
Nucleotide Sequence of SRV-1, a Type D Simian 
Acquired Immune Deficiency Syndrome Retrovirus 

Simian acquired immune deficiency syndrome (SAIDS) in the macaque genus of 
monkeys at the California Primate Research Center is apparently caused by infection 
by a type D retrovirus. The complete nucleotide sequence (8173 base pairs) of a 
molecular clone of the prototype SAIDS virus isolate, SRV-1, reveals a typical 
retrovirus structure with long terminal repeats (346 base pa+) and open reading 
frames for t h e g a ~  (663 codons),pol(867 codons), and env (605 codons) genes. SRV-1 
also has a separate open reading frame of 3 14 codons between thegag and pol genes 
that defines the viral protease gene @rt) and a short open reading frame of unknown 
significance downstream from the e m  gene. The SRV-1 protease region shows a high 
degree of homology to its counterpart in the hamster intracisternal A-type particle 
genome; both these protease genes are about twice as long as the analogous region of 
other retroviruses. SRV-1 has no notable similarity in either genetic organization or 
sequence to the human AIDS retroviruses. 

S IMIAN ACQUIRED IMMUNE DEFI- 

ciency syndrome (SAIDS) in rhesus 
macaques at the California, Oregon, 

and Washington Primate Research Centers 
has been etiologically linked to a type D 
retrovirus related to but distinct from the 
Mason-Pfizer monkey virus (MPMV) (1- 
3).  The prototype SAIDS retrovirus was 
called SRV-1, and strain variations at the 
different research centers have been defined 
on the basis of serology and restriction 
enzyme patterns ( 1 4 ) .  Although genetical- 
ly unrelated to the retroviruses that cause the 
acquired immune deficiency syndrome 
(AIDS) in humans (5) and less restricted in 
cell tropism (3), SRV-1 infection leads to a 
depletion of both B- and T-lymphoid cells 
and a pathology closely resembling that of 
terminal AIDS (2, 6). SRV- 1 is also unrelat- 
ed to simian T-cell Iymphotropic retrovirus 
type I11 (STLV-111), which may be causally 
associated with lymphoma and immunosup- 
pression in macaques at the New England 
Primate Center ( 7 ) .  Serological evidence has 
excluded STLV-I11 as the etiological agent 
of SAIDS at the California Primate Re- 
search Center and has confirmed the strong 
association with SRV- 1 (8). Furthermore, 
SRV- 1 has now been molecularly cloned, 
and the cloned virus has induced SAIDS (5). 
To understand better the pathogenic role of 
these viruses and to provide information 
useful for development of therapeutic and 
preventative measures for SAIDS, we deter- 
mined the complete nucleotide sequence of 
the SRV-1 provirus and compared its genet- 
ic organization with that of other retrovi- 
ruses. 

SRV- 1 was molecularly cloned in bacteri- 
ophage h (L47.1) from the unintegrated 
circular proviral DNA containing two long 
terminal repeats (LTR's) (5). Figure 1 
shows the complete nucleotide sequence. 

The SRV-1 provirus is 8173 base pairs (bp) 
long. Its overall structure resembles +at of 
other retroviruses with sequences encoding 
viral proteins flanked by LTR sequences. 
Four long open reading frames and one 
short open reading frame are identified in 
the viral DNA (Fig. 2).  

Retroviral LTR's contain sequences that 
function in synthesis of viral DNA, integra- 
tion, and viral gene expression (9, 10). In 
some retroviruses, an open reading frame 
may extend into the rightward proviral LTR 
(1 1-17). The SRV-1 LTR is 346 bp in size. 
An inverted repeat of 5 bp (TGTCC) is 
located at each end (Fig. 1, underlined 
region); the dinucleotide TG in the inverted 
repeat is also found at the boundaries of all 
other retroviral LTR's (9, 18). Most other 
retroviruses have the dinucleotide AA up- 
stream of the inverted repeat, but SRV-1 
has CC (10, 19) (Fig. 1). Upstream of the 
rightward LTR, at position 7814 to 7823, is 
the polypurine tract (AAAAGGGTGA) that 
is involved in initiation of plus-strand viral 
DNA synthesis (9). Downstream of the 
leftward LTR is a 14-bp nucleotide se- 
quence (position 351 to 364) that is com- 
plementary to the 3' stem region of 
tRNAky (tRNA transfer RNA) (Fig. 1, 
overlined region); viral minus-strand DNA 
synthesis is primed by a tRNA molecule (9). 
A tRNAtYS species is the primer for the 
human AIDS retroviruses (14-13, visna 
virus (19), and the mouse mammary tumor 
virus (MMTV) (11). A putative Goldberg- 
Hogness box (TATA) for promoting tran- 
scription (20, 21) is found In the sequence 
TATATAA (position 210) ~mderllned in 
Fig. 1. Many eukaryotic promoters have a 
CAAT or GAAT box upstream of the TATA 
box (18); in the SRV-1 LTR the sequence 
GAAT is found at position 119 to 122. 
The sequence AATAAA for addition of 

poly(A)+ tails, which occurs most common- 
ly jn eukaryotic genes and viruses (22), is 
not found in the SRV-1 LTR. However, a 
putative poly(A)' signal sequence, AT- 
TAAA, is found 18 bp downstream of the 
TATA box (Fig. 1). Sequencing of viral 
RNA will be required to verify this and to 
identify the cap site. Sequencing of viral 
RNA will also, permit delineation of the 
LTR into the domains designated U3, R, 
and U5 (9). There are no large (> lo  bp) 
direct repeats in the SRV-1 LTR. Similarly, 
the enhancer core sequence [TGGLLLG, 
where L is either A or T (23)] was not 
observed. Functional assessments will be 
necessary to delineate enhancer activig in 
the LTR and to examine alternative ele- 
ments that may play a role in the regulation 
of viral transcription [such as SP-1 'binding 
sites (24)l. Little homology was apparent 
when the SRV-1 LTR was compared with 
other retroviruses and transposons. 

