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Human endogenous retroviral element S71 had previously been shown to contain gag- and pol-related regions and 
a 3’ LTR-like sequence. The nucleotide sequence of S71 was determined and compared with the corresponding regions 
of SSV and its helper virus SSAV. The 1.48-kb S71 gag region consists of matrix protein pl5 (MA)-, capsid protein ~30 
(CA)-, and nucleocapsid protein p10 (NC)-related sections and the 1.82-kb pol region of tether, RNase H (RH), and 
endonuclease/integrase (IN) sections. The S71 nucleotide sequence contains a 167 amino acid open reading frame 
encompassing MA. The boundaries of the S71 element are delimited by direct repeats and the entire element is 5.4 kb 
long. Similarity between S71 and the v-sis-bearing, defective SSV provirus also covers overall structural organization, 
including the presence of presumably nonretroviral sequences. Both the gag and the pol regions of S71 contain se- 
quences highly conserved in numerous retroviruses. Phylogenetic analysis with conserved CA, RH, and IN sequences 
showed that of all other (C-type) human retroviral elements available for comparison, S71 is most closely related to 
infectious primate and murine retroviruses. This suggests that S71 represents a phylogenetic subgroup of its own. In 
addition we identified short ranges of conserved amino acid sequences within C-type retroviral gag and pol genes 
sufficient for phylogenetic analysis. Use of these may facilitate large-scale phylogenetic evaluation of C-type retroviral 
elements and allow rapid classification of new elements. 0 1990 Academic Press, Inc. 

INTRODUCTION 

About 10% of the human genome is thought to have 
arisen by reverse transcriptase-mediated processes. 
Sequence information generated in this manner has 
been given the general term retroposon (Temin, 1985). 
Retroposons constitute a relatively large, heteroge- 
neous group which can be divided into nonviral and 
viral sequences (Weiner et a/., 1986). The group of 
nonviral sequences is composed of LINES (long 
interspersed nuclear sequences; for review, see Skow- 
ronski and Singer, 1986), SINES (short interspersed 
nuclear sequences), processed genes, and pseudo- 
genes. The group of viral retroposons consists of DNA 
sequences related to infectious retroviruses. On the 
basis of copy number and length, one can calculate 
that these retroviral elements make up at least 0.1% of 
the human genome. Although some of these elements 
show extensive structural similarity to full-length infec- 
tious animal proviruses, the presence of these ele- 
ments is not the result of a singular somatic infectious 
process limited to one generation and to a specific cell 
type. Rather, they are an endogenous part of the hu- 
man genome and are transmitted from one generation 
to the next in a stable Mendelian fashion. Sequence 
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similarity with C-type mammalian retroviruses on the 
one hand and A-, B-, and D-type retroviruses on the 
other allows division of human endogenous retroviral 
elements into two groups designated class I and class 
II, respectively (Callahan, 1988). 

Retroviral polymerase genes consist of at least three 
regions coding for separate activities: the reverse 
transcriptase (RT), RH, and IN. The approximate loca- 
tion of these sections within the polymerase gene has 
been mapped with the help of bacterial expression 
clones containing various regions of retroviral polymer- 
ase genes and subsequent testing for retrovirus-spe- 
cific activities (Hansen et al., 1988; Hizi and Hughes, 
1988; Levin et al., 1988). These experimental data 
agree with previous computer analysis predicting the 
structural organization of retroviral polymerase genes 
(Johnson et a/., 1986). The major region of homology 
between various retroviruses is located within their pol 
genes (Chiu eta/., 1984). Multiple alignments of retrovi- 
ral pol amino acid sequences show that the RNase H 
domain and the endonuclease region of retroviral pol 
genes contain highly conserved sequences which may 
be essential for their functionality (Johnson et al., 1986; 
Doolittle et al., 1989). Therefore sequences from these 
sections of the pol gene should be suitable for phyloge- 
netic analysis of class I elements by comparison with 
each other as well with C-type animal retroviruses. As- 
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suming that these results reflect actual evolutionary re- 
lationships, one would expect congruent data from 
highly conserved sequences located in other C-type 
retroviral genes. Since numerous class I retroviral ele- 
ments also contain gag-related regions (Brack-Werner 
et al., 1989a,b), we decided to look for the presence of 
highly conserved sequences suitable for phylogenetic 
analysis in C-type retroviral gag genes. 

Molecular clone S71 contains a class I element iso- 
lated by low stringency hybridization with recombinant 
probes derived from the C-type simian sarcoma-asso- 
ciated virus (SSAV). Hybridization analysis with SSAV 
probes and limited sequence data showed that S71 is 
an incomplete proviral element consisting of gag-pol- 
related sequences (Leib-Mosch et al., 1986). At its 3’ 
terminus it contains a 535bp sequence with features 
characteristic of retroviral LTRs (Brack-Werner et a/., 
1989a). The putative control regions of the S71 LTR- 
like sequence show a higher degree of sequence simi- 
larity to infectious murine and primate proviral LTRs 
than to other human endogenous retroviral LTRs. The 
detailed structural analysis of S7 1 reported here shows 
that numerous other features of C-type retroviruses are 
also conserved in the S71 element. To determine 
whether our initial observation of closer relationship of 
S71 to primate murine and infectious proviruses is re- 
flected by the complete S71 element we decided to 
utilize conserved sequences of the gag and pol regions 
for phylogenetic analysis. Since, in many cases, only 
fragmentary sequence data are available, phylogenetic 
analysis of endogenous class I elements was carried 
out with short conserved sequence stretches (40-50 
amino acids) and compared with longer sequence 
stretches (150-230 amino acids). Our results indicate 
that S71 is more closely related to the infectious mu- 
rine and primate proviruses AKV, BaEV, and SSV than 
to the other class I human endogenous retroviral se- 
quences ERVl, ERV3, 4-l. Therefore S71 may repre- 
sent a phylogenetically distinct subgroup of class I en- 
dogenous retroviral elements. 

MATERIALS AND METHODS 

Nomenclature 

Retroviral proteins are designated using the nomen- 
clature proposed by Leis et a/. (1988). Subregions of 
proteins are referred to by an additional lower case let- 
ter in parenthesis (e.g., CA(s), CA short region). 

Oligonucleotide preparation 

Specific sequencing primers (oligonucleotides) were 
synthesized on an Applied Biosystems Model 381 A 

DNA synthesizer and purified either by electrophoresis 
in 14% polyacrylamide gels containing 8 mol/liter urea 

and subsequent desalting as specified in Brack-Wer- 
ner et a/. (1989a) or with OPC cartridges (Applied Bio- 
systems, England). 

DNA sequence analysis 

S7 1 subclones were generated by cloning restricted 
S71 DNA fragments in pUC vectors (Vieira and Mess- 
ing, 1982). Dideoxy sequencing of double-stranded 
plasmid DNA was carried out as described by Chen 
and Seeburg (1985) using either Klenow fragment 
(Pharmacia, Sweden) orthe modified T7 DNA polymer- 
ase (Tabor and Richardson, 1987) Sequenase (United 
States Biochemical Corporation). Both strands were 
sequenced as shown in Fig. 1. 

