and exon 3 sequences. PCR products of 105 and 117 base
pairs were obtained with RNA from 3T3 cells transfected
with the exon 1-exon 2-intron 2-exon 3 expression vector,
whereas RNA from control cells did not produce these DNA
fragments (Fig. 7). Each PCR fragment produced by RNA
from transfected cells was the same size as the PCR frag-
ment produced from authentic type I or type II cDNA, and
both of these DNA fragments hybridized to an AMPDJ
probe. These results demonstrate that the 5' splice donor site
created by ligation of exon 1 to exon 2 is functional in vivo
and that an RNA intermediate of the composition exon
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FIG. 6. RNase map of transcripts produced by the exon 1-exon
2-intron 2-exon 3 expression vector. 3T3 fibroblasts and C2C12
myoblasts were transfected as described in the text with the
expression vector illustrated in Fig. 1. RNase protection assays
were performed with 20 p.g of total RNA as described in the legend
to Fig. 3. (A) Autoradiogram of protected fragments; (B) cRNA
probe and predicted protected fragments.

1-exon 2-intron 2-exon 3 is a substrate for alternative splicing
of exon 2 from AMPDJ transcripts.

Splicing of the human AMPD1 transcript. The primary
structures of the human and rat AMPDJ genes have been
highly conserved, including the location and sequence of the
5' splice donor and 3' branch-splice acceptor sites (28).
However, the first base of exon 2, a 12-base miniexon in both
genes, has not been conserved, and this change of a single
base in human exon 2 has potential implications for the
generation of an RNA splicing intermediate like the one
described above for rat AMPDJ. The sequence of the
potential 5' splice donor site created at the point where exon
1 is ligated to exon 2 in human AMPDJ is CAG-CTGAAG,
compared with CAG-£TCAAG in rat AMPDJ. Although
there is considerable tolerance for deviation from the con-
sensus sequence of the 5' splice donor site at some positions
of the introns examined thus far, there has been only one
exception to the apparent requirement for a G at position + 1
in higher eucaryotes (35). Moreover, several studies have
shown that mutation of the G at position + 1 of the 5' splice
donor site results in failure of this site to be recognized by
the spliceosome (39, 40). As a result of this difference in
sequence between rat and human AMPDJ, type II mRNA
may not be produced in humans if alternative 5' splice donor
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FIG. 7. Identification ofAMPDI transcripts by PCR. RNA from
the indicated tissue was used for cDNA synthesis and amplification
by PCR as described in the text. Locations of the 5' and 3'
oligonucleotide primers relative to the structures of the two AMPDJ
transcripts are indicated by solid bars in the diagram. The location of
the third independent oligonucleotide used for probing Southern
blots is indicated by the open bar. Products of the PCR reactions
were displayed on 3% agarose gels, and the gel was stained with
ethidium bromide (A) or transferred to Nytran paper for hybridiza-
tion to the AMPD1 oligonucleotide probe indicated by the open bar
in the diagram (B). Lanes: 1, size markers, 118 and 78 base pairs; 2,
PCR products of the type I and type II rat AMPDJ cDNAs; 3, PCR
product of human type I AMPD1 cDNA; 4, PCR product of 1 ,ug of
total RNA from rat skeletal muscle; 5, PCR product of 1 ,ug of total
RNA from human skeletal muscle; 6, PCR product of 1 ,ug of total
RNA from 3T3 cells transfected with the rat exon 1-exon 2-intron
2-exon 3 expression vector; 7, PCR product of 1 ,ig of RNA from
nontransfected 3T3 cells. Arrows indicate locations of the type I
(117-base-pair) and type 11 (105-base-pair) PCR products.

site selection from an RNA intermediate is necessary for
formation of type II mRNA. On the other hand, if the type II
mRNA is produced by a mechanism that recognizes intron
1-exon 2-intron 2 as a single large intron in the primary
transcript, the sequence of exon 2 may have little effect on
alternative splicing. Three different assays, RNase protec-
tion, primer extension, and PCR, were used to assess
alternative splicing of exon 2 in the AMPDJ transcript from
muscle of three normal individuals (Fig. 7 and 8). Type II
mRNA was not detectable in human muscle with any of
these assays.