The first large open reading frame initiat- 
ing with an ATG codon at'position 503 
encodes a a a 5  precursor polypeptide con- 
taining 663 amino acids (Fig. 1). This ATG 
codon is favorable for initiation because 
purines are found two bases upstream'and 
three bases downstream from the A of the 
start codon (25). The second amino acid, 
glycine, is also the second amino acid in the 
j a 5  precursors of many other retror riruses. ' 

During viral morphogenesis, t h e g q  precur- 
sor polypeptide is cleaved into several small- 
er polypeptides that are found in the core of 
the mature virus particle (26). MPMV, a 
closely related type D retrovirus sharing 
significant homology with SRV-1 (2, 3), 
has been shown to encode a 78-kilodalton 
5a5 precursor (Pr78@g) that is processed 
into six polypeptides identified as plQ, pp18 
(phosphoprotein), p12, p27, p14, and' p4 
(27, 28). Amino acid sequencing analyses of 
the amino termini of five MPMVaaa poly- 
peptides (27) permitted localization of ap- 
parently similar proteolytic processing sites 
in SRV-1 (Fig. 1).  The greatest degree of 
homology of SRV- 1 with other retroviruses 
in t h e ~ a f l  gene is in p14, the nucleic acid- 
binding protein (29). 

The second large open reading frame has 
the capacity to encode a predicted polypep- 
tide of 314 amino acids (Fig. 1). $5 judged 
from its position in the genome and its 
homology with other retroviruses (30, 31) 
and cellular proteases (31), this open read- 
ing frame encodes the viral protease gene 
[Fig. 3).  SRV-1 is organized in this area of 
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PhePheAspPheValLysAspThrCysPruTrpPheProGlnGl uG lyTh r l l eAsp l l eL~sAryT rpAryAryVa lG lyAspCysPheG lnAspTy rTy rAsnTh rPheG l~ProG lu  
601 G T T T T T T W ~ T T T T G T A A A G G A T A C T T G T C C T T G G T T T C C G C R A G A G G G A A C C A T A G A T A T C A A A A G G T G G C G T A G A G T A G G C G A T T G T T T C C A A G A T T A T T A T A A T A C T T T T G G C C C T G A  

LysValProValThrAlaPheSerTyrTrpAsnLeulleLysGluLeulleAspLysLysGluValAsnProGlnValMetA1aAlaValAlaGlnThrGluGlulleLeuLysThrSer 
721 G A A A G T C C C A G T A A C T G C C T T C T C A T A C T G G A A T T T A A T T A A A G A A T T G A T A G A T A A G A A A G A A G T T A A C C C A C A A G T A A T G G C T G C C G T G G C T C A A A C T G A A G A A A T C T T A A A A A C T A G  

SerHisThrG1uLeuThrThrLysProSerG1nAsnProAspLeuAspLeul leSerLeuAspSerAspAspGluGlyAlaLysGlySerSerLeuLysAspLysAsnLeuSerCysThr  
841 T T C T C A T A C A G A G C T T A C A A C A A A G C C L T C C C A A A A T C C A G A C T T G G A C C T T A T T T C T C T T G A T A G T G A C G A T G A A G G A G C T A A A G G T T C C T C C C T A A A A G A T A A A A A T T T A T C A T G T A C  

pp18-> 
LysLysP roLysA rgPheProVa lLe~Le~Th rA laG1nTh rSe rA laAspProG luAspProAsnProSe rG luVa lAspT rpAspG lyLeuG1uAspG luA1aA laL~sT~ r~ l sA~n  

9 b l  T A A A A A G C C A A A A A G A T T C C C A G T T C T A T T A A C A G C A C A A A C T A G T G C G G A C C C T G A G G A C C C C A A C C C C T C A G A G G T A G A C T G G G A C G G A T T A G A G G A T G A G G C A G C A A A A T A T C A T A A  

p12 ->  
P r o A s p T r p P r o P r o P h e L e u T h r A r y P r o P r o P r o T y r A s n L ~ s A l a T h r P r o S e r A l a P r o T h r V a l M e t A l a V a l V a l A s n P r o L y s G l u G l u L e u L y s G l L s l l e A l a G l n L e  23d 

1081 T C C C G A T T G G C C T C C C T T C C T A A C C C G T C C A C C T C C T T A T A A T A A A G C C A C T C C T T C C G C A C C C A C T G T A A T G G C G G T T G T T A A T C C A A A A G A G G A A T T A A A A G A G A A G A T T K T C A A T T  

? - 
H i  sTrpProGlyGlnHls11eProLy~GlyLysCysCysAlaSerAryGluLysGluGluG1nThrProLysAspllePheProValThrGluThrValAspGl~GlnGlyGlnAlaTr~ 318 

1321 T C A C T G G C C G G G G C A A C A T A T C C C i R A A G G A A A A T G C T G C G C C A G T C G A G A A A A G G A A G A A C A A A C C C C A A A A G A T A T T T T C C C A G T A A C T G A A A C T G T C G A T G G G C A G G t i T C A A G C C T G  

A r y H i s H l s A s n G l y P h e A s p P h e T h r V a l  l l e L y s G l u L e u L y s T h r A l a A l a S e r G l n T y r G l y A l a T h r A l a P r o T y r T h r L e A l a l l e V a l G l S e r V a l A l a A s p A s n T r p L u  318 
1441 G A G G C A C C A T A A T G G T T T T G 4 T T T T A C C G T C A T A A A A G A A T T A A A A A C G G C T G C C T C T C A A T A T G G G G C T A C T G C C C C A T A C A C A T T A G C C A T A G T A G A A T C T G T A G C G G A C A A T T G G C T  

Th rP roTh rAspT rpAsnTh rLeuVa lA ryA laVa lLeuSe rG l yG l yAspH isLeuLeuT rpLysSe rG lPhePheG luAsnCysAryG lTh rA laLysA rgAsnG1~GInA laG l y  398 
! 5 b l  T A C C C C T A C A G A T T G G A A T A C A C T T G T T A G G G C A G T C C T C T C A G G A G G A G A T C A T T T A C T A T G G A A A T C T G A G T T T T T T G A A A A T T G T A G A G A A A C G G C T A A A A G A A A T C A A C A A G C C G G  

LysLeuProValLysGlyAspProGlyAlaSerLeuThrGlyValLysGlnGlyProAspGluProPheA1aAspPheValH~sArgLeulleThrThrAlaGiyAryIlePheGlySer 41r 
1801 A A A A C T T C C C G T T A A G G G A G A C C C A G G A K T T C C C T T A C A G G A G T C A A A C A A G G A C C C G A T G A G C C A T T T G C A G A T T T T G T A C A C A G A C T T A T A A C A A C T G C T G G G A G A A T T T T T G G A A G  