Computer alignments and construction of 
phylogenetic trees 

Dot matrix analysis (Fig. 3) was carried out with Mac- 
Gene Plus software (Applied Genetic Technology, Inc.) 
on a Macintosh Plus computer. Sequence alignments 
were performed with the GENALIGN program (GEN- 
ALIGN is a copyrighted software product of IntelliGe- 
netics, Inc.; the program was developed by H. Martinez 
of the University of California at San Francisco) and the 
program package for phylogenetic analysis provided 
by R. F. Doolittle (Feng and Doolittle, 1987; McClure et 
al., 1988). The phylogenetic trees shown in Fig. 6 were 
obtained with the latter program package since it pro- 
vides a full analysis. Sequences were taken from the 
EMBL database release 10. The particular versions of 
sequences employed are human endogenous retrovi- 
ral elements 4-l (Repaske et a/., 1985) ERV3 (O’Con- 
nell et a/., 1984) and ERVl (Bonner et al., 1982); ba- 
boon endogenous virus (BaEV; Kato et al., 1987) SSV 
(Devare et a/., 1983) SSAV (Brack-Werner et al., 
1989c), AKV (Etzerodt et al., 1984) human immunode- 
ficiency virus (HIV-1 ; Ratner et a/., 1985) mouse mam- 
mary tumor virus (MMTV; Moore et al., 1987) squirrel 
monkey virus (SMRV; Chiu et al., 1984) Rous sarcoma 
virus (RSV; Schwartz et al., 1983) and COPIA (Mount 
and Rubin, 1985). The sequence of the chimpanzee 
endogenous virus is to our knowledge published only 
in the database (accession No. K02915). 

RESULTS 

S71 sequences related to the SSV gag gene 

The gag gene of SSV codes for a 65-kDa gag precur- 
sor protein (pr65g”9) which is processed to yield MA, 
pl 2gag CA, and NC (Teich, 1984). Within the gag gene 
the sequences coding for these proteins are arranged 
5’-MA-p1 2g”g-CA-NC-3’(Devare eta/., 1983). In the S71 
element sequences related to the SSV gag encoding 
gene extend from position 498 to position 1975 (Fig. 
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FIG. 1. Nucleotide sequencing strategy of S71 and organization of retrovirus related sequences. A physical map marking the positions of 
restriction sites relevant in the generation of S71 subclones is depicted at the top. H, HindIll; K, Kpnl; P, Pstl; Pu. Pvull; S, &cl. Arrows indicate 
the extent and direction of nucleotide sequences obtained from one or more sequencing experiments with an individual subclone of S71. Parallel 
arrows covering the same sequence range indicate sequencing runs carried out with various overlapping subclones. The range of retrovirus- 
related sequences in S7 1 was determined by alignment with the corresponding SSV/SSAV sequences (see text). Vertical solid lines mark the 
boundaries of MA/p1 2gag, CA, and NC sections of the gag region and the tether, RH, and IN sections of the pol region. Stippled regions in the 
three reading frames deduced from the S71 nucleotide sequence indicate the relative location of SSV gag (light stippled) and SSV/SSAV pol 
(dark stippled) amino acid sequences, The positions of stop codons in each frame are marked by vertical lines. 

2). Translation of this region of S71 shows that the de- 
duced amino acid sequences contain extended re- 
gions of similarity with the SSV MA, CA, and NC sec- 
tions and less similarity in the pl 2gag corresponding re- 
gion (Figs. 2 and 3). The largely uninterrupted diagonal 
in the computer-generated dot matrix analysis indi- 
cates extensive collinearity of both sequences. 

The SSV gag-related amino acid sequences in S71 
are dispersed among various reading frames (Fig. l), 
indicating that multiple frame shifts preclude the syn- 
thesis of the full-length gag precursor protein. How- 
ever, a possible open reading frame extending from po- 
sition 498 to 1004 (168 AA), marks the beginning of the 
S71 gag-related region and encompasses the entire 
MA-related section (Fig. 2). This reading frame begins 
with a methionine codon which matches in 7 out of 9 
positions with the consensus sequence CC A/G 
CCAUG(G) established by Kozak (1984). 

Oroszlan et a/. (1977, 1981) found the NH,-terminal 
region of the major internal virion protein of C-type ret- 
roviruses (CA) to contain the following highly con- 
served sequence: PLB(X),_,~YWpLs(X)SRLYfIWK. 
The deduced amino acid sequence of S71 between 

positions 1041 and 1135 is identical to the above con- 
served sequence in 11 out of 15 positions (6796, under- 
lined above), indicating that this region of S71 consti- 
tutes the 5’terminus of the CA-related sequences, The 
largely collinear alignment of the S71 CA region with 
the corresponding CA region of SSV (Fig. 3) locates the 
3’terminus of S71 CA-related sequences around posi- 
tion 1804 (Fig. 2). Sequences related to the NC coding 
region of the SSV gag gene extend from position 1805 
to 1975 in S71. The amino acid sequences of C-type 
retroviral NC proteins contain a highly conserved, cys- 
tein-rich structure implicated in nucleic acid binding 
(Covey, 1986; Fijtterer and Hohn, 1987). In the S71 NC 
this CX,CX,HX,C nucleic acid binding motif is fully con- 
served (positions 19 13-l 954). 

The deduced amino acid sequence of the S71 gag 
region shows an overall identity of about 409/o with the 
amino acid sequence of the SSV gag gene (underlined 
amino acids in Fig. 2). From the computer-generated 
dot matrix analysis it is evident that similarity is lowest 
in the pl 2gag region (Fig. 3) which is also reflected in 
the relatively large number of gaps obtained in a Nee- 
dleman-Wunsch alignment of these sequences (data 
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Kpn I 
GGTACCGCCC AGTCATCCTG GCAACCCCGT GCTGCTCAGC AGGGC'ICCTC CCAGCCTGAA AACATCTGAG TGGCCCCTTT CCTCCTCATC 

-=% CCCATCCCTT AC CCGCACA TCCCGTTTTC CTGTGCCACA GCAAGTCCAG CGCCTCCAAG ACTTGGCTCC GCTCTCCCTC CTAAAATCCT 

TAAAAGAAAG GGCAAAGTTT GAACTTTTTT CCTTUsAGTC G'IGGAGACGC CAUAATATT TAGACTATAA GTCAGAGAGG AGAGGGGGAT 

CACGTAGGTC CCACTAGCCT CGCACCCA'TC TCTTGTCCTC TCCCTAAATC TTCGAGCTTA AGGAAACAGA CCTTATGTGG CAAGAAGCGC 

TGGCTATAGC TGTTTTCCTA CTTCTTTTGG TTA'IGATGCT TCTATTCTTC CGATACTCCA GCCCCTCCAG GTCATGAATT TCTCTGTCCA 

r pl5@12-> 
TGCTGGGTTT AATATCTCTG CTCAAACTTT GTTAAACTGC CTCCAGAATG GGAAACTCTT CTTCCCAGTC TCATAAAGAT 'IGGAGCCCTC 

M G N S S S Q S H K 0 w s P L 
-- - 

TCCAATGTAT GTTACAAAAT TTCTCTCTAG GCTTCTCCGA CGATTATGGG GTCCGCCTTA AAAAAGGCAA ACTCTGGACA CTCTGTGGAG 
Q C M L QN F S LG F S E D Y G VR L K KG K L W T L C GV - - 

TAGAATGGCC AAAGTTTGGA GCCGGGTCAC TGAACCTCGC AATTGTTCAG GCTGTGTGGC GGGTTGTTGC TCGAACTCCT GGTCACCCTG 
E W P K F G AG S L N LA IV Q AV W R VVA G T P G H P D 

sac I - -- 

ATCAGTTTCC CTACATTGAT CARlGGCTGA GTTTGGTCCGe'ICAT CCATGGCTCC ACTCATGCGC CATTCCTAAT CCTACCTCCA 
Q F P Y I D QW L S LV R S S H P W L H S C A I P N P T S K 

AGGTCATTTT GAGCCAGACC TCACTTTCGC CTCGACCCTC AGCCGGCTCG GCTCCTCCTG TATTGCCTCC TTCTGAAw\A GAGGAAAGTC 
v I L S Q T s L s P R P s AGS A P P V L P P S E E E E S L 