DISCUSSION
This study confirms that the rat AMPDJ primary tran-

script is alternatively spliced and that alternative splicing is
limited to exon 2, a 12-base miniexon. Since transcription
begins at the same point in both AMPDJ transcripts (28) and
an internal exon is either included in excluded, this alterna-

Type | exon 1 l_2 | exon 3 | 3

b --- 51 b

3' Type 11 I exon 1 exon 3 3'

4 139R4 _

cRNA probe Bg91

FIG. 8. RNase mapping and primer extension analyses of RNA
from human skeletal muscle. (A) Total RNA (50 ,ug) was used for
RNase protection as described in the legend to Fig. 3. The region of
the mRNA to which the cRNA probe is complementary is illustrated
by the inverted arrow in the diagram, and the solid bars indicate the
sizes (in bases [b]) of the protected fragments predicted for the two
AMPDJ transcripts. The autoradiogram of the protected fragments
actually observed is shown. (B) Primer extension was performed
with 20 ,ug of total RNA from rat or human skeletal muscle. The
oligonucleotide used for these studies is complementary to human
exon 3 sequences, and consequently the signal intensity is stronger
with human than with rat RNA. The sizes (in bases [b]) of the
extension products expected for the two types of AMPDI tran-
scripts are illustrated in the diagram.

tive splicing pattern falls into the category that has been
called cassette splicing (2). The relative abundance of the
two types ofAMPD1 transcripts varies over a wide range in
different tissues of the adult animal as well as in different
skeletal muscle fiber types of the adult rat. During in vivo
and in vitro myogenesis, the type II transcript is detectable
several days before the type I transcript, and the ratio of
type II to type I AMPDJ mRNA continues to decline during
myocyte development (29). Although we have not assessed
the relative stability of these two AMPDJ transcripts in
different tissues and at different stages of development, we

assume that the relative abundance of the two transcripts
reflects differences in splicing. If this assumption is correct,
cassette splicing of the rat AMPDJ primary transcript is
regulated by tissue-specific and stage-specific signals.

Results of this study have identified an RNA intermediate
derived from the rat AMPDJ gene that generates an internal,
alternative 5' splice donor site not present in the primary
transcript. This intermediate accumulates in vivo in associ-
ation with alternative splicing of rat AMPDJ. Expression in
cell lines of a chimeric gene that produces a transcript
containing a portion of the AMPDJ RNA intermediate
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FIG. 9. Model of potential pathways leading to altemative splic-
ing of exon 2 in AMPDI. The sequence of the potential 5' splice
donor sites created by ligation of exon 1 to exon 2 in rat and human
AMPDI is indicated under the RNA intermediate.

demonstrates that the 5' splice donor site created by ligation
of exon 1 to exon 2 is functional. Moreover, this intermedi-
ate is capable of being alternatively spliced to transcripts
analogous to the type I and type II AMPDJ mRNAs (path-
ways A and B in the model of alternative splicing illustrated
in Fig. 9).

Results of these experiments do not exclude the possibility
that cassette splicing of the rat AMPDJ transcript also takes
place by excision of exon 2 as a part of a larger intron
containing both flanking introns 1 and 2 (pathway C in the
model of alternative splicing illustrated in Fig. 9). Although
it is not possible to exclude a role for pathway C in
alternative splicing of rat AMPDJ by these studies, the
following comparisons between rat and human AMPDJ lead
us to speculate that pathway C (Fig. 9) may not be the
predominant route leading to formation of type II AMPDJ
mRNA. If pathway C contributes significantly to the produc-
tion of type II mRNA in the rat, then it is not obvious why
type II mRNA is not found in human skeletal muscle. The 5'
splice donor sites at the boundary of exon 1 and intron 1 and
at the 3' branch splice acceptor sites at intron 2-exon 3 have
been conserved, and they are functional for constitutive
splicing of both genes. Although there may be unappreciated
differences in these sites or other sequences of the introns, it
is not apparent how the minor differences in exon 2 se-

quences preclude pathway C in humans but not in rats. On
the other hand, if pathway B is the predominant route
leading to the formation of type II mRNA, the difference in
sequence of exon 2 between these two species provides a

good explanation for the failure to find type II mRNA in
human skeletal muscle. The RNA intermediate essential to
processing through pathway B does not provide a good
alternative 5' splice donor site in human AMPD1, whereas it
does in rat AMPDI. On the basis of these comparisons, it
seems more likely that pathway B rather than pathway C is
the predominant route for production of type II mRNA.