AlaG1 uAIaGlyValAspTyrValLysGlnLeuA1 a T y r G l u A s n A I a A s n P r o A 1  aCysGlnA laA la l l eA ryProTy rArgLysLysThrAspLeuThrG lyTy r l l eA ryLuCys  518 
1921 T G C T G A G G C T G G T G T A G A C T A T G T A A A A C A A C T A G C A T A T G A A A A C G C T A A T C C A G C C T G T C A G G C A G C C A T C C G C C C C T A T A G A A A G A A A A C A G A T T T A A C T G G C T A C A T C C G C C T T T G  

G l yA rgLysG lyH lsPheA ia i ysAsnCysH lsG iuH ls l l eH i sAsnAsnSerG luTh rLysA laProG lyLeuCysProArgCysLysAryG lyLysHsTrpA laAsnG lCysLys  598 
2161 C G G G A G M A A G G A C A T T T T G C A A A A A A T T G T C A T G A A C A T A T A C A T A A C A A T T C T G A A A C A A A G G C T C C T G G A C T C T G T C C C A G G T G T A A A A G A G G G A A A C A T T G G G C C A A T G A A T G C A A  

nd., 

AsnProPheGlnSerLeuProGluProProGlnGluValGlnAspTrpThrSerValProProProThrGlnTyrOC 
G lnPro l l eSe rLysLeuThrA ryA laTh rP roG lySe rA laG lyLeuAspLeuSerSe rTh rSe rH lsTh rVa lLeuTh rP roG luMe tG lyP roG inA laLeuSerTh rG iy l l eTy~  75 

r 
2401 C A A C C C A T T T C A A A G C T T A C C A G A G C C A C C C C A G G A A G T G C A G G A T T G G A C C T C A G T T C C A C C T C C C A C A C A G T A T T R A C A C C G M A A T G G G G C C C C A A G C G T T A A G C A C T G L A A T A T A T  t 

GlyProLeuProProAsnThrPheGlyLe~IleLeuGiyArySerSer1leThrlleLysGlyLeuGlnValTyrProGlyVal IleAspAsnAspTyrThrGlyGlulleLysIleMet 115 
2521 GGKCCCTACCTCCCAACACTTTTGGATTAATCTTAGGCAGAAGTAGCATTACTATAAAAGGTCTACAAGTTTATCCAGGAGTAATTGATAATGACTATACTGGGGAAATTAAAATAATG 

l l eLysLeuG luAspTrpProProAsnTrpPro l l eTh rAspTh rLeTh rAsLeArgG ly1 leG lyG lnSe rAsnAsnProLysG lnSerSe rLysTy rLeTh rT rpAryAspLys  235 
2881 A T C A A G C T A G A G G A C T G G C C T C C T A A T T G G C C T A T A A C A G A T A C C T T A A C C A A T T T A A G A G G T A T A G G A C A A A G C A A C A A C C C T A A G C A A A G T T C T A A A T A T C T T A C T T G M G A G A T A A A  

G l u A s n A s n S e r G l y L e u  I I e L y s P r o P h e V a l  I l eP roAsnLeuProVa lAsnLeuT rpG lyA ryAspLeuLeuSe rG lMe tLys  1 e M e t M e t C y s S e r P r o S e r A s p l e V a l  T h r  275 
3001 G A A A A T A A T T C T G G T C T C A T T A A A C C G T T T G T T A T T C C T A A T T T A C C T G T C A A C C T T T G G G G C A G A G A T C T C C T T T C T C A A A T G A A A A T T A T G A T G T G T A G T C C T A G T G A C A T A G T C A C T  

A l a G l  nMetLeuAlaGlnGlyTyrSerProGlyLysGlyLeuGlyLsAsnG1uAsnGlylleLeuHi s P r o l I e P r o A s n G 1  nGlyGlnPheAspLysLysGiyPheGlyAsnPheOC 3 1 3  
GInlysGly l leTrpLysPheLeuThr Y 

3121 K C C A A A T G T T A G C C C A A G G C T A C A G C C C C G G A A A A G G A T T A G G A A A A A A C G A A A A T G G C A T T C T A C A T C C T A T C C C A A A T C A A G G A C A A T T T G A C A A A A A G G G A T T T G G A A A T T T T T A P .  P 
A l a A l a l l e A s p M e t L e u A l a P r o G 1 n G 1 n C y s A l a G l u P r o l l e T h r T r p L y s S e r A s p G l u P r o V a l T r p V a l A s p G l n T r p P r o L e u T h r S e r G l u L y s L e u A i a A l a A l a G 1 n G l  n 4 3  0 

3241 C T G C G G C C A T T G A C A T G C T T G C A C C C C A A C A G T G T G C T G A A C C C A T C A C G T G U A A T C A G A C G A A C C T G T C T G G G T T G A T C A G T G G C C A T T A A C C A G T G A A A A A C T T G C T G C T G C C C A A C  

V a l A s n A l a T h r M e t V a l L e u M e t G l y A l a L e u G l n P r o G l y L e P r o S e r P r o V a l A l a l e P r o G l n G l y T y r L e L y s 1 l e l l e ! l e A s p L e L y s A s p C y s P h e P h e S e r l e P r o  129 
3481 C C G T T A A T K C A C T A T G G T A T T A A T G G G A G C T T T A C A A C C T G G A T T G C C C T C T C C G G T G G C T A T C C C A C A A G G G T A T C T T A A A A T A A T T A T T M T C T C A A A G A T T G T T T C T T T T C T A T T C  

C ~ s P h e A s p G l n L e u L y s G l n G 1 u L e u T h r l l e A l a G l y L e u H l s l l e A l a P r o G l u L y s l l e G l n L ~ u G l n A s p P r o T ~ r T h r T ~ r L e u G l ~ P h e G l u L e u A s n G l ~ P r o L ~ s I l e T h r  249 
3841 A A T K T T T M T C A G C T C A A A C A A G A A T T G A C T A T A G C C G G G T T A C A T A T A G C C C C A G A A A A A A T T C A A C T A C A A G A C C C C T A C A C G T A T T T A G G A T T T G A A C T T A A T G G T C C A A A A A T C A  

