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Complete Nucleotide Sequence and Organization of the 
Moloney Murine Sarcoma Virus Genome 

Abstract. The complete nucleotide sequence of a mammalian transforming 
retrovirus, Moloney murine sarcoma virus, has been determined. MSV,  a recomhi- 
nant virus derived of helper viral and celluiar sequences, possesses termini resem- 
bling prokaryotic transposable elements. The viral genome has the coding capacity 
for the Moloney murine leukemia virus gag gene product and contains large deletions 
in pol and env genes. A large open reading frame encompassing its cell-derived 
sequences codes for its putative transforming protein. The nature of some of the 
important domains in the viral genome has been established, and their structure is 
discussed in relation to their function 

Type C RNA viruses (retroviruses) 
represent a class of genetic elements 
capable of neoplastic transformation in 
their natural host. These viruses can be 
grouped into two broad classes on the 
basis of their biological activities. The 
leukemia or leukosis viruses are replica- 
tion-competent, cause leukemia in sus- 
ceptible hosts, but do not transform cells 
in tissue culture. In contrast, the sarco- 
ma viruses, which are usually replication- 
defective, cause neoplastic transforma- 
tion of fibroblasts in vitro and produce 
solid tumors in vivo. 

Moloney murine sarcoma virus (MSV) 
is a representative of the class of replica- 
tion-defective sarcoma viruses. This vi- 

rus arose by recombination of the nonde- 
fective Moloney murine leukemia virus 
(MuLV) and cellular sequences present 
within the normal mouse genome (1-3). 
These latter sequences are essential for 
viral transforming activity (3-5). Accord- 
ing to recent convention (6) the cell- 
derived sequences of MSV are designat- 
ed v-mos and those of the cell are desig- 
nated c-mos. The development of molec- 
ular cloning and DNA sequencing tech- 
niques has made the detailed analysis of 
the virus genome structure possible. We 
present in this report the first complete 
sequence analysis of a transforming ret- 
roviral genome. 

Figure 1 provides a detailed restriction 

map of the 5.8-kbp (kilobase pair) MSV 
genomic DNA cloned in bacteriophage A 
(2) as well as our sequencing strategy. 
Sequence analysis was performed ac- 
cording to the procedures of Maxam and 
Gilbert (7). The entire MSV nucleotide 
sequence is presented as it occurs in the 
linear proviral genome in Fig. 2. 

An important structural feature of the 
MSV genome is the occurrence of two 
large terminal repeats of 585 bases 
(LTR's) at both 5' and 3' ends of the 
proviral genome. These LTR's bear 
striking similarities to the terminal re- - 
peats of prokaryotic transposable ele- 
ments (8, 9). Previous studies have pro- 
vided sequence data for this region of the 
genome (10-15). The salient features are 
summarized below. 

1) Inverted terminal repeats. An in- 
verted repeat of 11 nucleotides, 5'- 
TGAAAGACCCC-3' (T, thymine; G,  
guanine; A, adenine; C. cytosine), ap- 
peared at the termini of each LTR at 
positions 1 to 11, 575 to 585, 5244 to 
5254, and 5818 to 5828. Prokaryotic 
transuosable elements are also flanked 
by such inverted repeats and are capable 
of translocation to different positions on 
the chromosome or to another replicon 
in the cell (8, 9). Like these bacterial 
elements, retfoviruses integrate into the 
host DNA in a linear orientation with 
defined endpoints (10, 11, 15). 