This study does not exclude an additional pathway for
synthesis of type I mRNA through an RNA intermediate of
the composition exon 1-intron 1-exon 2-exon 3. However,
there is no evidence for accumulation of such an RNA
intermediate in vivo (Fig. 5).

Recognition that an internal, functional 5' splice donor site
can be generated subsequent to exon ligation raises the
question of how common this mechanism is. By chance, a

reasonable 5' splice donor site consensus sequence will be
generated frequently during constitutive splicing of many

primary transcripts. If functional, many of these newly
generated sites would be expected to have deleterious ef-
fects. Consequently, some mechanism must prevent this
type of splicing from occurring randomly. An unusual prop-
erty of exon 2 in the AMPDJ gene is its small size, only 12
bases. As a consequence, the alternative 5' splice donor site
created at the boundary of exon 1 and exon 2 in this RNA
intermediate is only 12 bases away from the 5' splice donor
site at the boundary of exon 2 and intron 2. In examples of
internal, alternative 5' splice donor sites in primary tran-
scripts, a situation somewhat analogous to the RNA inter-
mediate of the rat AMPDJ transcript, the distance between
alternative 5' splice donor sites is rather short (6 to 27 bases)
(18, 19, 24, 32, 33, 37). Thus, one factor that may operate to
prevent random utilization of internal 5' splice donor sites
generated by exon ligation during constitutive splicing is
exon size. Size alone, however, is not the only determinant
of whether an internal 5' splice donor site created by exon
ligation will be functional, since in the case of rat AMPDJ,
the relative abundance of type I and type II mRNAs is
regulated by stage- and tissue-specific signals. These results
suggest that one or more trans-acting factors influence which
of the alternative 5' splice donor sites will be selected in this
splicing reaction. The recognition that factors other than Ul
small nuclear ribonucleoproteins bind to the 5' splice donor
site (36, 41) and that spliceosomes may dissociate and
reassemble on RNA precursors (25) provides potential
mechanisms by which the cell can regulate selection of
alternative 5' splice donor sites.
The physiological consequences of alternative splicing of

the AMPDJ transcript are not known. The amino-terminal
200 residues of this 727-amino-acid peptide, which include
the region encoded by exon 2, have been found not to be
conserved when the sequence of rat or human AMPDJ gene
product is compared with that of yeast AMPD (16). Deletion
of the 5'-most 215 base pairs from rat AMPDJ cDNA, which
encompasses the area containing exon 2 sequences, does not
eliminate catalytic activity of AMPD when this truncated
cDNA is placed in a procaryotic expression vector (H.
Morisaki et al., unpublished observations). If this alternative
splicing reaction is functionally significant, it may prove to
be important for some isoform-specific property, such as
allosteric regulation of this enzyme by nucleotides or inor-
ganic phosphate (12), posttranslational modification of the
protein (38), binding of AMPD to myosin heavy chain (15),
or interaction of this enzyme with other macromolecules in
the cell (20).

ACKNOWLEDGMENTS

We thank L. Kedes for providing the P-actin expression vector.
This work was supported by Public Health Service grant DK12413
from the National Institutes of Health and by the Muscular Dystro-
phy Association.

LITERATURE CITED
1. Baldwin, C. T., A. M. Reginato, and D. J. Prockop. 1989. A new

epidermal growth factor-like domain in the human core protein
for the large cartilage-specific proteoglycan: evidence for alter-
native splicing of the domain. J. Biol. Chem. 264:15747-15750.

2. Breitbart, R. E., A. Andreadis, and B. Nadal-Ginard. 1987.
Alternative splicing: a ubiquitous mechanism for the generation
of multiple protein isoforms from single genes. Annu. Rev.
Biochem. 56:467-495.

3. D'Adamio, L., M. A. Shipp, E. L. Mastelier, and E. L. Reinherz.
1989. Organization of the gene encoding common acute lympho-
blastic leukemia antigen (neutral endopeptidase 24.11): multiple
miniexons and separate 5' untranslated regions. Proc. Natl.