A s n G l n L y s A l a V a l  i l eA rgLysAspLysLeuG lnTh rLeuAsnAspPheG lnLysLeuLeuG lyAsp l l eAsnT rpLeuArgP roTy rLeuLysL~~Th rTh rA laAspL~uLysP ro  2H9 
3961 C T A A T C A A A A G G C A G T T A T T C G T A A A G A T A A G T T G C A A A C T C T T A A T U C T T T C A A A A G C T T T T A G G A G A C A T C A A T T G G C T C C G A C C A T A C C T G A A A C T C A C T A C T G C A G A T T T A A A A C  

Fig. 1. Nucleotide sequence of SRV-1 DNA. Unintegrated DNA of SRV-1 SRV-2 genome in this region indicated that no viral sequences were lost at 
was molecularly cloned in a bacteriophage h vector (5) .  Both strands of the the Bam HI site during molecular cloning (40). The figure shows the 8173 
virus were sequenced with overlapping m13 clones. DNA from viral nucleotides composing the SRV-1 proviral DNA. Nucleotides are numbered 
supercoils was cloned into bacteriophage at the Bam HI site in the center of at the beginning of each line, and amino acids are numbered at the end of 
thepfl region (5) .  Comparisons of the sequences of the highly homologous each line. The predicted amino acid sequences for thegag, pe, pol, and env 
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L e u P h ~ A s p T h r L e u L y s G l y A s p S e r A s n P r o A s n S e r H ~ s A r g S e r L e u S e r L y s G l u A l a L e u A l a L e u L e u A s p L y s V a l G l u T h r A l a l l e A l a G l u G l n P h e V a l  h i  I 329  
4081 C T T T A T T C G A C A C C C T T A A A G G A G A C T C T A A T C C C A A T T C T C A T A G A T C T T T A T C A A A A G A A G C T C T T G C C T T A C T T M T A A A G T A G A A A C A G C C A T T G C A G A A C A A T T T G T T A C T C A C A  

AsnTyrSerLeuProLeuMetPheLeuilePheAsnThrAlaLeuThrProThrGlyLeuPheTrpGlnAsnAsnProlleMetTrpValHlsLe~rProAlaSerProLysLysValLe~~ 369  
4201 TAAATTATTCATTACCATTAATGTTTCTCATATTTAACACAGCCCTGACGCCCACTGGTTTATTTTGGCAGAATAATCCTATTATGTGGGTCCACCTGCCTGCATCCCCTAAAAAGGTAT 

LeuProTyrTyrAspAlalleAlaAspLeullelleLeuGlyArgAspHisSerLysLysTyrPheGly1leGluProSerValllelleGlnProTyrSerLysSerGlnlleAspTrp 409  
TACTCCCCTATTACGACGCTATAGCAGATTTAATCATACTAGGAAGAGACCATAGTAAAAAATACTTTGGAATTGAACCCTCCGTAATCATACAGCCATACTCTAAGTCTCAAATTMTT 

LeuMetGlnAsnThrGluMetTrpProlleAlaCysAlaSerTyrValGlylleLeuAspAsnHisTyrProProAsnLysLeulleGlnPheCysLysLeuHisAlaPhellePhePro 449  
4441 GGCTGATGCAAAACACTMAATGTGGCCAATTGCCTGTGCCTCTTATGTTGGCATCCTAGATAACCATTACCCACCTAACAAGCTTATCCAATTCTGCAAATTACATGCCTTTATrTTCC 

GlnllelleSerLysThrProLeuAsnAsnAlaLeuLevValPheThrAspGlySerSerThrGlyMetAlaAlaTyrThrLeuAlaAspThrThrlleLysPheGlnThrAsnLeuAsn 489  
4561  CTCAAATCATTAGTAAAACGCCCTTAAACAATGCTTTATTAGTTTTTACTGATGGCTCTTCCACTGGAATGGCCGCATATACTCTTGCTGATACTACCATCAAATTTCAAACTAATCTTA 

Val  A l a G l n l l e L y s H i  slleSerGluThrAlaLysLeuPheLeuGlnCy~GlnGlnLeuIleTyrAsnArgSerlleProPheTyrlleGlyHi sVa l  A rgA laH i  sSe rG lyLeuPro  569 
4801 C T G T A G C A C A A A T T A A A C A C A T A T C A G A A A C A G C A A A G C T T T C C T C G T C C C T C T C C T C C T C C C C C C C T C T C C T A C  

G l y P r o l l e A l d H i  sGlyAsnGl  nLysAlaAspLeuAlaThrLysThrVdlAldSerAsnlleAsnThrAsnLeuGluSerAl aG lnAsnA ldH i  sTh rLeuH i  sH i sLeuAsnA ldG ln  609  
4921 CTGGACCTATAGCCCACGGCAACCAAAAGGCTGACTTGGCAACTAAAACCGTGGCTAGCAACATAAACACAAACCTCGAATCGGCTCAAAATGCTCATACCTTACATCATCTCAATGCCC 

ProAsnMetlleTrpG1nMetAspValThrHisTyrSerG1uPheGlyAsnLeuLysTyrlleHisVdlSerlleAspThrPheSerG1yPheLeuLeuAldThrLeuGlnThrGlyGlu 689 
5161 TKCCAACATMTTTGGCAAATGGACGTTACACATTACTCCGAATTTGGTAATTTAAAATATATACATGTTTCTATAGATACCTTCAGTGATTCCTATTAGCCACTCTACAGACAGGAG 

T h r T h r L y s H i  sVa1 IleThrHisLeuLeuHisCysPheSerIlelleGlyLeuPrLysGlnlleLysThrAspAsnGlyProGlyTyrThrSerLysAsnPheGlnGl uPheCysSer 729 
5281 AAACAACAAAACATGTCATAACCCATTTACTTCATTGCTTCTCTATTATTGGACTCCCTAAACAAATAAAAACAGATAACGGTCCTGGATACACCTCCAAAAATTTTCAAGAATTCTGCT 

ProThrLysGlyThrProArgA~nl leLeuAsnH~sAlaLeuPheI leLeuAsnPheLe.uAsnLeuAspAspGlnAsnHisSerA1aAlaAspArgPheTrpHisSerAsnProArgLys 809 
5521 ACCCTACGAAGGGTACCCCCAGGAACATTCTCAATCATGCACTCTTTATTCTAAATTTTTTAAATTTGGATGATCAAAACCACTCAGCAGCTGATCGTTTTTGGCATAGCAACCCCAGAA 

