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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 p15 (MA)-, capsid protein p30
(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 $71 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.

INTRODUCTION

About 10% of the human genome is thought to have
arisen by reverse transcriptase-mediated processes.
Seqguence 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 al.,, 1986). The group of
nonviral sequences is composed of LINES (iong
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 | and class
I, 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 al., 1986). The major region of homology
between various retroviruses is located within their pol
genes (Chiu et al., 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 a/., 1986;
Doolittle et a/., 1989). Therefore sequences from these
sections of the pol gene should be suitable for phyloge-
netic analysis of class | 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 | retroviral ele-
ments also contain gag-related regions (Brack—Werner
etal., 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 | 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-Mdsch et a/., 1986). At its 3’
terminus it contains a 535-bp sequence with features
characteristic of retroviral LTRs (Brack—Werner et al.,
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 S71 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 | 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 | human endogenous retroviral se-
quences ERV1, ERV3, 4-1. Therefore S71 may repre-
sent a phylogenetically distinct subgroup of class | en-
dogenous retroviral elements.

MATERIALS AND METHODS
Nomenclature

Retroviral proteins are designated using the nomen-
clature proposed by Leis et al. (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 al. (1989a) or with OPC cartridges {Applied Bio-
systems, England).

DNA sequence analysis

S71 subciones 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) or the 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 4-1 (Repaske et a/., 1985), ERV3 (O'Con-
nell et al., 1984), and ERV1 (Bonner et a/., 1982); ba-
boon endogenous virus (BaEV; Kato et a/., 1987), SSV
(Devare et al, 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 a/., 1987), squirrel
monkey virus (SMRV; Chiu et a/., 1984), Rous sarcoma
virus (RSV; Schwartz et af., 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
871 sequences related to the SSV gag gene

The gag gene of SSV codes for a 65-kDa gag precur-
sor protein (pr659%) which is processed to yield MA,
p129%9, CA, and NC (Teich, 1984). Within the gag gene
the sequences coding for these proteins are arranged
5-MA-p129%9-CA-NC-3' (Devare et al., 1983). Inthe S71
element sequences related to the SSV gag encoding
gene extend from position 498 to position 1975 (Fig.
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Fi. 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, Hindlll; K, Kpnl; P, Pstl; Pu, Pvull; 8, Sacl. 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 S71 was determined by alignment with the corresponding SSV/SSAV sequences (see text). Vertical solid lines mark the
boundaries of MA/p129%, 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 p129% 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. 1),
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 al. (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: PLR(X);_1sYWPES(X)SDLYNWK.
The deduced amino acid sequence of S71 between

positions 1041 and 1135 is identical to the above con-
served sequencein 11 out of 156 positions (67%, under-
lined above), indicating that this region of S71 consti-
tutes the 5’ terminus of the CA-related sequences. The
largely coliinear 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; Fltterer and Hohn, 1987). Inthe S71 NC
this CX,CX,HX,C nucleic acid binding motif is fully con-
served (positions 1913-1954).