2)  Transcription initiation and termi- 
nation signals. The LTR is composed of 
a track of about 440 nucleotides derived 
from the 3' end of the viral RNA, direct- 
ly followed to the right by a stretch of 
approximately 145 nucleotides derived 
from the 5' end of the viral genome (16). 
This stretch of 585 bases contained sig- 
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Sac1 AvaI Aval  Xhol  AvaI  Sal l  Hincll BglI XbaI  AvaI ~ ~ 1 1  HpaI  SstU HindIU Sac1 AvaI  
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Fig. 1. Restriction enzyme map and strategy for sequencing of the MSV genome. The genome was sequenced wlth the use of the restriction sltes 
indicated on the diagrammatic map. The 5' ends were labeled wlth [y-'2P]ATP and T, polynucleot~de klnase (7). The 3' ends were labeled with 
[32P]cordycepin phosphate and terminal transferase (48). The labeled end of each fragment IS indicated by the filled clrcle and the extent and 
direction of sequencing are indicated by the arrows. 
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nals for RNA transcription as well as 
messenger RNA (mRNA) capping and 
polyadenylation. Thus, a promoter-like 
sequence, 5'-AATAAAA-3' (1 7, 18), 
was found at positions 413 to 419. This 
signal preceded by 22 and 24 nucleo- 
tides, respectively, the two GCG triplets 
likely to constitute the 5' end of the viral 
RNA (11, 13, 19). Moreover, the se- 
quence 5'-CCAAT-3' was detected at 
positions 362 to 366, which is 75 to 77 
bases upstream from the 5' cap struc- 
ture. An analogous sequence occurs 
77 * 10 bp (base pairs) upstream from 
the 5' end of the mRNA capping site of 
most eukaryotic structural genes (20). 

A polyadenylation signal (21) was 

found in each LTR at positions 489 to 
494 and 5732 to 5737. This signal preced- 
ed the dinucleotide 5'-CA-3', a preferred 
polyadenylation site (21), by 16 bases at 
positions 510-51 1 and 5753-5754. It is 
not known if the polyadenlyation signal 
at position 489 to 494 functions in the left 
LTR, but oligonucleotide mapping of the 
3' end of Moloney MuLV RNA (16) is 
consistent with the termination of viral 
RNA synthesis occurring at the site 
(5753-5754) in the right LTR. 

Genomic RNA contains a direct termi- 
nally repeated sequence of 50 to 60 nu- 
cleotides termed R or trs (16). Thus, if 
the CA signal at 5753-5754 corresponds 
to the 3' end of MSV RNA, the sequence 

of 68 to 70 nucleotides between the CA 
and the GCG triplets representing the 5' 
end of the viral RNA should constitute 
the R region of MSV (Fig. 2). 

The positioning of LTR's at both ends 
of the integrated provirus has strongly 
suggested that the viral genomic RNA is 
initiated at the promoter of the left LTR 
and terminated at the polyadenylation 
signal of the right LTR. The juxtaposi- 
tion of promoter and termination signals 
within the LTR might also result in the 
formation of short RNA transcripts or in 
transcripts initiating or terminating in 
flanking cellular DNA. It has been sug- 
gested that secondary structure may play 
a crucial role in preventing premature 

3yO 35.50 Promoter q 
A G A C A G T G G ~ C G A T C T G ~ G G G G A ~ G A ~ ~ G G A A A ~ A C ~ ~ G T G C A T A ~ A G A C C C C A A ~ G C T C A G G C C A G G T A G A A A G ~ T ~ G ~ C C A T C M G G ~ G A C ~ M ~ A A ~ ~ M C G ~ G C M C T G ~ C T C T A G G G A ~ G G G T G C T C ~  

3650 Promoter 3 4  Splice point 
T A C T C C C C ~ ~ A G C C C T G T A ~ C G A G C C C G C K ~ C A C G C C G G ~ ~ ~ ~ ~ C C C T G A C C C ~ G A C A T G A C A A G A G T T A C T ~ C A G C C C C T ~ ~ C T C C A A ~ C T  

1 v m a h e l p e r  viral junction 
ATG GCG CAT ~ C A  ACG CCA TBC TCC CAA A 6  TCC CTG GCT Qll CCT AAT 
Met  Ala His Ser Thr Pro Cys Ser Gln Thr Ser Leu Ala Val Pro Asn 

3?50 9'" 
C ~ T  l l C  TCC C T ~  GTG TCT CAT QTG ACT GTC CCA TCT GAG G G ~  GTA ATG CCT ~ C G  CCT CTA AQC CTG TGT C G ~  TAC CTC CCT CGT GAG CTG T& CCA TCG G T i  GAC TCG 
His Phe Ser Leu Val Ser His Val Thr Val Pro Ser Glu Gly Val Met  Pro Ser Pro Leu Ser Leu Cys Arg Tyr Leu Pro Arg Glu Leu Ser Pro Ser Val Asp Ser 

a.50 4l.W 
CGG i c c  TGC AGC ~ i - r  CCT r r ~  GTG GCC CCG AGG h~ GCA GGG d~ CTC nc CTQ GGG ACC ACT 'CCT CCT CGG GCT ccc GGA CTQ CCA CGC CGG h~ GCC TGG Tic TCC 
Arg Ser Cys Ser Ile Pro Leu Val Ala Pro Arg Lys Ala Gly Lys Leu Phe Leu Gly Thr Thr Pro Pro Arg Ala Pro Gly Leu Pro Arg Arg Leu Ala Trp FIE Ser 