G 1 n P h e A l a M e t V a l L y s T r p L y s A s p P r o L e u A s p A s n T h r T r p P r o T r p P r o A s p P r o V a l I l e l l e T r p G l y A r g G l y S e r V d l C y s V a l T y r S e r G l n T h r H 1 s A s p A l a A l a A r g  8a9  
5641  AACAATTTGCCATGGTAAAATGGAAAGATCCACTAGACAATACGTGGCCATGGCCTGATCCAGTGATAATTTGGGGCAGAGGTTCAGTCTGTGTTTACTCTCAAACCCATGATGCCGCTA 

T rpLeuProG l  uArgLeuValLysGlnIleProAsnAsnAsnGlnSerArgGlu0P ( g p 7 0 - > )  
P r o l l e G l n G l y V a l l l e L e u S e r L e u A r g L e u P r o P h e P r o L e u L e u T h r G l u M e t A s n P h e A s n H ~ s H ~ s P h e T h r  26 

5761 GATGGCTACCAGAACGACTAGTAAAACAAATACCTAACAATAACCAATCCAGGGAGTGATTCTCTCCCTGAGATTGCCTTTTCCTTTGCTCACAGAGATGAACTTCAATCATCATTTCAC e - 
TrpSerLeuValIlelleSerGlnllePheGlnValGlnAlaGlyPheGlyAspProArgGluAlLeuLeuGlu1leGlnGlnLysHisGlyLsProCysAspCysAldGlyGlyTyr 66 

5881 ~ ~ G G A G ~ T T A G T G A T A A T A T ~ T ~ A A A T A T T ~ ~ A A G T T ~ A A G ~ ~ G G T T T T G G A G A T ~ ~ G ~ G ~ G A G G ~ ~ ~ T ~ ~ T A G A G A T A ~ A A ~ A A A A A ~ A T G G T A A G ~ ~ T T G T G A ~ T G T G ~ T G L A G G A T ~  n 
ValSerSerProProThrAsnSerLeuThrThrValSerCysSerThrTyrThrAlaTyrSerValThrAsnSerLeuLysTrpGlnCysVa1SerThrPrnThrThrAlaS~rPrnThr 106 V 

6001 TGTTTCCAGTCCACCTACTAATTCCCTTACAACTGTCTCATGCTCTACTTATACTGCTTATTCAGTAACCAACTCCCTAAAGTGGCAGTGTGTGTCTACTCCCACTACAGCCAGCCCCAC 

I l eA rgAspLysSerProSerSerG lyAspGlyAsnVa l  ProThrIleLeuGlyAsnAsnGlnAsnLeullelleAlaGlyCysProGluAsnLysLysGlyGlnVdlVdlCysTrpAsn :8b 
6241 GATTAGAGACAAATCTCCCTCCAGTGGTGACGGGAACGTCCCTACAATATTAGGATAATCAAAACCTCATTATAGCAGGCTGTCCCGAAAATAAAAAGGGCCAAGTGGTTTGCTGGAA 

TrpLeuCysLeuArgSerGlyAspProVdlProLeuAlaLeuProTyrAspAsnThrSerCysSerAsnSerThrPhePhePheAsnCysSerAsnCysSerCysLeuI leThrProPro 306 
6601 CTGGCTGTGCTTGCGGTCAGGTGATCCCGTTCCTCTCGCCCTGCCTTATMTAACACATCCTGCTCTAACTCAACCTTTTTCTTTAATTGCTCTAATTGCTCTTGCCTTATCACCCCCCC 

PheLeuVa lG lnProPheAsnPheThrH isSerVa lCysLeuTy rA1aAspTy rG lnAsnAsnSerPheAsp l l eAspV lG lyLeuA ldG lyPheThrAsnCysSerSerTy r leAsn  346 
6721 T T T C T T A G T A C A G C C C T T T P A C T T C A C T C A T T C T G T T T G C C T T T A C G C T G A T T A T C A A A A C A A C T C A T T T M C A T A G A T G T A G G T C T A G C T G G C T T C A C T A A T I G C T C T A G T T A T A T T A A  

I l eSerLysProSerSerProLeuCysA laProAsnSerSerVa lPheVa lCysG lyAsnAsnLysA laTy rTh rTy rLeuProThrAsnTrpThrG lySerCysVd lLeuA ldThrLeu  386 
6841  TATTTCTAAACCCTCCAGTCCCTTATGCGCCCCAAATAGCTCAGTTTTTGTATGCGGTAATAACAAGGCATACACTTATCTACCCACAAATTGGACGGGAAGCTGTGTACTTGCTACTCT 

f on?n., 
\ - r - "  , 

LeuProAsplleAspIlelleProGlySerGl uProVa l  P r o I l e P r o A l a l l e A s p H i  sPheLeuGlyArgProLysArgA1 d l l e G l n P h e l l e P r o L e u V d 1  1 l e G l y L e u G l y 1 l e  426  
6961  TTTACCCMTATAGACATTATTCCAGGTAGTGAACCTGTCCCCATTCCAGCTATAGATCATTTTTTAGGTAGACCCAAAAGAGCAATCCAGTTTATTCCCCTAGTCATAGGATTAGGTAT 

ThrThrAlaValSerThrGlyThrAlaGlyLeuGlyVal Se rLeuTh rG l  nTy rTh rLysLeuSerH i  sG lnLeu l l eSe rAspVa lG1  nAl  a l l e S e r S e r T h r l l e G l n A s p L e u G l n  466  
7081 AACTACTGCAGTATCTACCGGGACTGCTGGTCTGGGGGTTTCCCTCACTCAATACACAAAATTGTCTCACCAACTAATATCAGATGTACAAGCTATTTCTAGTACTATACAAGATCTCCA 

ProLeuLe~iGlyProLeuLeuCysLeuLeuLeuVal  LeuSerPheGlyProllellePheAsnLysLeulletThrPhelleLysHisGlnlleG1uSerlleGlnAldLysProlleGln 586 
7441  GCCTCTATTAGGCCCTTTACTTTGCTTACTGCTTGTGTTATCTTTCGGACCAATTATCTTCAATAAGCTTATGACTTTTATTAAACATCAAATCGAGAGCATTCAAGCCAAACCTATACA 