TCCCTCACCC AGTTCTGCCG CCTTATAACC CTCCTGCTCC CTTAGAATCT TCCCTTGTCT CCTCGACTAC ATCCCCTGTG GGCTCTCTCC 
P H P v L P P Y N P PAP L E S SLVS ST T s P v G S L P -- -m -- 

r--30-z - -- 
CTATTGCCTC CTGATTGAGG CCACAGCAGG AGGAGGTAGC CCCCCTCCTC C TGAGAG AGGCACAAGT CCCTGCGGGT GATGAGTGCT 

I AS x L R P QQ E EVA P L L L L R E A Q V P AG DE C S 
-- 

CAGCTCCATT CTTGGTTTAT GTCCCCTTTT CTACTTCTGA CCTGTGCAAC GGAAGGCTCA TAATCCC'ICC TTTTC'IGAA4 AGCCCCAGGT 
A P T L v Y VP F S T S II L C N --K A H N P S F SE K P Q V ---- - - - - 

CTTGACCTCA CTGATGGAGT CGGTGCTCTG GACCCATCAA CCCACCTGGG ATGACTGTCA ACAACTCCTT TTAACCCTCT TCACCTCTGA 
L T S L M E S v L w T H Q P T W D II C Q Q L L L T L F T S E m-- -- 

AGAGAGGGAT CGTATCCGAA GAGAAGCCAG AAAGTATTTC CTTACATTAG CCGGTAGACC GGAGGGGGAA GCCCAAAACC TCCTTGAGGA 
E R D RI RR EAR KY F L T LA G R P E G E AQNL LEE 

m- - - 

GGTTTTTCCCTCTACCCGGCC TGATTGAGAT CCGAACTCCT CAGGTGGGAA GAGAGCTTTG GATAATTTTC ACCGTTATCT CCTTGCGGGT 
VFPSTRP D X D P N S S G G K RA L D N F H R Y L LAG - - --- 

ATCAAGGGAG CCGCICGAAA ACCATGAATC TGTCTAGGAC AACTGAAGTT GTCCAGGGGC CTGGTGAGTA ACCTGGAGCA TTTTTAGAAT 
IKGA ARK P X N L S --T T E V V Q G P GE X P GA F L E C -- - P - - 

GCCTCCAGGA GGCCTA'ICTG ACTTACACCC CTTTTGACCC AGCGGCTCCC GAGAAGAGCC GTGTTATTAA TTTGGCATTT GTGGCTCAGG 
L Q E AY L T Y T P F D P AAP E K S R VI N LAF VA Q - 

CGCCTCTGAT ATTAGAAAAA AATTACAAAA ACTGGAAGGA TTTGCTGGAA TGAACATTAG CCAGCTTTTA GAAGTAGCCC AGAGAATTTT 
-A S D I R KK L Q K LEG FAG M N I S Q L L E VAQ R I F -- 

TGzF 
TGACAGTCAA GAGTTCGAGA AACAAAAACA = AAGGCTGCTG ATGAAACATC CAAAAGACAA CCGAAAATCT TAGTGGTCGC 
D S Q E F E K Q K Q AA E KAAD E T S K R Q P K I L VVA - - - -- m -- 
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FIG. 2. Nucleotide sequence of human retroviral element S71. The relative positions of restriction sites shown in the schematic in Fig. 1 are 
indicated. The S71 retroviral element is delimited by direct 7-bp repeats (arrows). The sequence of the 3’ LTR-like region extending from position 
4975 to 5509 has been published previously @rack-Werner et a/., 1989b). The 571 nucleotide sequence was translated and retrovirus-related 
amino acid sequences were identified by a Needleman-Wunsch alignment with SSV/SSAV and AKV protein sequences. The SSV/SSAV-related 
deduced amino acid sequence of S71 is depicted below the nucleotide sequence and amino acid residues in common with SSV/SSAV are 
underlined. Interruption of underlining between adjacent amino acid residues marks gaps in the S71 amino acid sequence required for maximum 
similarity with the SSV/SSAV protein sequence. Termination codons are marked with an X and dashes indicate frame shifts. The borders of the 
MA, CA, end NC gag regions were inferred from alignment with the gag gene of SSV. Additional confirmation of the 5’ border of the S7 1 CA 
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cAET& O -’ GCCAGAAAGG AGGGCCCCC ATCACAGAAC ACTAGCCAGG GGACCCCGGT TCCACAACAG AAAGGCCAGA AAAGTGAGTA 
I R E ARK E G P P S Q N T S Q G T P V P Q Q KG QK S E X 

GGCTTCCCTA CAGAAMACC AA’KCACTTA T'PZCAAGCAG ATAGGACACT 
Y-P101 

GGAAAAAAGAATGCCCATTT AAACCAGAGG GAAAAATAAT 
AS L QAN Q C T Y C K Q I G H W K K E C P F K P E G K I M 

GCCCATTAAA GCCAGAGGAGAAACCAGAAAACAAAAAGGT CTCAAGGGGC CAGCCCCTCC ACACCTGTGG GTGTTTCTCA TCAGGTGGGT 
P I K ARG E T RK 0 K G L K G P AP P H L W VF L I R W V 

CAAAAGAGTG A-GAAG ACAGCAGAGG CAAAGTTATA GAGAAAGAAC TGTGGCCCAG GGACCAGCGC TTAGCATACA GAGGACCTGC 
K RV R K E D S R G KV I E K E L W P R D 0 R LAY R G P A 

GCTGGCCCTG GTCTCTGAGT TCCATCAGTA TTTAT'IGATC ACTATCTCTA CCATCTCGGA GAGGGGGA TG TGGCAGGACT ATAGGGTAAT 
LA L V S E F H Q Y L L I T I S T I S E R G M WQ D Y RV M 

GGTGGGGAGA GGG’lCAGCAG GAACACA'IGT GAGCMGAT CTcTGTGlWi TAAATAAGTT TGAGGAAAGG TGCTGTGCCT TGATGAGGAC 
VG R G S A G T HV S K D L c v I N K F E E R C CA L M R T 

GTAGGCCAGA TTTATGTTTG ACTTTACACA AACATCTCGG TGCATTMAG AGCAGTATTG CCGCCAGCAT GTTTCACCTC CAGCCATAAG 
X 

ACAGTTTTTT CCTA'TCTCAG TAAATAGAAC GTATGATTTT GTTTTACACT GAGACATTCC ATTCCCAGGG ACCGAGCAGG AGACGGATGC 

CTTCCTCTTA AT-CA GGGCTTCTTC CTCTTTCACT AATCCTCCTC AGCACAGACC CTTTACGGGT GTTGTGCTGG GGGACGGTCA 

Hind III 

GGTCTTTCCC TTCCCACGAG GCCATATCTC AGGCTGTCAC ATf.%GAGJ!?i?ikGACA ATACATGGCT TTCCTGGGCA GAGGTCCCTG 

TGCCCTTCTG CAATGCATTG TGTCCC'IWZG TACTCGAGAT TAGAGAATGG CAATGACTTA CCAAGCATAC TGCCTTCAAA CACATTTTCA 

ACAAAGCACA RXTGCACAG CCCTAAATCC ATTAAACCTT GAGTCAACAT AGCACATGTC TCTGC~GCA CAGGGTTGGG GCTAGGGTTA 

CAGATTAACA GCATCTCAAG GCAGAAGAAT TTCTCTTAGT ACAMM ATGGAGTTTC TTATGTCTAC TTCTTTCTAC ATAGAGTAAC 

AGTCTGATCT CTCTCTATTT TCCCCACAAA GGTCCTCACT CTCCCCGCAG CAGAGGAATC TGATGATTAA AAGGGCCGGG GCTCCCTCTC 

r pot -> 
TCTTGGCCCC CGAAGCCCAT GGAGACCGTC ACAGCGGAGG GCCATGGTGA TGCCCAGTCA TCTATTTGTC TAAAAGACTG GACCCAGTGG 

c P v I Y L s KR L DPVA 

CCTCCAGGTG GACAAGTTGT CTGTGGGCCA TAGCAGCCAC AGCAAGCCTG ATTCAGGAGA CTGATAAACT GACTCTAAGT CAUATTTAA 
S R W T S C LWAI AAT AS L I QE T D K L T L S Q N L T 