41.50 42.w 
ATA G A ~  TGG GAA CAG GTA TGT CTG A ~ G  CAT AGG C T ~  GGC TCT GGA BGG ill GGC T ~ G  GTG TAC AA4 GCC ACT TAC ~ A C  GGT G l l  C h  GTG GCC A 6  AAG CAA GTA hC 
Ile Asp Trp Glu Gln Val Cys Leu Met  His Arg Leu Gly Ser Gly Gly Phe Gly Ser Val Tyr Lys Ala Thr Tyr His Gly Val Pro Val Ala Ile Lys G h  Val Am 

42.50 4v '%' 
AAG TGC ACC GAG GAC C T ~  CGT GCA TCC EAG CGG AGT r i c  TGG GCT ~d CTG AAC ~n GCA GGA CTA CEC CAC GAC AAE ATA ~n CGG En GTG GCT G& AGC ACG CGC 
Lys Cys Thr Glu Asp Leu Arg Ala Ser Gln Arg Ser Phe Trp Ala Glu Leu Asn Ile Ala Gly Leu Arg His Asp Asn Ile Val Arg Val Val Ab Ala Ser Thr l u g  

Thr Pro Glu Asp Ser Asn Ser Leu Gly Thr Ile Ile Met  Glu Phe Gly Gly Asn Val Thr Leu His Gln Val Ile Tyr Asp Ala Thr Arg Ser Pro Glu R o  Leu Ser 

45P0 'Y TEC AGA AAA c i  CTA AGT ITG QGG AAG TGC C ~ C  AAG TAT TCC CTA GAT ~n Qn AAC GGC tic crr m CTE CAC TCA CAA ~ G C  ~n TTG CAC ITG GAC CTQ AAG CCA 
Cys Arg Lys Gln Leu Ser Leu Gly Lys Cys Leu Lys Tyr Ser Leu Asp Val Val Asn Gly Leu Leu Phe Leu His Ser Gln Ser Ile Leu Hi Leu Asp Leu Lys Pro 

49" 46% 
GCG hc ~n TTG ~ i - r  AGT GAG CAE GAC ~ r r  TGT AAG ATC AGT G ~ C  r r c  GGC TGE TCC CAG AAG ETG CAG GAT c i ~  CGG GGC CGG CAG GCG TCC ECT ccc CAC A ~ A  GGG 
Ala Asn Ile Leu Ile Ser Glu Gln Asp Val Cys Lys Ile Ser Asp Phe Gly Cys Ser Gln Lys Leu Gln Asp Leu Arg Gly Arg Gln Ala Ser R o  R o  H i  Ile GC 

4100 4150 
GGC ACE TAC ACG CAC t A A  GCT CCG GAG ATC CTA d GGA GAG ATT QCC ACG CCC Ah GCT GAC AT; TAC TCT m GGA ATC ACC C ~ G  TGG CAG AT; ACT ACC AGA i A G  
Gly Thr Tyr Thr His Gln A b  Pro Glu Ile Leu Lys Gly Glu Ile Ala Thr Pro Lys Ala Asp Ile Tyr Ser Phe Gly Ile Thr Leu Trp Gln M e t  Thr Thr Arg G ~ I  

4'9' q50 
GTG CCT TXC TCC GGC GAA CCT CAG TAC ETG CAG TAT GEA GTG GTA GCE TAC AAT CTG EGT ccc TCA CTG GCA GGA GCQ GTG r r c  ACC QCC TCC CTG ~h GGA AAG ~ c i  
Val Pro Tyr Ser Glv Glu Pro Gln Try Val Gln Tyr A b  Val Val A b  Tyr Asn Leu Arg Pro Ser Leu Ala Gly A b  Val Phe Thr Ala Ser Leu Thr Gly Lys & 