VOL. 10, 1990



5278 MINEO ET AL.

Acad. Sci. USA 86:7103-7107.
4. Feener, C. A., M. Koenig, and L. M. Kunkel. 1989. Alternative

splicing of human dystrophin mRNA generates isoforms at the
carboxy terminus. Nature (London) 338:509-511.

5. Feinberg, A. P., and B. Vogelstein. 1984. A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 137:266-267.

6. Gallego, M. E., and B. Nadal-Ginard. 1990. Myosin light-chain
1/3 gene alternative splicing: cis regulation is based upon a
hierarchical compatibility between splice sites. Mol. Cell. Biol.
10:2133-2144.

7. Graham, F. L., and A. J. Van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus. Virology 52:455-
467.

8. Gunning, P., J. Leavitt, G. Muscat, S. Y. Ng, and L. Kedes.
1987. A human B-actin expression vector system directs high-
level accumulation of antisense transcripts. Proc. Natl. Acad.
Sci. USA 84:4831-4835.

9. Koening, M., A. P. Monaco, and L. M. Kunkel. 1988. The
complete sequence of dystrophin predicts a rod-shaped cyto-
skeletal protein. Cell 53:219-228.

10. Krieg, P. A., and D. A. Melton. 1987. In vitro RNA synthesis
with SP6 RNA polymerase. Methods Enzymol. 155:397-415.

11. Lipson, K. E., and R. Baserga. 1989. Transcriptional activity of
the human thymidine kinase gene determined by a method using
the polymerase chain reaction and an intron-specific probe.
Proc. Natl. Acad. Sci. USA 86:9774-9777.

12. Manfredi, J. P., and E. W. Holmes. 1984. Control of the purine
nucleotide cycle in extracts of rat skeletal muscle: effects of
energy state and concentrations of cycle intermediates. Arch.
Biochem. Biophys. 233:515-529.

13. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

14. Marquetant, R., N. M. Desai, R. L. Sabina, and E. W. Holmes.
1987. Evidence for sequential expression of multiple AMP
deaminase isoforms during skeletal muscle development. Proc.
Natl. Acad. Sci. USA 84:2345-2349.

15. Marquetant, R., R. L. Sabina, and E. W. Holmes. 1989. Identi-
fication of a noncatalytic domain in AMP deaminase that
influences binding to myosin. Biochemistry 28:8744 8749.

16. Meyer, S. L., K. L. Kvalnes-Krick, and V. L. Schramm. 1989.
Characterization of AMD, the AMP deaminase gene in yeast.
Production of amd strain, cloning, nucleotide sequence, and
properties of the protein. Biochemistry 28:8734-8743.

16a.Morisaki, T., R. L. Sabina, and E. W. Holmes. 1990. Adenylate
deaminase: a multigene family in humans and rats. J. Biol.
Chem. 265:11482-11486.

17. Mount, S. M. 1982. A catalogue of splice junction sequences.
Nucleic Acids Res. 10:459-472.

18. Nagamine, Y., D. Pearson, and M. Grattan. 1985. Exon-intron
boundary sliding in the generation of two mRNAs coding for
porcine urokinase-like plaminogen activator. Biochem. Bio-
phys. Res. Commun. 132:563-569.

19. Nagata, S., M. Tsuchida, S. Asano, 0. Yamamoto, Y. Hirata, N.
Kubota, M. Oheda, H. Nomura, and T. Yamazaki. 1986. The
chromosomal gene structure and two mRNAs for human gran-
ulocyte colony-stimulating factor. EMBO J. 5:575-581.

20. Ogasawara, N., H. Goto, and Y. Yamada. 1981. Interaction of
AMP deaminase with RNA. Biochem. Biophys. Acta 661:164-
169.

21. Ogasawara, N., H. Goto, Y. Yamada, I. Nishigaki, T. Itoh, I.
Hasegawa, and K. S. Park. 1987. Deficiency of AMP deaminase
in erythrocytes. Hum. Genet. 75:15-18.

22. Ogasawara, N., H. Goto, Y. Yamada, and T. Watanabe. 1978.
Distribution of AMP-deaminase isozymes in rat tissues. Eur. J.
Biochem. 87:297-304.

23. Ogasawara, N., H. Goto, Y. Yamada, T. Watanabe, and T.

Asano. 1982. AMP deaminase isozymes in human tissues.
Biochim. Biophys. Acta 714:298-306.