- - -- --- -- 
Pst I 

CTCTTACGGC TCCTCGTGCC ATAGAGACTT TGCTGCAAAG TGCTTCTGGC AAAlGGATGT CAAATGCTCG CATC! TATCAGAGTT 
L T A P RA I ET L L Q S AS G KW M S NA R ILQ Y Q S L 

-- 

TACTGTTAGA TTGGCCTCGT TTAACTTTCT CTCCCACAAG GTGTTTAAAT CCAGCTACTT TGCTCCCTGA TCCAGACTTC ACCACACCTG 
L L D W P R L T F S P T R CL N PAT L L P D PDF T T P V 

- - 
rRNase H -> 

TCCATGACTG CCAGGAACTG TGAGAGAGACTA CAGAAACTGT CCGACCTGAT CTCCAAGATG TGCCTTThA GGAGGTGGAT GCTACCGTGT 
H D C Q E L X E T T E TV RP D LQ&V- P L K E V D A TV F 

- - em - m a I - - - 
Pst I 

TTACAGACAG TAGCAGCCTC CTTAAACAAG GAGTACGAAA GGCTGGTGCG GCTGTTACTA TGGAGACGGA Tmi= ACTCAGGCAT 
T:S s s L L K Q G V R K AGA AV TM E T D K L Q 
-m - - T Q AA 

1890 

1980 

2070 

2160 

2250 

2340 

2430 

2520 

2610 

2700 

2790 

2880 

2970 

3060 

3150 

3240 

3330 

3420 

3510 

3600 

region was obtained by the presence of a sequence highly conserved in the NH, terminal region of C-type retroviral gag proteins (see Results). 
Assignment of the S7l pol amino acid sequences to the tether, RH, and IN sections of the polymerase gene is based on the data of Johnson ef 
a/. (1986). In the RH region, 1 1 highly conserved amino acid residues (Levin et a/., 1988) and their relative locations in the S71 sequence are 
marked with asterisks. In the IN region, asterisks mark the relative locations of conserved amino acid residues identified by Johnson eta/. (1986). 
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w’n 1 
TGCCAGCA~TCAGCA CAAAAAGCTE AATTGGTT TCTCATTCAG FFTCCGAC GGGTAAGGAC AAATGTATTA ACATTTACAC 3690 

P AG T S A Q KA i LVZ L I Q i-L R R V R T NV L 
D K D KCIN T I' Y' k 

TGACAGCAGG TATGCTTTTT GCTACTGTGC GTGTACATGG AGCCATCTAC CAAG'IGCGTG GGCTACTCAC CTCAGCAGGA AAGGCTATTA 3780 

l T l A G ML F ATVR V HG A I Y QVRG L L T S A G KAIK 
D S R Y AF 

AAAACTAAGA AGAAATTTTG GCCCTGCTTG AAGCTGTTTG CCTACCTCAA CAGGTGGCTG TAATTCACTG CAAAGGACAT CAUAAGAAG 3870 

N X E E I L ALL E AVC L P Q QVAV I H C KG 'H Q K E D 

PSt I 
ACACGGCCGT TGCCCATCGT faCCAAAGAG CA+??CTGGGGG CCAGCTCAAC TGCCAGTCGC GCCTCCGACC CTGCTGCCTG 

T AV AHG N Q R A D S A A W G PAQ L PVA P P T L L P A -- -- 
- 
CAGTGTCCTT TCCGCAACCT GACTTGTCAG ATCACCCAGA ATATTCCCCA GAGGAGGAAA AACAGGCTTC GGATCTTCAG GCCAGTAAAA 4050 

V S F &QP D L SD HP& Y S& EEES&QAS D L Q AS K N 

ATCAGGAAGG AGGAGTAAAACTGGCCCAGC T'TCTAAGGAG CCGTTTCAAG ATCCCCAACC TTCAGGACTT AGTTAACCAAGCAGCTCTCT 
QEGLVK LA Q L L R S RF K I P N L QDLLNQ AA LW --- 

GGFTACGGT T~TGCCCAG GTAAACACTA AGCMGGTCC TAAACCCAGC TCAGGCGACC GCCTCCAGGG AGACTCACCA GGAGAUGGT 
C TV Q G P K P S S G D R L Q G D s P GE RW - - -- 

GGGAAATTAC AGAAATAAAA CCACACTGGG CAGGGTACAA ATACCT'TC'TG $TACTAGTAG ACACCTTTF TGGATAGACT GAGGCATTTG 
E I 'T E I K P HWA G Y K Y L L V LV D T F S G X T EAFA --- 

CCACCAAAAA CGAG#CTGCC ACCACGGTAG TTAAGTTTTC ACTCAATGAA ATCATCCCTC AACATGGGCT GCCTACTGCC ATGGGGTCT$ 
T KN ETA TTVV K F S L N E I I P Q HG L PTA M G S D ---- 

ATAATAGATC GGCCTTCACC TCGTCCATAG CTCAGTCAGT CAGTAAGGCA TTAAAC;TTC AATGGAAGCT CCGTTGTGCC TATCGACCCC 
N R S AFT S S I A Q S V S KA L N I Q W K L RCA Y R P Q 
EI - 

--- 

AWTGGATGGGTAGAA CACATGAATC ACACCCTAAAAAATACTGTT ACAAAATTGA TCTTAGAGAC CGGTAAAAAT CAGGTAAGAC 
S S G w 'v 'E HM%H TL; N TV T K L I LET G KN QV R L 

TCCTTCCTTT AACCCTTCTT AAAGTAAGAT GCATTCCTTA CCGGGCTGGG TTTTCACCTT TTGAAATCAC GTATAGGAGG CGTCCGCCTA 
L P L T L L KV R C I P Y RAG F S P F E I T Y RR RP P I -- - -- --- 

TCTTGCCTAA GCTAAAGGAT ACCCGTTTAG CAGAAATCTC AGAAGCTAAT 'I'TATTACAGT ACCTACAGTC TCTCCAACAG GTACGAGATA 
L P K L KD T R L A E I S E AN ALQYLQSLQQ VR D I -- 

sac I 
TCATCCAGCC ACTTGTC'TGG m=TC CCAGTCCAGT TCCTGACCAG ACGGGGCCCT GCCACTCG'IT CCCACCAGGT GACCTGGTGT 

I Q P LV w GAHP s P v P D Q T G P C H S F P P G DLVL 

TAAAAAGTTC CAGGTTAAAG TTTAAAAAAA AAAAAAAGTT CCAGAAAG&A GGAC'ICACTC CTGCTTAGAA AGGACCTCAT ACTGTCATCC 
K S S R L K F K KK K K F Q K E GLTP AX 

+?F TCACCATGCC GACAGCTCTG GA&G TG...LTR sequence 535 bp...CA CTT AC C 

FIG. 2-Continued 
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not shown). Within the S71 gag region, the CA se- 
quences show an amino acid identity of 47% (1 19/253 
amino acids), indicating that this region is most highly 
conserved. 

S71 sequences related to the SSAV poi gene 

We had previously identified a 1.2-kb SSAV pol probe 
which yields a relatively strong hybridization signal with 
S71 (Leib-Miisch et al., 1986). Sequence analysis of 
this fragment and part of the adjacent (3’) fragment pro- 
curing an overlap with the published SSV sequence 
was carried out (Fig. 4; Brack-Werner et a/., 1989c). 
This allowed generation of a 2205 nucleotide SSAV/ 

SSV composite pol sequence structured 5’-tether- 
RH-IN-3’ (Fig. 4) for comparison with the S71 pol re- 
gion. 