4%'" 49.50 
CTG CAG AAC ATC ATC CAG A ~ C  TGC TGG G A ~  GCC CGC GGC h~ CAG AGG CEG ACG TGC AGA ACT GCT CCA h~ GGA CCT ch GGC m ccQ AGG GAC ACT ~ G G  CTG ACT 
Leu Gln Asn Ile Ile Gln Ser Cys Trp Glu Ala Arg Gly Leu Gln Arg Pro Thr Cys Arg Thr A h  Pro Lys Gly Pro Gln Gly Phe Pro Arg Asp Thr kg Leu Thr 

q I v-moshelper v j a l  junction 51,m 
CCA TCG AGC CAQ TGT AGA GAT h~ cr r  r r ~  ri-r CTG m ~ r i  m TAT GGG ACC CCT TAT TQT ACT CCT AA? GAT m GCT En CGG ACC Cic CAT TCT TAA TCGATTA 
Pro Ser Ser Gln Cys Arg Asp Lys Leu Leu Phe Leu Phe Ile Phe Tyr Gly Thr Pro Tyr Cys Thr Pro Asn Asp Phe Ala Leu Arg Thr Leu H i  Ser "* 

51.50 52.00 polyadefption igna! Start.of LTA - Iwerted Repeat 
G T ~ C M ~ G T T ~ G A C A G G A ~ A T C A G T G G T ~ A G G C T C T A G C ~ G A C T C ~ C A A T A T C A ~ C A G C T G A A G ~ C T A T A G A G T ~ C G A G C C A T A G ~ ~ ~ G A ~ A ~ A G T C T C C A ~ A A A A A G G G G G G M ~ ~ A C  

53!J 53.50 Oirict Repeats 5Y 
C C G ~ A G G T G G C A A ~ C T A G C T T A A ~ T A A C G C C A C ~ T T G C A A G G C A T G G ~ T ~ C A T A A C T G A ~ A A T A G G A A ~ ~ T T C A G A T C ~ G G T C A G G A A C A A ~ G A A ~ C A G C T G A A T A C ~ C A G G A T A ~ C T G T G G T M ~ ~ G T T C C T G C ~ G  

- - 
59 ~ 5 0  Prompter 5 7 ~  

~ C C A G G ~ T G C C C C A A G ~ A C C T G A A A A ? G A C C C T G T A ~ C T T A ~ G A A C T A A ~  ~ A G T T C G C T T ~ C G C ~ ~ C T G ~ T C G C G C G C ~ C C G C T C T C C G A G C T C  G A G C C C A ~ C C C C T C A ~ T C G G C G C G C ~ G T C ~ C C G ~  
Polyadeeylatl;on signal Y' end of LTR - i n v e r l d  repeat 

T A G A C T G C G ~ C G C C C G G G T ~ C C C G T A ~ C ~ C ~  G C C T C I T G C T G ~ G C A T C C G ~ T C G T G G T C T ~ T G ~ C A C G A C G ~ ~  

Fig. 2. Complete nucleotide sequence of the MSV genome. The upper line shows the sequence proceeding in the 5' to 3' direction and has the 
same polarity as MSV genomic RNA. The amino acid sequence deduced from the open reading frames is given in the bottom line. The major 
structural features of the genome are indicated. 
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MuLV TTlllGTGGCCCGACCTGC\G TATGTGGllCTGG 

c 
A 

AC G~ 
G~ A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

Fig. 3. DNA sequence comparison between Moloney MuLV and MSV genomes near the 5' end 
of each molecule. The nucleotide numbers correspond to those numbers for the MSV genome in 
Fig. 2. 

termination at  the polyadenlyation site 
located 70 bases downstream from the 
promoter in the left LTR (22). There is 
evidence from studies with avian retro- 
viruses that transcripts can be initiated 
by "downstream" promotion of cellular 
genes from an LTR (23). In fact, these 
studies suggest that the deregulation of 
certain cellular genes by this mechanism 
may contribute to the transforming activ- 
ity of leukosis viruses (23). 

3) Sequence duplications. The MSV 
LTR's contained a nearly perfect dupli- 
cation of 69 and 74 bases, respectively, 
at positions 114 to 182, 185 to 258, 5357 
to 5425, and 5428 to 5501. Although the 
function of these sequences in the MSV 
genome is not yet known, similar tandem 
repeats do occur on the late side of the 
SV40 DNA replication origins (24). 
These 72 bp repeated sequences are an 
essential element for promotion of the 
early transcripts of the SV40 genome 
(25), and the analogous tandem repeats 
present in MSV may play a similar role. 