Val  Hi s T y r H i  sArgLeuG1 uGlnG1 ~AspH isG lyG lySerTy rLeuAsnLeuThrAM 
7561 GGTCCATTATCATCGCCTTGAACAAGAAGACCATGGTGGCTCATATTTAAACTTAACATAGACCACCTCCCCTGCGAGCTAAGCTGGACAGCCAATGACGGbTAAGAGAGTGACATTTTT 

7681 CACTAACCTAAGACAGGAGGGCCGTCAGAGCTACTGCCTAATCCAAAGACGGGTAAAAGTGATAAAAATGTATCACTCCAACCTAAGACAGGCGCAGCTTCCGAGGGATTTGTCGTCTLT  

U3-, 
7801 TTTATATATATTTAAAAGGGTGACCTGTCCGGAGCCGTGCTGCCCGGATGATGTCTTLKCTCTGTTTGCTCTAGCTCTACGCTTAAGATTCAAGATGGCGAACTTCCTGGTTCTTCTC T 

7921 G T G T T G C T T T C C C G C C G G C G C G A A T G T T T C C C G C T C T T A G G C T T A C G T G G C T T T C C C A G T T C T G C A G T T G A G C A T G C G C C C A G T A C T T C T C C C C T C C C A C T T A C T G C C T 6 T 6 T A T A T A A G  
L 

8041  A C A A C G C A T T K C A C C A T T A A A C G A G A C T T G A T C A G A A C A C T G T C T T G T C T C C A T T T C T T G T G T C T C T T G T C C C A T C C A A T T C C C A C T C C C T C C T C C A G G T T T C C T A C T G T T G G T C C C G C  
T 

<-U5 
R 

8161  GGGACGG-TT 

genes are presented. A putative TATA box at position 210 and a putative proposed processing site in env is also shown. We used M13 phage vectors 
polyadenylation signal at position 234 are underlined. A sequence comple- (41) to clone DNA fragments produced by restriction enzyme treatment of a 
mentary to the 3' end of tRNALyS is overlined at position 351. The inverted recombinant bacteriophage containing SRV-1 DNA (5 ) .  These M13 clones 
repeats (5 bp) are also underlined at the ends of each LTR. The amino were templates for DNA sequencing by the dideoxy chain termination 
termini of several maturegag proteins, determined from amino acid sequenc- method with the use of oligonucleotide primers that were chemically 
ing data (27), and the putative start for the env glycoprotein are labeled; a synthesized on an Applied Biosystems 380A machine (17). 
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the genome in a fashion similar to human T- 
cell lymphotropic virus type I1 (HTLV-11) 
and bovine leukemia virus (12,32,33) (Fig. 
4). Each of these retroviruses has a protease 
translation frame separate from the coding 
frames f o r ~ a g  and pol, and in each of these 
viruses the protease open reading frame is 
minus 1 bp with respect to the JW open 

reading frame. We propose that the protease 
gene be designated prt in those retroviruses 
that have a separate open reading frame 
encoding this enzyme, 

It is interesting that the recently described 
hamster intracisternal A-type particle ( W -  
H18) sequence (34) displays more homolo- 
gy to the SRV-1 prt gene (both in amino 

acid and nucleotide sequences) than to any 
other known retrovirusor eukaryotic trani- 
poson. Both the SRV-1 and W - H 1 8  prt 
genes are about twice as long as the protease 
regions of all other retroviruses including 
HTLV-I1 and bovine leukemia virus. The 
SRV- 1 and IAP-H18 prt genes can be divid- 
ed into three regions; as judged from com- 

Fig. 2. Restriction endonuclease map of SRV-1. The locations of the major genetic regions of the SRV-1 genome-LTR's,gag, prt, pol, env, and the short 
open reading frame-are indicated. Viral genes in the same reading franle are aligned. Putative methionine initiation codons are labeled. 

5 - -- - -== I 2 = - - - - 
- - -  cc = x -  - - - - K --= - x  - c c - - =  - - z  = 

TI D 
---  W - -  

r c  * " C  5 5% $ 5  z, Z .E ; ;~ ,  . E ;  .2 Z E E S  ."-- TJ 
@ a ;  $ a m m  ,,,orw.e ; ; zZ  
a w z  w E m n  m  m 1 8 m o r n   am x m  z w ~ x a  a m m  I m a m  
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3 0  

S R V - 1  mil].. ( 2 6  a a )  
I A P - H 1 8  

A B C 

I 1 1 1  1 1  I 

S R V - I  
I A P - H 1 8  
R S V  

ii 

A R V - 2  
B L V  
H T L V - 2  
M - M u L V  

, , , 1 I I 1 

H - P G  
8  -C H  
H - C O  
H - R N  

S R V - 1  
I A P - H 1 8  
R S V  
A R V - 2  
B L V  
H T L V - 2  
M - M U  L V  

Fig. 3. Genetic homologies of several retroviral proteases and cellular Fig. 1. Chemically similar amino acids found by inspection and with the 
aspaql proteases. Comparisons are shown of the predicted amino acid MALIGN computer program are boxed. Gaps (-1 were inserted to increase 
sequences in the protease regions of SRV-1, hamster IAP-H18, RSV, ARV- sequence similarities. Chemically similar amino acids are abbreviated and 
2, BLV, HTLV-11, and M-MuLV. Spot homologies are shown for se- defined as follows (34): A, S ,  T, P, G; N, D, E, Q; H, K, R; M, L, I, V; and 
quences in the carboxyl terminal portion of several cellular acid proteases. F, W, Y. The cellular proteases are human pepsinogen (H-PG), bovine 
Regions I and I11 are additional sequences found only in SRV-1 and IAP- chymosin (B-CH), human cathepsin D (H-CD), and human renin (H-RN) 
H18. A, B, and C are short stretches that have homology to A', B', and C'. (31) .  
Numbering is with respect to the SRV-1 amino acid numbering scheme in 
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~arisons to each other and to cellular mote- 
ises. Figure 3 shows that region I Af the 
SRV-1 prt gene has three short stretches (A, 
B, C) that show homology to stretches (A', 
B', C ' )  in region 11. Comparisons with 
cellular proteases (Fig. 3) suggest that retro- 
viral proteases are related to aspartyl prote- 
ases (31). These cellular proteases have two 
widely separated homologous stretches that 
contain aspartyl residues. The SRV-1 prt 
gene appears to be similarly organized be- 
cause it has two widely separated homology 
stretches that contain aspartyl residues. Re- 
gion I of SRV-1 protease is less homolo- 
gous to the cellular proteases than region I1 
(Fig. 3). Region I11 showed no homology 
to other proteases. 