In the S7 1 element a section approximately 1800 nu- 
cleotides in length (Fig. 2, position 31 1 l-4928) shows 
extended similarity with the SSV/SSAV sequence in 
dot-matrix analysis (Fig. 3). Under the conditions cho- 
sen for this analysis (see legend to Fig. 3) similarity be- 
tween both sequences continues through several 
stretches in a collinear fashion and seems to taper off 
towards the end of both sequences. S71 sequences 
between nucleotide 1975 and 3111 or downstream of 
nucleotide 4928 showed no similarity to the SSVESAV 
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FIG. 3. Comparison of the DNA and deduced amino acid sequences of the S71 gag and pol regions with the corresponding SSAV/SSV 
sequences. The diagonal lines shows the extent of similarity and collinearity of the S71 gag and pol regions with the SSV gag gene and the 
composite SSAV/SSV pol sequence. No similarity was observed beyond these regions. Dots in both protein and DNA sequence comparisons 
signify a minimal match of 56% in a window size of 20 residues. gag region: X axis, S71 nucleotide position 498-l 978 (DNA); 491 amino acid 
residues (protein). Yaxis, SSV nucleotide positions 1398-2936 (Devare ef al., 1983); 513 amino acid residues. pol region: Xaxis, S71 nucleotide 
position 31 11-4928 (DNA); 606 amino acid residues (protein). Y axis, SSAV/SSV composite pol sequence (Brack-Werner et al., 1989c) nucleo- 
tide position 239-2044; 602 amino acid residues (encompasses SSV nucleotide position 2903-3785; 294 amino acid residues). 

sequence or any other retroviral polymerase gene 
available for comparison. 

Organization of S71 pol sequences 

The deduced amino acid sequence of the S71 pol 
region showing a high degree of similarity with the 
SSAV/SSV pol protein sequence is contained largely in 
one frame interrupted by three termination codons (Fig. 
1). Dot matrix comparison of both protein sequences 
indicates a relatively high degree of similarity (Fig. 3) 
and the overall amino acid identity is about 46%. Com- 
parisons of the overall S7 1 polymerase sequences with 
human endogenous provirus 4-l (Repaske eta/., 1985) 
and with AKV (Etzerodt et a/., 1984) were also carried 
out (data not shown), confirming our previous results 
of sequence similarity between all three sequences 
(Leib-Mbsch et a/., 1986). 

Computer analysis of various retroviral polymerase 
genes indicates that these are composed of five sec- 
tions organized 5’-PR-RT-tether-RH-IN-3’ (Johnson 
et a/., 1986). By comparison with polymerase genes 
from other retroviruses such as AKV, the SSAV/SSV pol 
sequence can be deduced to contain the tether-RH- 
IN sections (Fig. 4). The high degree of similarity be- 
tween the SSAV/SSV and S71 amino acid sequences 
and collinearity of both sequences over more than 600 
amino acids indicate that the S71 pol sequences are 
also organized 5’-tether-RH-IN-J. The S71 pol se- 
quence ends about 30 nucleotides upstream of the be- 
ginning of the envelope reading frame in SSV (Devare 
et a/., 1983). 

The deduced amino acid sequence of the S71 tether 
section (Fig. 2 positions 31 1 l-3489) is 126 amino 
acids in length and of these 66 (52%) are identical to 
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SSA’J 

s71 

FIG. 4. Organization of retrovirus-related sequences in S71 as compared to full-length proviruses (AKV, SSAV) and a transforming defective 
provirus (SSV). The genomic organization of the murine endogenous AKV provirus was taken from the viral nucleotide sequence (Etzerodt eta/., 
1984) and supplemented by comparison with the MoMuLV sequence (Shinnick et a/., 1981). Division of the AKV pol gene into PR. RT, tether, 
RH, and IN was adopted from Johnson eta/. (1986). The organization of the truncated SSV provirus was determined from the published nucleotide 
sequence (Devare er al., 1983). The relative location of SSV sequences in the SSAV genome was inferred from restriction sites common to both 
proviral sequences (Gelmann eta/., 1981; Devare eta/., 1983). The region of the SSAV pol gene sequenced for comparison with S71 is underlined 
in boldface. Where retroviral genes are either partially or completely missing (SSV and S71 pol, env) the remaining sequences are aligned with 
the corresponding AKV sequences and contiguous sequences are connected by slanted lines. S-NRF, S7 1 -nonretroviral reading frame. B, 8g/ll; 
H, HindIll; K, Kpnl; P, WI; S, Sstl; Sa, Sall; Xb, Xbal; Xh, Xhol. n , LTR; q , gag gene; q , polymerase gene; q envelope gene; [::I in the SSAV 
provirus, unsequenced regions not contained in SSV. 

the SSAV/SSV sequence. Comparisons of the amino 
acid sequences of various tether sections have sug- 
gested that this region is relatively poorly conserved 
between different retroviral polymerase genes (John- 
son et a/., 1986) and is the fastest changing entity of 
retroviral polymerase genes (McClure et a/., 1988). 
However, we find the number of amino acid identities 
between the tether sections of AKV, BaEV, SSAV, and 
S71 to lie in the same range as the amino acid identities 
between the respective RH regions (Table 1) previously 
shown to be relatively highly conserved between vari- 
ous polymerase genes (Johnson eta/., 1986). This sug- 
gests that, within the group of C-type retroviruses, the 

TABLE 1 

AMINO ACID IDENTITIES OF THE TETHER (T) AND 
RNASE H REGION OF pol (%) 

s71 SS(A)V BaEV AKV 

T RH T RH T RH T RH 

S71 - - 52 49 49 47 49 53 
SS(A)V - - - - 65 61 64 61 
BaEV - - - - - - 71 65 

tether region is as well conserved as other sections of 
the polymerase gene and may be of more significance 
than just a spacer separating the reverse transcriptase 
and RH domains. 

By alignment with various other C-type retroviral RH 
sequences (see below) we found the S71 RH domain 
to extend from position 3489 to 3956 (Fig. 2). 82/l 56 
amino acids in the S71 pol frame (Fig. 1) are identical 
with SSAV/SSV. Amino acid identity between both se- 
quences is interrupted in a short stretch between posi- 
tion 3660 and 3707 in the S71 pol frame (frame 0). 
However, in this region the -1 reading frame (Fig. 1, 
frame 2) contains 1 1 contiguous amino acids identical 
with the SSAV/SSV pol sequence (Fig. 2). This in- 
creases the amino acid identities between both se- 
quences to 60%. Levin eta/. (1988) report the presence 
of conserved amino acids in the RH domain. All of 
these are also conserved in the S71 RH sequence 
(marked with an asterisk in Fig. 2) and three of these 
are located between position 3660 and 3707 in the -1 
frame. 

The sequences between position 3957 and 4938 
constitute the IN section. Out of 21 invariant amino 
acid residues pointed out by Johnson et al. (1986), 13 
are conserved in both the S71 and the SSAV/SSV se- 
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n n n n I amino acid identities 

COPIA PitPV tlddkmYfvifVdqF thycvtylikyKsdvfsmfq .““....““““‘,‘......~.......... 
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i+KdtilqHi 
I I I I I I I IIIIIII I I I I III I I I I I 

SMRV bi"iiiftpiGiqsfVHVTVDTfSgFIlATpQTGE 
I I IIIII I I 

Fsv DfTleprmaprswlAVTVDTaSsaIvVT 
I I II I 

HIV-1 DcT 

I b....:f:;i:.i:I ,c , , 
I I 

hlegkvilvAVhVasgyieaeVT paetgqetAyfl1 
0 6 12 16 24 30 36 

COtI dft-vkp--ggy -yllvfvdtfsgwveafptktekas-v-k vll 

FIG. 5. Multiple alignment of a short conserved region within the endonuclease section of 13 retroviral polymerase sequences (GENALIGN): 
COPIA (aa 491-530). ERV3 (4980-511 l), ERVl (25-l 51) CHIMP (44-169) 4-1 (5365-5490) SSV (2936-3064) AKV (4996-5124) BaEV 
(4908-5036) S71 (4236-4364) MMTV (6006-6131) SMRV (202-328) RSV (440864533) HIV-1 (3999-4115). All numbers correspond to 
nucleotide positions, except COPIA (aa = amino acids). For references see Materials and Methods. Subgroup-specific conserved amino acids 
are shaded. The graph on the right shows amino acid identities between consecutive sequence pairs (from top to bottom). 

quence (marked by an asterisk in Fig. 2). The overall 
amino acid identity of the S71 IN sequence with the 
SSAV/SSV pol sequence is about 40%. 

