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We report the isolation and sequence of a cDNA clone containing part of the env message of the Moloney
murine leukemia virus (MoMuLV). This clone was derived from a rat thymic lymphoma induced by MoMuLV.
The AG acceptor site employed in this message is located at position 5490 in the MoMuLV genome. This splice
site is detectable at the cDNA level by the creation of a novel Sacl restriction site not present in the viral
genome. In the -1 to -40 region, this AG acceptor site is preceded by four conserved heptanucleotides
(PyXPyTPuAPy) that may function as acceptors for removal of the 5' end of the intron.

Moloney murine leukemia virus (MoMuLV) is a murine
retrovirus that lacks a transforming (onc) gene but that,
when inoculated into rats or mice, induces either thymic
lynmphomas or splenic T-cell lymphomas (26). The MoMuLV
virus has been cloned (2), and its complete nucleotide
sequence has been determined (25). The availability of the
sequence permitted the location of the boundaries of the
known viral genes and a close approximation of the se-
quences of the corresponding mRNAs (29). However, infor-
mation regarding the structure of these mRNAs is incom-
plete since it is based largely on indirect evidence (4, 10, 25,
26, 28). Because of the location of splice consensus se-
quences, for example, Shinnick et al. predicted that the
splice acceptor site used for the generation of the envelope
(env) message would be located at nucleotide 5501 (25). This
prediction was later challenged in a report by Mann and
Baltimore (15). While studying the effect of varying the
position of the packaging-signal sequence within the viral
genome, Mann and Baltimore observed the encapsidation of
what appeared to be spliced viral mRNAs. Integrated copies
of these putative messages were cloned and sequenced.
These experiments showed that if indeed these integrated
proviruses were derived from reverse-transcribed copies of
spliced mRNA, then the most commonly used splice accep-
tor site for the env message was at position 5490.

In the course of our work on the induction of thymomas by
MoMuLV (26, 27), we isolated a partial cDNA clone of a
spliced subgenomic env message. This clone was analyzed
for splice donor and acceptor site usage, and the data were
interpreted in light of recent information on the structural
requirements for splicing (5, 12), which involves the follow-
ing steps: assembly of the splicing structure (3, 6, 7-9, 13,
22), hydrolysis and guanylation of the 5' end of the intron,
ligation of this 5' end of the intron to a conserved
heptanucleotide (11, 16-19, 21) near its 3' end to form a
branched RNA, and, finally, exon ligation (23).
The cDNA clone we describe here was isolated from a

Agtll cDNA library constructed from polyadenylated RNA
(1, 14) isolated from one of the MoMuLV-induced rat thymic
lymphomas (26, 27). This clone (designated penvl in this
report) was selected so that it hybridized to DNA probes
derived from the U5 and pol regions but did not hybridize to
a gag (PstI-XhoI) probe. Restnrction endonuclease mapping
revealed a SacI site which divided the cloned DNA into a
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210-base-pair fragment hybridizing to the U5 probe and a
270-base-pair U5-negative fragment (Fig. 1A). This division
was unexpected because there is only one Sacl site in the
viral genome outside the long terminal repeat and that site is
present in the gag region (25), for which the clone tested
negative. Three other clones with the same phenotype as
clone penvl were isolated from this library. Because all the
clones had an identical restriction map, including the loca-
tion of the linker EcoRI sites, we concluded that they were
the result of the library amplification and not independently
originated cDNA clones. Hybridization of the 270-base-pair
U5-negative fragment to polyadenylated tumor cell RNA
revealed two RNA species comigrating with the MoMuLV
genomic (8.3-kilobase) and env (3.0-kilobase) mRNA tran-
scripts (Fig. 1B). This finding suggested that the cDNA clone
penvl may represent the 5' end of the MoMuLV env mRNA
transcript. To further characterize penvl, the EcoRI insert
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FIG. 1. (A) Restriction map of the insert present in the env
cDNA clone penvl. R, EcoRI; A, AccI; K, KpnI; Sc, Sacl; and S,
SmaI. (B) Northern blot analysis of polyadenylated RNA from rat
thymoma analyzed with the 270-base-pair (bp) SacI-EcoRI fragment
from clone penvl. kb, Kilobases.
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penv-1 TCCGATTGACTGAGTCGCCCGGGTACCCGTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTT

MOIVLV TCCGATTGACTGAGTCGCCCGGGTACCCGTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTT
20 30 40 50 60 70 80

CCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGA

CCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGA
100 110 120 130 140 150 160

Sac I
CCCCTGCCCAGGGACCACCGACCCACCACCGGGAG

CCCCTGCCCAGGGACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCAACTTATCTGTGTCTGTCCGATTGTCTAGTG
180 190 200 210 220 230 240