The pol gene of SRV-1 is encoded by the 
third large open reading frame (Fig. 1). 
Com~arison with other retroviruses, includ- 
ing 6epatitis B virus (35) and e&aryotic 
transposons [the yeast Ty element (31) and 
the Drosophila 17.6 element (31)], revealed 
two domains (reverse transcriptase and en- 
donuclease) in the SRV-1 pol gene. Also, the 
hamster UP-H18 genome shows some ho- 
mology with the pol regions of SRV-1 and 
squirrel monkey virus, another type D virus 
(34, 36). A putative processing site for 
delineating the carboxyl terminus of the 
reverse transcriptase domain and the amino 
terminus of the endonuclease domain is 
proposed near pol amino acid 593 on the 
basis of its homology with the known pro- 
cessing site for Rous sarcoma virus (37). 

A large open reading frame with a coding 
capacity of 605 amino acids is proposed to 
represent the SRV-1 env gene (Fig. 1). The 
ATG codon at position 5858 is a likely 
initiator for the env polypeptide precursor. 
This methionine codon is favorable for initi- 
ation because ~urines are found at minus 3 
and plus 4 bas; pairs relative to the A of the 
ATG (25). The predicted amino acid se- 
quence immediately following this codon 
has a hydrophobic stretch of ten amino 
acids; this feature is characteristic of signal 
~ e ~ t i d e s  at the amino termini of manv viral 
L L 

and cellular membrane proteins. An alterna- 
tive possibility is that messenger RNA 
(mRNA) splicing may provide an ATG 
codon, perhaps from thegag gene; in Rous 
sarcoma virus, splicing produces an mRNA 
that positions the first sixgag gene codons 
next to the body of the env gene (38). Direct 
protein sequence determination of the SRV- 
1 viral env precursor as well as analysis of 
mRNA splicing patterns will be required to 
resolve these issues. Homology comparisons 
of the predicted amino acid sequence of the 
SRV-1 envelope with several other retrovi- 
ruses suggests the presence of two domains. 
Proteolytic processing may occur at the di- 

- .  

basic amino acid residues in the env se- 
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HTLV-II POI *- 

909 
R S V  POI 

Fig. 4. Comparison of the genomic organization 
of SRV-1 with HTLV-I1 (12), bovine leukemia 
virus (BLV) (32, 33), Rous sarcoma virus (RSV) 
(38), Moloney murine leukemia virus (M-MuLV) 
(42), and AIDS-associated retrovirus type 2 
(ARV-2) (14-11). The protease region (prt), 
shown by cross-hatching, lies in the carboxyl 
terminus ofgag in RSV, in the amino terminus of 
pol in ARV-2, in the same reading frame as both 
8a8 andpol in M-MuLV, and as a separate reading 
frame in SRV-1, HTLV-11, and BLV. 

quence Arg-Pro-Lys-Arg (position 410) to 
produce the relatively hydrophilic amino 
terminal domain. This domain has 12 po- 
tential glycosylation sites. The carboxyl ter- 
minal domain has two stretches of hydro- 
phobic amino acids; one or both of these 
stretches traverse the lipid bilayer of mem- 
branes in virus particles and cells. As for 
other retroviruses, the carboxyl terminal env 
polypeptide serves as an anchor for the 
externally located amino terminal env do- 
main (26). Homology assessments reveal 
that the carboxyl terminal domain of SRV-1 
env is more conserved with the counterpart 
region of other retroviruses than is the 
amino terminal domain. 

SRV-1 encodes a short open reading 
frame downstream from the env gene. The 
short open reading frame contains 104 co- 
dons and extends into the rightward LTR. 
Several other retroviruses (MMTV, HTLV- 
I, HTLV-11, and the AIDS retroviruses) 
encode long open reading frames beyond 
env that extend into the LTR. The SRV-1 
short open reading frame is about half the 
size of the long open reading frame gene of 
human AIDS retroviruses. The counterpart 
region in the closely related SRV-2 (3) 
genome shows extensive DNA homology; 
however, the same translation frame in this 
part of SRV-2 is interrupted with five stop 
codons (40). Thus, the significance of the 
SRV-1 short open reading frame is not 
established. 

The prototype member of the group of 
retroviruses to which SRV-1 belongs is 
MPMV. SRV-1 and MPMV are closely 

related, according to nucleic acid hybridiza- 
tion and serological analyses (2, 3). Differ- 
ences lie primarily in the viral envelope. 
Sequence analysis of the amino-termini of 
several MPMVgag proteins (27) permitted 
identification of processing sites in the 
SRV- 1 gag polypeptide precursor (Fig. 1).  

The open reading frame encoding the 
SRV-1 protease gene, designated here as 
art. has a translation frame different from 
L ,  

the gag or pol genes (Fig. 1). The prt genes 
of bovine leukemia virus and HTLV-I1 are 
also organized as independent open reading 
frames with respect to their gag and pol 
genes (Fig. 4).  In descriptions of the 
HTLV-I1 and bovine leukemia virus ge- 
nomes, the corresponding protease gene 
was referred to as O W - H L  and OW-BL, 
respectively (30). The prt open reading 
frame in SRV-1 is much longer than the 
corresponding ORF-HL and ORF-BL. The 
SRV-1 prt gene shows considerable homol- 
ogy with the counterpart gene in the ham- 
ster U P  genome; both regions are about 
twlce as long as the protease domains in all 
other retroviruses and eukaryotic transpo- 
sons. 