Overall structure of S71 

Upon retroviral integration host cell sequences are 
duplicated so that the provirus is flanked by short direct 
repeats. A direct repeat of the 7-bp sequence immedi- 
ately adjacent to the S71 LTR-like region is located 400 
bp upstream of the gag-related region (positions 98- 
104 in Fig. 2). Assumption that this 7-bp duplication is 
a result of retroviral integration results in a length of 
5406 nucleotides for the S7 1 element. Next to the gag 
(1478 nucleotides) and the pol regions (1818 nucleo- 
tides), the S71 element contains two regions with no 
discernible similarity to any retroviral sequences avail- 
able for comparison. The first region spans the 394-bp 
between the 5’ direct repeat and the gag-related re- 
gion. The second retrovirus unrelated sequence is 
1132 bp long and separates the S71 gag and pol re- 
gions (positions 1979-31 10 in Fig. 2). Translation of 
this sequence suggests a possible open reading frame 
extending from a methionine codon at position 1979 to 
a termination codon at position 2344 (Fig. 2) and corre- 
sponding to 12 1 amino acids (13 kDa). 

Phylogenetic relationship of S71 to other 
retrovirusedretroviral elements 

One approach to obtain information about phyloge- 
netic relationships is to look for common mutations in 

a set of similar sequences. Composition of such sets 
is often limited by the number of available sequences. 
The IN section of retroviral polymerase genes seemed 
to be a likely candidate for this type of analysis since it 
has previously been shown to contain a number of 
highly conserved residues (Johnson et al., 1986). 
Within the endonuclease section we chose a region 
comprising about 40 amino acids for which sequence 
data were available for 13 different retroviral elements. 
Multiple alignments were carried out using the GEN- 
ALIGN program and the results are shown in Fig. 5. 

The SSV, AKV, BaEV, and S7 1 sequences all contain 
an Asp (D) residue at position 20 and Thr (T) at position 
35 while ERV3, ERVl, CHIMP, and 4-l exhibit a Cys 
(C) (ERV3 Tyr, Y) and a Lys (K) in the respective posi- 
tions. This suggests that these C-type retroviral se- 
quences can be divided into two subgroups. Careful 
analysis of the alignment reveals subgroup-specific 
amino acid preferences at 14 positions (2, 4, 6, 10, 13, 
15, 20, 32, 33, 35, 38, 40, 41, and 43) at which identi- 
cal amino acid residues are conserved in at least three 
of four members of a putative subgroup (shaded in 
Fig. 5). 

S71 shares 7 out of the 8 amino acids specific for 
the SSV, AKV, BaEV subgroup, while it contains none 
of the conserved amino acids specific for the other 
subgroup. This suggests that S71 is more closely re- 
lated to sequences AKV, BaEV, and SSV than to the 
other human endogenous retroviral elements ERV3, 
ERVl, and 4-l. 
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endonuclease region (IN) 
* *t * ** t * * 

AKV IN IDFTEVKPGLYGYKYLLVFVDTFSGh'VEAFPTKRFaTARWSKK 
B&V IN IDFTEVKPHYAGYKYLLVFM)TFSGWVEAFPTRQETAHIV 
SSV IN VDFTEVI(PCJYG~YLLVFIDTFSGWVEAFPTKTETRLT 
S71 IN ITEIKPHWAG~YLLVLVDTFSGX'IEAFATKNETAlTWKF 
ERVl IN GLYQI ASGGGYRYML~TFSPTQ~ 
Chimp IN DFTKLPLVGGYRYMLW'&2TFSGWVEAFPTQTEKEQEVTQV 
4-1 IN VOFTEMPKCGGM(YLLVL~TYSGQVEAYPTRTEKAHEVTRV 
ERV3 IN wTYRVAEcGSYRYMLVLVYTFSGwAKAFPTRSKlisXEVTK1 

RNase H region (RH) - . . 
PDADHTWYTkSFLQ EGQRKAGAAVTTETEVIWAG;SAEiI; 
PDADHTWYTDGSSYLD SG TRRAGAAWDGHNTIWAQSIPPGTSAQKAELIALTKALBLSKGKK 

SSAV RH ffiV PAh'YmSSFIA EGKRRAGAAIDDGKRTWlASSI&'EGTSACKAELVALlULF&ABGPJI 

ERVO 

R7, 

s71 RR KEVDATVFTDSSSLLK QGWKAGAA VlMElDKLQTQALPAGTSAbAELVALI~VRTNV 
-. . 

4-1 Fu SM~LrVDGSS~EWCAYA~LD~~~~~~LI~~~E~T 
HIV RR IVGAETFYVDGAAN RETKLGKAGYVTNKGRQKWPL TNTTNQKTELQAIYLALQ DSGLE BAEV 

AKV SSAV 4-l 
l * l * * 

AKVRH LNVYlDSRYAFATAHIHGEIYRRRGLLTSEGPEIKNKSEILALLKALF'LPKRLSIIHCLGHQKGD I ) 1 

BnEV RH ANIYTDSRYAFATAHTHGSIYERRGLLTSEGKEIKIIALLKALFLFQEVAIIHCPGHQKGQ 
SSAV RH INIYTDSRYAFATAHIHGAIYK~LLTSAGKDIKNIQ2EILALLEAIHLPKRVAIIHCPGH~GN HIV 
s71 RH LTFTLTAGMLFATVRVHGAIYQ~LLTSAGKAIKNXEEILAL~A~LPQJVAVIHCKGHQKED 
4-l RH V?UYTDSXYVFLTLQVHGALCKEKGLLNSGGKDIKYQQEILQLLEAVHKPHKVAVIHCGGHQXAS 
HIV RH WUVTDSQYAIGIIOF4PD KSESELVNQIIEQLIKL AMVPAHKGI GGNZQVD 

RH * 
AKVRH SAEARGNRLADQAARF%iI KTPPDTSTLL 
BaEVRH DPVAVGNRQADRVARQAAbL%EVLTLATBPDNTSHIT 
SSAV RR DPVATGNRRADEAAKQAAL STRVLAFaTTK 
s71 RH TAVAHGNQRADSAAWGPA QLPVAPPTLL 
4-l RH TLVGLGNSCTDIEAQKMS ALPGISDSPP 
HIV RH KLVSAGIR KILFLDGIDK 

FIG. 6. Phylogenetic analysis of primate and murine retroviral sequences. Multiple alignments of amino acid sequences in two retroviral genes 
and corresponding phylogenetic trees shown on the right side: CA(s) (short): AKV (1296-l 497) BaEV (1296-l 457) ERV3 (1323-l 484) SSV 
(2064-2225) S71 (1022-l 282) 4-l (1744-l 908). CA(I) (long): BaEV (1266-l 937) SSV (2034-2705) AKV (1306-l 977) S71 (1092-l 762) 4- 
1 (1717-2391) HIV-1 (807-1473). IN: BaEV (4908-5033) AKV (4996-5121) SSV (2936-3061) S71 (4236-4358) CHIMP (44-166) ERVl 
(25-148). 4-l (5365-5487) ERV3 (4980-5108). RH: AKV (4153-4623) BaEV (4077-4568) SSAV (614-1081) S71 (3489-3956) 4-l (4534- 
5004), HIV-l (3429-3809). All numbers correspond to nucleotide positions. For references see Materials and Methods. In the alignments a 
dash indicates a frameshift, an X represents a stop codon. Amino acids that are conserved in all sequences are marked by an asterisk. 

For additional confirmation, eight of the sequences 
most similar to S7 1 in Fig. 5 were used for phylogenetic 
analysis according to the method of Feng and Doolittle 
(1987). The corresponding phylogenetic trees clearly 
divide these sequences into the subgroups defined by 
common mutations in the GENALIGN alignment (Fig. 
6, IN). However, the rather short range of the se- 
quences compared could result in a biased alignment, 
as both methods use similar algorithms. 