24. O'Malley, K. L., B. M. Martin, J. R. Kelsoe, S. L. Winfield, and
E. I. Ginns. 1987. Isolation and characterization of the human
tyrosine hydroxylase gene: identification of the 5' alternative
splice sites responsible for multiple mRNAs. Biochemistry
26:6910-6914.

25. Robberson, B. L., G. J. Cote, and S. M. Berget. 1990. Exon
definition may facilitate splice site selection in RNAs with
multiple exons. Mol. Cell. Biol. 10:84-94.

26. Ruby, S. W., and J. Abelson. 1988. An early hierarchic role of
Ul small nuclear ribonucleoprotein in spliceosome assembly.
Science 242:1028-1035.

27. Sabina, R. L., R. Marquetant, N. M. Desai, K. Kaletha, and
E. W. Holmes. 1987. Cloning and sequence of rat myoadenylate
deaminase cDNA: evidence for tissue-specific and developmen-
tal regulation. J. Biol. Chem. 262:12397-12400.

28. Sabina, R. L., T. Morisaki, P. Clarke, R. Eddy, T. B. Shows,
C. C. Morton, and E. W. Holmes. 1990. Characterization of the
human and rat myoadenylate deaminase genes. J. Biol. Chem.
265:9423-9433.

29. Sabina, R. L., N. Ogasawara, and E. W. Holmes. 1989. Expres-
sion of three stage-specific transcripts of AMP deaminase during
myogenesis. Mol. Cell. Biol. 9:2244-2246.

30. Sabina, R. L., J. L. Swain, and E. W. Holmes. 1989. Myoade-
nylate deaminase deficiency, p. 1077-1084. In J. B. Stanbury,
J. B. Wyngaarden, D. S. Fredrickson, J. L. Goldstein, and
M. S. Brown (ed.), Metabolic basis of inherited disease, 6th ed.
McGraw-Hill Book Co., New York.

31. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5476.

32. Sausville, E. A., A. Lebacq-Verheyden, E. R. Spindel, F. Cut-
titta, A. F. Gazdar, and J. F. Battey. 1985. Expression of the
gastrin-releasing peptide gene in human small cell lung cancer.
J. Biol. Chem. 261:2451-2457.

33. Schulz, R. A., L. Cherbas, and P. Cherbas. 1986. Alternative
splicing generates two distinct Eip28/29 gene transcripts in
Drosophila Kc cells. Proc. Natl. Acad. Sci. USA 83:9428-9432.

34. Seraphin, B., and M. Rosbash. 1989. Identification of functional
Ul snRNA-pre-mRNA complexes committed to splicesome
assembly and splicing. Cell 59:349-358.

35. Shapiro, M. B., and P. Senapathy. 1987. RNA splice junctions of
different classes of eukaryotes: sequence statistics and func-
tional implications in gene expression. Nucleic Acids Res.
15:7155-7174.

36. Siebel, C. W., and D. C. Rio. 1990. Regulated splicing of the
Drosophila P transposable element third intron in vitro: somatic
repression. Science 248:1200-1208.

37. Stein, J. P., J. F. CatteraUl, P. Kristo, A. R. Means, and B. W.
O'Malley. 1980. Ovomucoid intervening sequences specify
functional domains and generate protein polymorphism. Cell
21:681-687.

38. Tovmasian, E. K., R. L. Hairapetian, E. V. Bykova, S. E.
Severin, Jr., and A. V. Haroutunian. 1990. Phosphorylation of
the skeletal muscle AMP-deaminase by protein kinase C. FEBS
Lett. 259:321-323.

39. Treisman, R., S. H. Orkin, and T. Maniatis. 1983. Specific
transcription and RNA splicing defects in five cloned
B-thalassemia genes. Nature (London) 302:591-596.

40. Wieringa, B., F. Meyer, J. Reiser, and C. Weissmann. 1983.
Unusual splice sites revealed by mutagenic inactivation of an
authentic splice site of the rabbit B-globin gene. Nature (Lon-
don) 301:38-43.

41. Zapp, M. L., and S. M. Berget. 1989. Evidence for nuclear
factors involved in recognition of 5' splice sites. Nucleic Acids
Res. 17:2655-2674.

MOL. CELL. BIOL.