SacI C

penv-i T I IV CTCACTTACA\GCT
MtiALV CCCCGCCCCTTGTAAACTTCCCTGACCCTGACATGACAAGAGTTACTAACAGCCCCTCTCTCCAAGCTCACTTACAGGCT

5430 5440 5450 5460 5470 5480 5490 5500

CTCTACTTAGTCCAGCACGAAGTCTGGAGACCTCTGGCGGCAGCCTACCAAGAACAACTGGACCGACCGGTGGTACCTCA

CTCTACTTAGTCCAGCACGAAGTCTGGAGACCTCTGGCGGCAGCCTACCAAGAACAACTGGACCGACCGGTGGTACCTCA
5510 5520 5530 5540 5550 5660 5570 5580

CCCTTACCGAGTCGGCGACACAGTGTGGGTCCGCCGACACCAGACTAAGAACCTAGAACCTCGCTGGAAAGGACCTTACA

CCCTTACCGAGTCGGCGACACAGTGTGGGTCCGCCGACACCAGACTAAGAACCTAGAACCTCGCTGGAAAGGACCTTACA
5590 5600 5610 5620 5630 5640 5650 5660

CAGTCCTGCTGACCACCCCCACCGCCCTCAAAGTAGACGGCATCGCAGCTTGGATACACGCCGCCCACGTGAAGGCTGCC

CAGTCCTGCTGACCACCCCCACCGCCCTCAAAGTAGACGGCATCGCAGCTTGGATACACGCCGCCCACGTGAAGGCTGCC
5670 5680 5690 5700 5710 5720 5730 5740

FIG. 2. Nucleotide sequence of the cDNA clone penvl and comparison of it with the genomic sequence of MoMuLV (10, 25, 28). The AG
dinucleotides that can serve as splice acceptor sites are labeled A, B, and C. The locations of the putative lariat heptanucleotides (I to IV)
are indicated by bars. The location of a novel Sacl restriction site created as a result of the splicing reaction is also shown.

was subcloned in M13mplO and its nucleotide sequence was
determined in both directions by the dideoxy chain termina-
tion method (24).
The nucleotide sequence (Fig. 2) showed that the clone

indeed represents the 5' end of the MoMuLV env message
and that the novel Sacl restriction site was created as a
consequence of the splicing reaction. Interestingly enough,
however, the sequencing of this clone located the AG of the
splice acceptor site at position 5490. The splice donor and
acceptor sites predicted by Shinnick et al. (25) on the basis of
homologies with consensus sequences were located at posi-
tions 205 and 5501, respectively.
The region between nucleotides 5440 and 5501 of

MoMuLV contains several interesting sequence features
that could be relevant to splice acceptor site usage (Fig. 2).
Three AG dinucleotides that can serve as acceptor sites are
located at positions 5476, 5490, and 5501 (Fig. 2, arrows A,
B, and C, respectively), as well as four heptanucleotides
(bars I to IV in Fig. 2) which could work as acceptors for the
removal of the 5' end of the intron by forming a branched
RNA structure or lariat (5, 12). These sequence features and
a comparison of them to other messages are shown in Table
1.
The heptanucleotide usually lies in the -20 to -40 region

with respect to the acceptor AG (19, 20), and the heptanu-

cleotide sequence is conserved among species. Further-
more, in lower eucaryotes such as Saccharomyces cerevi-
siae, the function of the heptanucleotide (TACTAAC) is
very sensitive to mutations (11, 16, 17). In mammals, how-
ever, there is more sequence variation (19, 21, 23), although
the relative position with respect to acceptor AG and the
final nucleotides, particularly the A, is conserved since the
acceptor AG and nucleotides are required for branch forma-
tion in the lariat structure. The consensus sequence
PyXPyTPuAPy is most similar to sequences I and II de-
scribed in this report. Taking into account the sequence
conservation and spacing, splice acceptor site B is the most
likely to be used since it is compatible with all of the
heptanucleotides except heptanucleotide IV. Splice acceptor
sites A and C, although theoretically possible, have more
restricted possibilities, since A can use only sequence I and
C can use only sequence IV, which is identical to the yeast
heptanucleotide.

In their analysis of apparently integrated copies of re-
verse-transcribed env mRNAs, Mann and Baltimore (15)
observed that two of the copies were generated by using
acceptor site B. However, a third copy was generated by
using acceptor site A. The authors argued that acceptor site
A represents a cryptic splice site used because of a mutation
that may have altered the actual splice site. However, there
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TABLE 1. Location of lariat heptanucleotides with respect to
AG acceptors

Heptanucleotide Nucleotide AcceptorGene sequence" spacing AG

MoMuLV
I CCCTGAC 24 A

40 B
51 C

II CCCTGAC 18 A
34 B
45 C

III ACATGAC 13 A
29 B
40 C

IV TACTAAC 01 A
16 B
27 C

Human globin IVS-1 CACTGAA C 37
Human -y globin IVS-1 TTCTGAC 30
Hurnane globin IVS-1 CTCTAAT 31
Human a globin IVS-1 CCCTCAC 19

IVS-2 CACTGAC 18
Rabbit ,B globin IVS-1 T G C T G A C 34
Mouse globin IVS-1 CACTAAC 36
Rat insulin IVS-1 CCTCAAC 18
Drosophilaftz A G C T A A C 30
Adenovirus 5 ElA GTTTAAA 30
Consensus sequence PyXPyTPuAPy

a The heptanucleotide sequences of eucaryotic genes other than the env
gene of MoMuLV were obtained from Reed and Maniatis (19, 20) A in the
consensus sequence is the nucleotide involved in the formation of a branched
RNA molecule by formation of a 2' phosphodiester bond with the 5' end of the
intron (5, 12).

was no evidence for such a mutation in the published
sequence (15). The observation of four heptanucleotides and
three AG acceptor sites is unusual, and we speculate that
one reason for their concentration might be to drive the
assembly of the splicing superstructure, the rate-limiting
step in the splicing reaction (8, 9, 13). This organization may
bt important for the removal of large introns, like the
5,285-nuclebtide intron removed for the generation of the
enP message.
From considerationi of our observations regarding the

sequenice organization around the beginning of the env gene
and the env message from MoMuLV-induced thymomas, as
well as the data on the encapsidation of the putative spliced
viral mRNAs (15), we concluded that the AG site at position
5490 is the main splice acceptor site used for the generation
of the env message by MoMuLV.
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