The deduced amino acid sequence of the S71 gag
region shows an overall identity of about 40% 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 p129%¢ 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 1
GGTACCGCCC AGTCATCCTG GCAACCCCGT GCTGCTCAGC AGGGCTCCTC CCAGCCTGAA AACATCTGAG TGGCCCCTTT CCTCCTCATC 90
repe%
CCCATCCCTT ACCCCGCACA TCCCGTTTTC CTGTGCCACA GCAAGTCCAG CGCCTCCAAG ACTTGGCTCC GCTCTCCCTC CTAAAATCCT 180
TAAAAGAAAG GGCAAAGTTT GAACTTTTTT CCTTCAAGTC GTGGAGACGC CAAAAATATT TAGACTATAA GTCAGAGAGG AGAGGGGGAT 270
CACGTAGGTC CCACTAGCCT CGCACCCATC TCTTGTCCTC TCCCTAAATC TTGGAGCTTA AGGAAACAGA CCTTATGTGG CAAGAAGCGC 360
TGGCTATAGC TGTTTTCCTA CTTCTTTTGG TTATGATGCT TCTATTCTTC CGATACTCCA GCCCCTCCAG GTCATGAATT TCTCTGTCCA 450
r p15/p12 >
TGCTGGGTTT AATATCTCTG CTCAAACTTT GTTAAACTGC CTCCAGAATG GGAAACTCTT CTTCCCAGTC TCATAAAGAT TGGAGCCCTC 540
M G N S S S QS B KD WS P L
=12 2 =
TCCAATGTAT GTTACAAAAT TTCTCTCTAG GCTTCTCCGA GGATTATGGG GTCCGCCTTA AAAAAGGCAA ACTCTGGACA CTCTGTGGAG 630
Q C M L QN F S L G F S E D YG VRULK KGI K L WT L C G V
N FS X SN
TAGAATGGCC AAAGTTTGGA GCCGGGTCAC TGAACCTCGC AATTGTTCAG GCTGTGTGGC GGGTTGTTGC TGGAACTCCT GGTCACCCTG 720
E W P K P G A G S L NIL A I Vg AV WR VVA GTP G H P D
L = 4= LYWE Y 1P LEERD
Sac I
ATCAGTTTCC CTACATTGAT CAATGGCTGA GTTTGGTCCG GAGCTCTCAT CCATGGCTCC ACTCATGCGC CATTCCTAAT CCTACCTCCA 810
Q F P Y I D Q W L S8 L V R S S H P W L H s C A I P N P T S K
L FE YL LA L = L 2 =
AGGTCATTTT GAGCCAGACC TCACTTTCGC CTCGACCCTC AGCCGGCTCG GCTCCTCCTG TATTGCCTCC TTCTGAAGAA GAGGAAAGTC 900
vIiL $¢°T S LSP RPS AGS APPV L PP sSEE EZE S L
2 2= = -
TCCCTCACCC AGTTCTGCCG CCTTATAACC CTCCTGCTCC CTTAGRATCT TCCCTTGICT CCTCGACTAC ATCCCCTGTG GGCTCTCTGC 990
P HP VLP PYNZP PAP LES SLVS 8$TT S PV G S L P
2HE VL 2 2V L8
|-T-GE) 30 -
CTATTGCCTC CTGATTGAGG CCACAGCAGG AGGAGGTAGC CCCCCTCCTC C TGAGAG AGGCACAAGT CCCTGCGGGT GATGAGTGCT 1080
I A S X L R P Q Q E E VA P L L L LRE A QV P AG DEC 8§
= - Lz
CAGCTCCATT CTTGGTTTAT GTCCCCTTTT CTACTTCTGA CCTGTGCAAC GGAAGGCTCA TAATCCCTCC TTTTCTGAAA AGCCCCAGGT 1170
A PT L VY VPF S TSD LCN -~KAH NP S F S EZK P QV
CTTGACCTCA CTGATGGAGT CGGTGCTCTG GACCCATCAA CCCACCTGGG ATGACTGTCA ACAACTCCTT TTAACCCTCT TCACCTCTGA 1260
L Ts L MES VLW THOQ PTWD DCQ ©QLL L TULF TS E
- "EZ =
AGAGAGGGAT CGTATCCGAA GAGAAGCCAG AAAGTATTTC CTTACATTAG CCGGTAGACC GGAGGGGGAA GCCCAAAACC TCCTTGAGGA 1350
E R D R I RR EAR K YF L T LA G RP E GE A QNUL L E E
GGTTTTTCCCTCTACCCGGCC TGATTGAGAT CCGAACTCCT CAGGTGGGAAR GAGAGCTTTG GATAATTTTC ACCGTTATCT CCTTGCGGGT 1440
V F P S T R P D X D P N S S G G K R A L D N F H R Y L L A G
2 22 L P A L RYyL tAag
ATCAAGGGAG CCGCTCGAAA ACCATGAATC TGTCTAGGAC AACTGAAGTT GTCCAGGGGC CTGGTGAGTA ACCTGGAGCA TTTTTAGAAT 1530
I KGA ARK P XN LS -T TEV VQGP GEX PGA F L EC
GCCTCCAGGA GGCCTATCTG ACTTACACCC CTTTTGACCC AGCGGCTCCC GAGAAGAGCC GTGTTATTAA TTTGGCATTT GTGGCTCAGG 1620
L Q@ E A Y L T Y T P F D P A A P E K S R V I N L A F V A Q -
CGCCTCTGAT ATTAGAAAAA AATTACAAAA ACTGGAAGGA TTTGCTGGAA TGAACATTAG CCAGCTTTTA GAAGTAGCCC AGAGAATTTT 1710
A §$ D I R KK L QK L EG FAGM NI S QLL EVAQ RTITF
2 _ 3
Pvu IT
TGACAGTCAA GAGTTCGAGA AACAARAACA GGCAGCTGAA AAGGCTGCTG ATGAAACATC CAAAAGACAA CCGAAAATCT TAGTGGTCGC 1800