Another region known to be conserved is the RH do- 
main of the polymerase (about 160 amino acids; John- 
son et a/., 1986). The clustering order of AKV, BaEV, 
SSAV, S71, and 4-l obtained with this much longer 
stretch of amino acids agrees with that of the IN se- 
quences (Fig. 6, RH). Unfortunately, sequences of this 
region are not available for the other human endoge- 
nous elements ERVl and ERV3. Furthermore, RH and 
IN are both part of the same gene known to be most 
highly conserved among retroviruses (Chiu et a/., 1984; 

McClure et a/., 1988). Therefore we decided to extend 
this analysis to sequences derived from an indepen- 
dent gene. For this purpose we used a conserved seg- 
ment in CA for which sequence data were available for 
six of the eight elements used in the endonuclease 
alignment. The resulting phylogenetic tree (Fig. 6, 
CA(s)) shows essentially the same branching order as 
the two pol-derived trees (RH and IN). Furthermore, se- 
quences 4-l and ERV3 are clustered into a separate 
subgroup from S71, as in the endonuclease tree (IN). 
The relative order of the AKV, BaEV, SSVDSAV, S71 
and Chimp, ERVl, ERV3, 4-l sequences, respectively, 
was found to be identical for all four multiple align- 
ments. Extension of analysis to a much longer gag re- 
gion (about 230 amino acids, including the highly con- 
served region) yielded essentially the same relative 
branching order as the short conserved CA region and 
the pol RH domain, the only difference being that SSV 
clustered with BaEV instead of AKV (Fig. 6). This sug- 
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conserved CA region (short) 
t t l *** ** l ** l 

AKV CA(s) LYNUKNN d~FSED~K;TAkESVLTTHQPTWDDCQQLLGTLLl&KQkLL 
BaEV CA(s) LYNWKTH NFSFSQDPQALTSLIBSILLTHQPTWDDCQQLLQVLLTTBERQRVLL 
SSV CA(s) LYtMK.SN HPSFSENPAGLTGLLESISHQPTWDDC~LLQILF'ITEERERILL 
S71 CA(s) LCN-KAH NPSFSEKPQVLTS~SVLWTHCPTWDM32QLLLTLFTSEEF'DRlRR 
4-1 CA(s) LLNWKNN TPSrrel(POALIDL~TIIQ~TWADCHQL~LE~~ 
ERV3 CA(s) LL~HTP-TPSrPE1(41AtTDIM3SIFPMNPTWPDCKQLLLTLFNTEECRRVM 

conserved CA region (long) 
BAEV CA(l) 
ssv CA(l) 
AKV CA(l) 
s71 CA(l) 
4-1 CA(l) 
HIV CA(l) 

BAEV CA(l) 
ssv CA(l) 
AKV CA(l) 
s71 CA(l) 
4-l CA(l) 
HIV CA(l) 

BAEV CA(l) 
ssv CA(l) 
AKV CA(l) 
S71 CA(l) 
4-l CA(l) 
HIV CA(l) 

BAEV CA(l) 
ssv CA(l) 
AKV CA(l) 
s71 CA(l) 
4-1 CA(l) 
HIV CA(l) 

l * * t * l 

IQYWPFSASDLYNhKTNNFSFSQDFQALTSLIESILLTHQP~DCQQLLQVLLTl?EERQRVLL 
LQYWPFSSADLYNh'KSNHSFSENPAGLTGLLXSLMFSH~TWDDCQ2LLQILFTl'FaE3ERILL 
LQYWPFSSSDLYNWKNNNP SFSEDPGKLTALIESVLTl'BQFTWDDCQQLLGTLL'IGEBKQRVLL 
LVYVPFSTSDLCN-KAHNPSFSEKFQVLTSLMBSVL~HQFTWDDCQQLLLTLFTSEERDRIRR 
VYQPFTSADLLNWKNNTFSYTBKF'QALIDLLQTIIQTHNFTWADCHQLLMFLFKTDERXRVLQ 

VEEKAFSPEVIPMFSALSE GATFQDLNTMLNTV GGHQAA MCi4LKETINEEAAEWDRV 

EARKNVPGPGGLP TQLFNEIDEGFPLTRPDWDYBTAPGFESL RIYRQALLAkKGAG?XtPTNL 
EARKNVLGDNGAP TQLENLINEAFFLNRPQTAAGRBLL LVYRRTLVAGLKGAMtRP!lNL 
EARKAVRGElDGRPMLPNEMAAFPLERPDWDYTT~LVLYIMLLLAG~~P~L 
EABKYFLTL?GRPEGEAQNLLFaF.VFFSTPPDXDPNSSGGKRALDNFBRYLI?aGIKGAARKF'XNL 
AATKWLEEHALADYQNPQEYVRTOIPGTD~~P~D~~NRM(KRLLEGLI 
HPVHAGPIAFGQMREPRGSDIAGTTSTLQEQI GwMTNNPPIPvGBIYKRwIILGLNKIVm YSP 

AKVRT&KD~SPAAF~RLLBGFIU4YTFFDPU2EBKATV~FI&IKG&LDGIQ 
AKVREVLQGPAEPPSVFLERA~Y~FDPSEEMQADII(KKLCIRLEGM 
AKVKDIMGPNESPSAFLERLKEA~Y~~~D~E~S~FIWPSAPDIG~LERLEDLK 
S-TTEWQGPGEXPGAFLECLA~~~FDP~~~IN~~-~DI~~~~A 
NKVSEVIQGKEESPAKFHERLCEAYCMYTFFDPDSPENQRMINMALVSQSTEDIRBKLQKKAGFA 
TSILDIRQGPKEPFRDYVDRF YKTLRAFQASQEVKNIMTB TLLVQNANPDCKTILXALG P 

THGLQELVREAE KvyNKRETp!3ER!URLIKEQ 
DYSLQDLVREAB KVYHKRETEEERQEREKXEA 
SKTLGDLVREAE RIFNKR!3TPEEREBRVRRET 
GI+JISQLIEVAQ RIFDSQFZEKQKQAAEKAAD 
GbtiTSQLLEIAN QVFVNDAASRKET 
AATLBEMMTACQGVGGFGHAMSQWNTATIMt.%2R 

FIG. 6-Continued 

gests that, at least in our case, these short ranges of 
amino acid sequences (IN, CA) reflect the overall rela- 
tionship obtained with three to four times larger regions 
(RH, CA). 

Each tree shown in Fig. 6 is based on calculations 
from the distance matrix derived from binary align- 
ments. While the overall topology remains unaltered 
over a considerable range of distances, the individual 
branch lengths are highly dependent on the assump- 
tion of common rates of amino acid changes for the 
sequences compared. Since defective endogenous 
sequences do not face continuous functional selec- 
tion, a common rate of amino acid changes with active 
viral sequences cannot be assumed. The branch 
lengths in Fig. 6 are plotted according to the calculated 
distances in the depicted trees without further adjust- 
ments. Although this may not correlate with the real 
evolutionary distances, it should not interfere with the 
overall topology of the trees. 

DISCUSSION 

The organization of retrovirus-related sequences in 
the S71 element was determined by nucleotide se- 

quence analysis and comparison with the correspond- 
ing SSV and SSAVISSV sequences. The S7 1 truncated 
proviral element contains gag- and pol-related se- 
quences followed by a 3’ LTR-like sequence. The S7 1 
gag region is of roughly the same length as the SSV 
gag gene (1478 vs 1539 nucleotides) and shows dis- 
tinct sequence similarity to all sections of the SSV gag 
gene except pl 2gag. A similar situation can also be ob- 
served for the gag region of the human endogenous C- 
type provirus 4-l which also exhibits least homology to 
MoMuLV gag within the pl 2gag section (Repaske et al., 
1985). On the basis of the alignment of the amino ter- 
minal CA sequences, Oroszlan et a/. (1977, 1981) di- 
vided mammalian C-type retroviruses into four sub- 
groups. Comparison of the above region in S71 with 
the sequences characteristic for each of the four sub- 
groups shows that the S71 element clearly falls into the 
SSAV/GaLV subgroup (Fig. 7). 