We divided the prt open reading frame 
into three regions. The second region has 
significant homology with other retroviral 
proteases and cellular proteases of the aspar- 
tyl class. The first region appears to have 
some homology to the second region, sug- 
gesting that the SRV-1 (and hamster IAP) 
prt region may have arisen by gene duplica- 
tion. It is not known whether the unusual 
protease of SRV-1 plays a role in viral 
pathogenesis. New antiviral strategies could 
be directed at inhibiting this unusually large 
protease enzyme predicted by the genome 
sequence of SRV- 1. The exact biogenesis of 
prt and pol polypeptides of these simian type 
D retroviruses remains to be elucidated, but 
mechanisms such as splicing at the RNA 
level or frameshifting at the translation level 
could be used to produce precursor poly- 
peptides. In cells infected with MPMV, 
three large proteins [with molecular weights 
of 78,000 (78K), 95K, and 180K] contain- 
ing gag sequences are observed (28). The 
78K species is the precursor for the gag 
proteins. The genetic organization of SRV- 
1 revealed herd supportsTthe suggestion that 
the 95K and 180K polypeptides are precur- 
sors forgag-prt andgag-prt-pol, respectively. 

A second strain of type D retrovirus 
(SRV-2) has been isolated from macaque 
monkevs at the Orenon Primate Center. " 
which develop both immunodeficiency 
(SAIDS) and retroperitoneal fibromatosis 
(3). SRV-2-specific proviral sequences are 
present in lymphoid -and retr~~eritoneal  fi- 
bromatosis tissues but not in muscle tissue 
of diseased macaques (39). This virus is 
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closely related to SRV-1 by nucleic acid 
hybridization studies and serological analy- 
ses (3). The DNA sequence of molecularly 
cloned SRV-2 reveals a high degree of ho- 
mology to SRV-1; the greatest sequence 
variation is in the amino terminal domain of 
the cnv genes (40). Genetically engineered 
recombinant viruses, made by exchanging 
portions of these related viruses, will be 
useful in determining which sequence of the 
genome of SRV-2 is associated with retro- 
peritoneal fibromatosis. Novel vaccine strat- 
egies that use, for example, subunit envelope 
proteins of SRV-1 or SRV-2 expressed in 
recombinant microorganisms may help con- 
trol SAIDS in infected primates. 

Note added in pro@ The location of the 
8~ phosphoprotein of SRV-1 in Fig. 1 is 
based on the published amino terminal se- 
quence of the MPMV phosphoprotein 
(pp18) (27). The amino terminal sequence 
of the phosphoprotein of the related SAIDS 
retrovirus DiW isolate, from the Washing- 
ton Regional Primate Research Center (23,  
corresponds to 8~ position 107 in Fig. 1. 
Thus, SRV-1 contains DNA sequences en- 
coding the published amino termini of both 
MPMV and SAIDS retrovirus D m .  
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Inhibition of Vasopressin Action by 
Atrial Natriuretic Factor 

Atrial natriuretic factor results in diuresis in animals and humans, perhaps because 
atrial natriuretic factor increases renal blood flow. The possibility that this diure& is 
due to direct inhibition of renal tubular epithelial water transport was examined in 
rabbit collecting tubules perfused in vitro. Atriopeptin I11 inhibition of the hydraulic 
conductivity response to the hormone arginine vasopressin but not to either 3'5'-cyclic 
adenosine monophosphate or forskolin was found. These results suggest that atriopep- 
tin I11 acts proximal to cyclic adenosine monophosphate formation to directly affect 
vasopressin-stimulated water transport in the mammalian nephron. They also suggest 
a potential role for inhibition by atrial natriuretic factor of the renal response to 
arginine vasopressin as a contributor to a diuretic state. 

M AMMALTAN ATRIA CONTAIN SE- 

cretory granules. In response to 
atrial distension, these granules 

release a group of closely related 21- to 26- 
amino-acid peptides (1-3). Collectively re- 
ferred to as atrial natriuretic factor (ANF), 
these peptides exert potent vasodilatory and 
diuretic effects in animals and humans (1-7). 
The mechanism of the diuretic action of 
ANF has not yet been established (1-3). 
Evidence obtained in vivo suggests that 
ANF increases the glomerular filtration rate 
and that the filtered load of salt and water is 
responsible for the diuresis ( 2 - 4 ) .  However, 
ANF reduces systemic arterial pressure, has 
a variable effect on renal blood flow and 
vascular resistance, and increases solute ex- 
cretion (I-7).The multiplicity of systemic 
and intrarenal effects exerted by ANF in vivo 
renders determination of a direct renal epi- 
thelial cell effect on salt and water transport 
difficult. Whether tubular effects also con- 
tribute to the diuresis of ANF is unclear. To 
date, there is no evidence that ANF directly 
inhibits intact renal tubular epithelial cell 
salt and water reabsorption (1-3, 7). Our 
studies were designed to determine whether 
ANF exerts a direct effect on water transport 
in renal collecting tubules. 

Individual rabbit renal cortical collecting 

ers (8-1 0). Tubules were bathed in a s d ~ -  
tion of NaCI, 115; MgS04, 1.2; CaCI,, 1.0; 
KCI, 5.0; sodium acetate, 10; NaH2P04, 
1.2; NaHC03, 25; and dextrose, 5.5 (all in 
millirnoles per liter). Bath fluid of p H  7.40 
and 25°C was completely changed every 3 to 
4 minutes (10). The composition of the 
perfusion fluid was the same as that of the 
bathing fluid except that the final concentra- 
tion of NaCl was reduced to 50 mmolihter. 
Perfusion fluid also contained sufficient 
[14~]inulin (New England Nuclear) to re- 
sult in collected fluid count per minute at 
least 10- to 15-fold above background. The 
tubule was visually inspected at 1- to 3- 
minute intervals throughout the study. Hy- 
draulic conductivity (measured in cm am--' 
sec-I x was calculated from the for- 
mula derived by Al-Zahid et d. (1 1).  

Collecting tubules were allowed to quiii- 
brate at 25°C for 4 hours (10). Tubules were 
pefised at 10 to 12 nVmin by adjusting 
hydrostatic pressure of the fluid entering the 
perfusion pipette. Tubular length was corn- 
parable in all groups of stules. In all studies 
each tubule served as its own control. In 
each tubule four or five collections were 
obtained for measurement of hydraulic con- 

- 
tubules were obtained by microdissection 
and pefised in vitro by slight modifications Department of Medicine, University of Colorado Health 

Sciences Center, and Veterans Administration Medical 
of the method developed by Burg and 0th- Center, Denver, C o  80262. 

SCIENCE, VOL. 231 