4) Transfer RNA binding site. Proline 
transfer RNA (~RNA"') has been re- 
ported to  be the primer for Moloney 
MuLV (26). A 21-base sequence com- 
plementary to  the 3' end of ~RNA"" 
[5'-CAAATCCCGGACGAGCCCCCA-3' 
(26)] was localized at position 588 to 
608. This sequence includes the comple- 
ment to  the tRNA terminal CCA. Pre- 
sumably, this sequence represents the 
primer binding site of the viral genomic 
RNA. The primer binding site appears to  
be essential for rescue of biologically 
active transforming virus, since MSV 
recombinant DNA clones that have suf- 
fered a deletion of this region retain 
transforming activity but lack the abili- 
ty to yield rescuable transforming virus 
(2 7). 

Our molecularly cloned MSV genome 
codes for the Moloney MuLV gag gene 
product. The gag gene resides within the 
5' region of the viral RNA [for review 
see (28, 29)]. However, its structure and 
location with respect to the 5' end of the 
viral genome are not known precisely. 
There is evidence that this region con- 
tains sequences that are spliced to the 
main body of subgenomic mRNA's such 
as the env-mRNA of leukemia viruses 

and possibly mRNA's of the transform- 
ing sarcoma viruses (30, 31). Seif et al. 
(32) have proposed a general model for 
RNA splicing, in which the consensus 
sequence 5'-AGGTAAGT-3' is a donor 
for splicing to a receptor sequence locat- 
ed downstream in the primary RNA tran- 
script. Two sequences with seven out of 
eight nucleotides in common with the 
model were present a t  positions 646 to 
653 and 881 to 888. 

We observed six ATG codons at  posi- 
tions 696 to 698, 703 to 705, 708 to 710, 
861 to 863, 885 to 887, and 1038 to 1040. 
The first five of these were not consid- 
ered likely to function as  initiator codons 
because they were followed closely by 
in-phase termination codons. These find- 
ings were unusual, since in virtually all 
eukaryotic mRNA's that have been ana- 
lyzed, the AUG codon (U, uracil) locat- 
ed closest to  the 5'  end has been found to 
be the one used to initiate translation 
(33). This suggests the possibility that 
the genomic MSV RNA does not directly 
act as the functional message for gag 
gene proteins, but that the actual mRNA 
is generated as  a result of processing. 

When we compared the DNA se- 
quence of MSV in the region between 
positions 830 to 890 with that of molecu- 
larly cloned Moloney MuLV DNA (Fig. 
3), we observed considerable sequence 
divergence; such divergence has been 
detected in the intron sequences of genes 
such as p-globin gene family (34). This 
degree of divergence might also reflect a 
recombinational event involving MSV. 
In either case, the striking sequence di- 
vergence between MSV and MuLV in 
this region provides another line of evi- 
dence for processing of the mRNA cod- 
ing for gag gene products. 

Starting from position 915, a large 
open reading frame of 1736 bases and 
ending in a TAG codon at position 2652 
to 2654 was detected. We presumed that 
this sequence coded for the viral gag 
gene precursor polypeptide. Figure 2 
shows the predicted amino acid se- 
quence of this polypeptide. This predict- 
ed sequence matches well with the par- 
tial amino acid sequence data available 
for Rauscher and Moloney MuLV p15, 
p12, p30, and p10 polypeptides (35, 36). 

The junctions between p15 and p12, p12 
and p30, and p30 and p10 could be local- 
ized on the basis of amino acid sequence 
analysis (35). Thus, our nucleot~de-se- 
quencing analysis confirms the proposed 
order of internal structural proteins cod- 
ed by the v ~ r a l  gag gene (37). Moreover, 
the nucleotide sequence data provide 
direct expermental proof for the hypoth- 
esis that the C 0 0 H - t e r m ~ n a l  tyrosine of 
p15 and NH2-terminal proline of p12 are 
contiguous, as  are the COOH-terminal 
phenylalanine of p12 and NH2-terminal 
proline of p30, and the COOH-terminal 
leucine of p30 and NH2-terminal alanine 
of p10 (35). 