The S71 pol region consists of tether-RH- and IN- 
related sections. The retrovirus-related sections within 
the gag and pol regions of S71 are arranged in the rela- 
tive order typical of a number of murine and primate 
retroviral genomes. However, the S7 1 element is lack- 
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Subgroup I 
Ra-MLV 
M7MLV 
FeLV 

subgroup II 
R3Ev 
lx+114 

subgroup Ill 

GaLV 

GG-----NG--Q-L 

P N RP 

V------NR--T-I 

V 

subgroup IV 

m-1 H 
MC-1 PLREIGSLDDT-GLSR-LMYWFFST, 
W-1 APP 

Connon PLR v T., +) 

FIG. 7. Comparison of CA amino terminal amino acids according to Oroszlan et a/. (1977, 1981) in Weiss et a/. (1985). Ra-MLV, Rauscher 
murine leukemia virus; MO-MLV, Moloney murine leukemia virus; FeLV, feline leukemia virus; RD.1 14, feline endogenous virus; GaLV, Gibbon 
ape leukemia virus: MMC-1, endogenous type C virus of Macaca mulatta; MAC-l, endogenous type C virus of M. arcotoides, CPC-1, endoge- 
nous type C virus of Colobuspolytomos. X. unidentified amino acid. 

ing over half of the polymerase gene, encompassing 
the protease coding region and the complete reverse 
transcriptase domain (Fig. 4). 

A prevalent feature of transducing retroviruses is the 
partial or complete lack of genes required for retroviral 
multiplication, as is the case in S71. The sequence re- 
latedness of S71 with the v-sis-bearing defective SSV 
provirus in the gag and endonuclease regions sug- 
gests comparison of the overall organization of retrovi- 
ral sequences in both proviral elements. Both elements 
contain a complete gag gene, whereas both are miss- 
ing a large part of the polymerase gene, including the 
entire reverse transcriptase domain, and most or all of 
the envelope gene (Fig. 4). Notably, in both elements 
part of a retroviral gene has been replaced by a pre- 
sumably nonretroviral sequence. In SSV part of the en- 
velope gene is replaced by the sis oncogene which is 
essential for the SSV transforming activity (Robbins et 
a/., 1982). Transcription of v-sis can occur in the ab- 
sence of the 5’ LTR and donor splice signals suggest- 
ing that appropriate signals reside in the SSAV se- 
quences preceding v-sis (Devare et a/., 1983). As men- 
tioned above, part of the pol gene in S7 1 is replaced by 
a presumably nonretroviral sequence with a 121 amino 
acid open reading frame (S7 1 -nonretroviral reading 
frame, S-NRF; Fig. 4). We have recently obtained evi- 
dence for the expression of related sequences in hu- 
man placenta and are currently investigating the possi- 
bility that S-NRF may have a cellular counterpart not 
associated with retrovirus-related sequences (manu- 
script in preparation). Therefore, similarities between 
S71 and SSV are not confined to sequence level but 
can be expanded to include their general structure im- 
plicating analogous mechanisms for the generation of 
both truncated proviral sequences. 

Direct repeats flanking integrated proviruses are 
known to be a hallmark of the retroviral integration 
mechanism. Although the exact number of duplicated 
nucleotides cannot be determined for S71, their pres- 
ence and location in S7 1 suggests that S7 1, like SSV, is 
a proviral element resulting from a retroviral integration 
event. In this case the absence of cis sequences in S71 
required for integration makes it conceivable that at 
some point there existed a full-length counterpart to 
S7 1 analogous to SSAVISSV. 

Sequence comparison of S71 with SSV/SSAV by dot 
matrix analysis indicates a higher degree of conserva- 
tion on amino acid level than on nucleotide level (Fig. 
3). This was analyzed in more detail for the short con- 
served CA and IN regions (Table 2). Only one amino 
acid substitution in the gag region and none in the en- 
donuclease region is caused solely by a nucleotide 
change in the third position. The distribution of nucleo- 
tide substitutions among the three positions of the re- 
spective codons therefore are clearly biased towards 
silent third position changes. This bias suggests func- 

TABLE 2 

NUCLEOTIDE SUBSTITUTIONS VERSUS AMINO ACID CHANGES 
IN S7 1 AS COMPARED TO SSV 

Region: 1. Position 2. Position 3. Position 

CA 16 (25%) 11 (18%) 35 (56%) 
IN 14 (29%) 9 (18%) 27 (55%) 

Total: Nucleotide Changed Amino acid 
substitutions codons substitutions 

CA 62 37 19 
IN 51 32 16 
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tional constraints effective on protein level indicating 
transient functionality of these proteins. 

A critical factor in phylogenetic analysis with short 
range sequences is the choice of sequence regions 
used for comparison. We have identified two regions 
leading to results that reflect the overall situation as 
correctly as alignments with much longer sequences 
at least for C-type retrovirus-related sequences. Since 
our analysis demonstrates the reliability of these short 
sequence ranges they can be used as targets for poly- 
merase chain reactions (PCR) for rapid classification of 
newly isolated sequences (Shih et a/., 1989). The initial 
phylogenetic evaluation of new elements could be car- 
ried out with these amplified sequences suggesting 
that the effort of large scale sequencing may no longer 
be necessary for this purpose. 

Extension of this type of phylogenetic analysis to in- 
clude sequences derived from the envelope gene 
would be a logical continuation. However, phyloge- 
netic trees derived from env-related sequences differ 
widely from the largely congruent trees obtained with 
retroviral enzyme sequences such as RH and IN (Mc- 
Clure et al., 1988) as well as with the capsid protein- 
derived sequences analyzed in this study (Fig. 6). This 
suggests that, during retrovirus evolution, these three 
proteins have faced similar pressure for functional se- 
lection which is different from that governing evolution 
of envelope proteins (Doolittle et al., 1989). The rapid 
evolutionary change of envelope-related proteins is ap- 
parently at least in part caused by major genetic recom- 
bination events (McClure et al., 1988). Furthermore, 
exposure of envelope proteins to the immune system 
of the host calls for adaptive changes in these proteins, 
as reflected by the high rates of change in the envelope 
sequences of different HIV isolates. 

We previously reported that the control regions of 
the S71 3’-LTR-like sequence are most homologous to 
infectious murine and primate proviruses (Brack-Wer- 
ner et a/., 1989a). All phylogenetic trees obtained with 
highly conserved retroid sequences within S71 also 
point out that S7 1 is more closely related to murine and 
primate infectious proviruses than to ERVl, ERV3, 
Chimp, and 4-l. Moreover the endonuclease (IN) and 
the short CA region (CA(s)) alignments show an even 
more distinct pattern clustering S71 with AKV, BaEV, 
and SSV into one subgroup and the other three (two) 
human endogenous retroviral sequences into another 
subgroup (Fig. 6). The relative order of all human en- 
dogenous elements compared to the murine and pri- 
mate infectious proviruses is reproduced in each of the 
four alignments. We have reported the SSAV-related 
subgroup to comprise about 35 copies per human hap- 
loid genome (Brack-Werner et al., 1989b). Low strin- 
gency hybridization of human DNA with a specific S71 
probe derived from the tether-RH region revealed at 

least 15 strongly hybridizing fragments (data not 
shown). On the basis of these findings, S7 1 may repre- 
sent a subgroup of human endogenous retroviral ele- 
ments which is distinct from the ERVl, ERV3, 4-1 sub- 
group. Sequencing of further endogenous retroviral el- 
ements is required to shed more light on the 
evolutionary relationship of human retroposons. 
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