The gag gene is formed by processing 
of a larger precursor polypeptide (38), 
which is approximately 6000 daltons 
larger than the 65,000-dalton protein 
containing p15, p12, p30, and p10. Syn- 
thesis of this precursor protein must be 
initiated at a point around 180 nucleo- 
tides upstream from the amino terminus 
of p15. Since there is no AUG codon 
followed by an open reading frame in this 
region of the viral genome, the gag pre- 
cursor could be made from a processed 
RNA. The COOH-terminus of p10 dem- 
onstrated four additional ammo acids 
that are apparently not present in the 
processed p10 molecules (35). These 
findings suggest COOH-termmal pro- 
cessing of gag gene precursor as well. 

The reverse transcriptase is thought to 
be synthesized via a 180,000-dalton pre- 
cursor protein by a complicated read- 
through mechanism (3941).  This read- 
through protein, which contains prod- 
ucts of the gag and reverse transcriptase 
genes (3941),  is present at low level 
both in vivo and in vitro and can be 
enhanced in vitro by amber (or to  a 
lesser extent by ocher) suppressor 
tRNA's (41). The gag gene ends with an 
amber codon (TAG), which is directly 
followed by another open reading frame 
(Fig. 2). The MSV genome has under- 
gone four deletions at  positions 2746, 
3366, 3402, and 3885 in the helper virus 
region that codes for reverse transcrlp- 
tase. We mapped these deletions by se- 
quencing the corresponding regions of 
the Moloney MuLV genome (Fig. 2). 
These deletions render the polymerase 
gene nonfunctional within the MSV 
genome. 

Heteroduplex analysis has revealed 
that the MSV genome has undergone a 
sequence substitution of approximately 
1.2 kilobases in the region coding for the 
envelope protein, where env gene se- 
quences have been replaced by cellular 
sequences (42). In order to  localize the 
exact point of this recombinational 
event, we sequenced the corresponding 
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regions of the Moloney MuLV genome. 
It was thus possible to localize junction 
points between v-mos and helper viral 
sequences (Fig. 2) (13). Examination of 
the viral RNA strand of v-mos (Fig. 2) 
revealed an open reading frame starting 
with an initiation codon ATG at position 
3871 and terminating with the triplet 
TAA at position 5098. This stretch of 
1227 nucleotides began 16 bases to the 
left of the v-mos-helper viral junction 
and ended 61 nucleotides into helper 
viral sequences to the right of v-mos. 

The region of the MSV genome be- 
tween positions 4890 and 4920 has been 
the most difficult to sequence because of 
the occurrence of short direct and invert- 
ed repeats in close proximity. Sequenc- 
ing of either strand did not appear to give 
the complete sequence of this region; 
analysis of both strands gave a consen- 
sus sequence which incorporated three 
additional nucleotides, not revealed by 
analysis of either strand alone (Fig. 4). 
The consensus sequence deduced from 
these sequencing procedures is given in 
Fig. 2. The sequence of this region dif- 
fers from our earlier results by three 
nucleotides but does not change the 
reading frame (13). This sequence also 
differs from that of Van Beveran et a/. 
(43) by one nucleotide at position 4943. 
The sequence of Van Beveran et a/. 
alters the reading frame of the MSV 
putative transforming gene product, 
such that it terminates within v-mos se- 
quences to the left of the Hind 111 site 
(43). 

The MSV transforming region as de- 
termined here has the coding capacity 
for a protein of 409 amino acids and a 
molecular size of 44,000 daltons. The 
functional product of the MSV trans- 
forming gene has yet to be identified. 
However, in vitro translation of MSV 
RNA has revealed a family of proteins 
with molecular sizes of 43,40,31, and 24 
kilodaltons, whose syntheses were spe- 
cifically inhibited when MSV genomic 
RNA was first annealed with v-mos- 
specific DNA fragments (44). Analyses 
by cyanogen bromide cleavage has fur- 
ther revealed that these proteins are re- 
lated and that their respective sizes cor- 
respond reasonably well with the loca- 
tions of initiator codons within the 1227- 
nucleotide open reading frame (44). 

The mechanism by which the mRNA 
coding for the putative transforming pro- 
tein is generated is not known. However, 
it is known that splicing acceptor sites at 
the 3' end of intervening sequences con- 
tain a pyrimidine-rich nucleotide track 
followed by the dinucleotide 5'-AG-3' 
(32). The MSV genome was found to 
contain such a possible acceptor splice 
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Fig. 4. DNA-sequencing gels in the region between positions 4900 and 4950. The DNA 
fragments were end labeled as described, subjected to base-specific cleavage reactions, and 
analyzed on 0.3-mm thick 10 or 20 percent polyacrylamide gels. (A) Sequence analysis of the 
plus strand (5' end labeled) from Rsa I site at position 4806 to 4809. (B) Sequence analysis of 
plus strand (5' end labeled) from Tha 1 site at position 4924 to 4927. (C) Sequence analysis of the 
minus strand (5' end labeled) from Hinf I site 
at position 4995 to 4999. ( ~ ) ' ~ e ~ u e n c e  analy- 
sis of the minus strand (3' end labeled) from 
Sst 11 site at position 4923 to 4928. Restriction 
enzyme analysis of this region shows the 
presence of an Sst 11 site at position 4923 to 
4928 and a Hae 111 site at position 4937 to 
4940. No Hha 1 or Msp I sites could be de- 
tected in this region. Interpretation of the 
sequence data is given at the right. 

4910 4920 4930 4940 

A) (+ strand) ~TGGGAGGCECGCGGC--G&.GAGGCCG-IGTGCAG 
B) (+ strand) CAGAGG-CG--GTGCAG 

C) ( -  strand) CGACCC-CCGGG-GCCGGACGTCTCCGGCT-CACGTC 

0) ( -  strand) GACGTCTCC-GC-GCACG 

Consensus GCTGGGAGGCCCGCGGCCTGCAGAGGCCGACGTGCAG 
Sequence CGACCCTCCGGGCGCCGGACGTCTCCGGCTGCACGTC 

point at position 3776. In addition, two 
promoter-like sequences were found at 
positions 3562 to 3567 and 3722 to 3728. 
Thus the functional mRNA coding for 
the MSV transforming protein could be 
independently transcribed or could be a 
product of splicing. Findings that the 
MSV transforming gene can function ef- 
fectively in subgenomic MSV DNA frag- 
ments (3-5) have indicated that tran- 
scription can be initiated in the absence 
of the 5' LTR. Thus, by whichever 
mechanism it is normally transcribed, 
the MSV transforming gene may not 
require a spliced message for it to func- 
tion. 

Toward the right end of the MSV 
genome, we observed a cluster of se- 
quences rich in A + T which included 
eight base pairs at positions 5204 to 521 1, 
followed by an inverted repeat of the 
same sequence at positions 5214 to 5222. 
The inverted repeats contained the poly- 
adenylation signal 5'-AATAAA-3'. This 
signal at position 5205 to 5210 preceded 
the dinucleotide CA in position 5228 by 
18 base pairs, which is a preferred site 
for polyadenylation. These signals might 
serve as terminators for the transcription 
of v-mos mRNA. This CA dinucleotide 
was followed 14 bases later by the right 
LTR of MSV genome whose features 
have been described above. 

The complete nucleotide sequence of 

the MSV genome presented here, taken 
together with available information con- 
cerning viral transcripts and proteins, 
makes possible a much more detailed 
understanding of the structure and func- 
tion of the transforming retrovirus 
genome. We presented the sequence of 
the MSV genome for the purpose of 
convenience as it occurs in the linear 
proviral genome. However, the genome 
that we analyzed was a covalently closed 
circle, whose two LTR's appeared in tan- 
dem. The sequence at the LTR junction 
site was determined to be GGGGTC- 
T'ITCATITAATGAAAGACCCC. Com- 
parison of this sequence with that of the 
viral-cellular junction sequence of inte- 
grated MSV (11) indicates that during 
integration there is a loss of nucleotides 
TTTAA from the termini of LTR's dur- 
ing proviral integration. This loss of se- 
quences in the process of integration 
demonstrates another important struc- 
tural analogy of retroviruses to transpos- 
able elements, which also suffer a dele- 
tion of a few dinucleotides during inte- 
gration (8). Their similarity to transpos- 
able elements is consistent with the pos- 
sibility that retroviruses have evolved 
from small movable cellular genetic ele- 
ments. 

The genomes of prokaryocytes such as 
bacteriophage h contain certain regions 
termed "hot spots," which promote re- 



combination (45). Abelson MuLV, like 
MSV, originated by recombination of 
Moloney MuLV with a mouse cell-de- 
rived transforming gene (46). Surprising- 
ly, during the generation of Abelson 
MuLV and MSV, the Moloney MuLV 
genome appears to have undergone re- 
combination at  the same point with two 
different cell-derived genes (47). These 
findings suggest that "hot spots" for 
recombination exist within the retrovirus 
genome and have also played a crucial 
role in their evolution. 

Our sequence data here demonstrate 
that recombination between c-mos and 
helper viral sequences has occurred in 
the middle of two functional codons of 
the c-mos gene. Hence v-mos lacks regu- 
latory signals for its transcription and 
translation. To render such an incom- 
plete gene biologically active, the helper 
virus has provided this gene with tran- 
scriptional promoter and terminator sig- 
nals as  well as  the initiating and terminat- 
ing codons for translation. Recent find- 
ings have shown that molecularly cloned 
c-mos can be rendered biologically ac- 
tive as  a transforming gene by the addi- 
tion of the helper virus LTR (3). Detailed 
structural comparisons of v-mos and c- 
mos,  as well as  analysis of c-mos flank- 
ing sequences, may provide insights as  
to how c-mos might be transcriptionally 
activated in naturally occurring tumors. 
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An Efference Copy Which is Modified by Reafferent Input 

Abstract. In electricpsh of the mormyrid family, an efference copy is present in the 
brain region that receives afferent input from ampullary electroreceptors. The 
efference copy is elicited by the motor command topre the electric organ. Its effect is 
always opposite that of ampullaty afferents responding to the electric organ 
discharge, and it changes to match variations in this afferent input. It probably 
reduces the central effects of activity in ampullary receptors evoked by the electric 
organ discharge. 

The motor behavior of an animal will 
normally elicit activity in its own recep- 
tors and sensory afferents. This self- 
induced sensory input was termed reaf- 
ference by von Holst and Mittelstaedt 
( I ) .  An animal must always distinguish 
between such reafferent input and senso- 
ry input from external sources. Behav- 
ioral experiments of von Holst and Mit- 
telstaedt ( I )  and Sperry (2) suggested 
that the problem is solved by signals 
from motor centers to sensory receiving 
areas; these signals prepare such areas 
for the expected reafference. Such sig- 
nals were termed "efference copies" by 
von Holst and Mittelstaedt and "corol- 
lary discharges" by Sperry. Effects of 
motor commands on sensory centers 
have since been seen physiologically in a 
variety of preparations (3-6). 

In many sensory-motor systems, reaf- 
ferent input must be nullified to prevent 
inappropriate reflexes or interference 
with detection of external sources of 
stimulation. In the lateral line system of 
fish and amphibia (4),  the crayfish es- 
cape response (3),  or  the knollenorgan 
electroreceptor afferents in mormyrids 
(5),  the motor command briefly inhibits 
the expected reafference. Such a simple 
inhibition does not seem functionally 
useful, however, when the effects of the 

motor act are complex and of long dura- 
tion. Von Holst and Mittelstaedt (I) and 
Sperry (2) argued that the inhibition of 
the reafference during voluntary move- 
ment could not explain their results. 
They inferred instead that a kind of nega- 
tive image of the expected reafference is 
conveyed to the sensory centers. Such 
an image could be excitatory, inhibitory, 
or both. When summed with the actual 
sensory input, the result is a nulling or 
reduction of the effect of the reafference. 
This report describes an efference copy 
of the latter type in electric fish. 

There are three distinct types of elec- 
troreceptors in mormyrids: mormyro- 
masts, knollenorgans, and ampullary re- 
ceptors (7). All three types respond, with 
different time courses, to  the electric 
organ discharge (EOD). However, only 
the responses of mormyromasts seem to 
be involved in measuring object-induced 
distortions in the electric field created by 
the EOD, that is, in active electroloca- 
tion (7-9). Knollenorgans probably assist 
in detecting the EOD's of other fish, that 
is, in communication. Ampullary recep- 
tors in mormyrids, like similar receptors 
in catfish or sharks, measure the low- 
frequency external electric fields gener- 
ated by other aquatic animals (10). Affer- 
e n t ~  from the three types of electrore- 

450 0036-807518111023-0450$01.0010 Copyright 8 1981 AAAS SCIENCE, VOL. 214, 23 OCTOBER 1981 