bso EFEK QKQ AAE KAAD ETS KROQ PKIL VVA

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 §71 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 (Brack-Werner et a/., 1989b). The $71 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, and NC gag regions were inferred from alignment with the gag gene of SSV. Additional confirmation of the 5 border of the S71 CA
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r-g‘l ->
CATCC GCCAGAAAGG AGGGGCCCCC ATCACAGAAC ACTAGCCAGG GGACCCCGGT TCCACAACAG ARAGGCCAGA AMAGTGAGTA 1890
IRE ARKE GPP SQN TSQG TPV PQQ KGOQEK §E X
=5 X
<-P 10—
GGCTTCCCTA CAGAAAAACC AATGCACTTA TTGCAAGCAG ATAGGACACT GGAAAAAAGA ATGCCCATIT AAACCAGAGG GAARAATAAT 1980
ASL QKNQ CTY CKOQ I GHWIKEKECPF KPESG KIMN

GCCCATTAAA GCCAGAGGAG AAACCAGAAA ACAAAAAGGT CTCAAGGGGC CAGCCCCTCC ACACCTGTGG GTGTTTCTCA TCAGGTGGGT 2070
P I K ARGE TRIK QKG L KGP A PP HLW VF LTI RWHWUYV

CAAAAGAGTG AGAAAAGAAG ACAGCAGAGG CAAAGTTATA GAGAAAGAAC TGTGGCCCAG GGACCAGCGC TTAGCATACA GAGGACCTGC 2160
K RV RKED S RG KVI EKEL WPR DQUR LAYR GPA

GCTGGCCCTG GTCTCTGAGT TCCATCAGTA TTTATTGATC ACTATCTCTA CCATCTCGGA GAGGGGGATG TGGCAGGACT ATAGGGTAAT 2250
LAL VSEF HQY L LI TTIST I SE RGM WOQOQDY RVM

GGTGGGGAGA GGGTCAGCAG GAACACATGT GAGCAAAGAT CTCTGTGTCA TAAATAAGTT TGAGGAAAGG TGCTGTGCCT TGATGAGGAC 2340
VGR GSAG THV SKD L CVI NXTF EER CCAL MR RT

GTAGGCCAGA TTTATGTTTG ACTTTACACA AACATCTCGG TGCATTAAAG AGCAGTATTG CCGCCAGCAT GTTTCACCTC CAGCCATAAG 2430
X

ACAGTTTTTT CCTATCTCAG TAAATAGAAC GTATGATTTT GTTTTACACT GAGACATTCC ATTCCCAGGG ACCGAGCAGG AGACGGATGC 2520
CTTCCTCTTA ATTGCAAACA GGGCTTCTTC CTCTTTCACT AATCCTCCIC AGCACAGACC CTTTACGGGT GTTGTGCTGG GGGACGGTCA 2610
Hind III
GGTCTTTCCC TTCCCACGAG GCCATATCTC AGGCTGTCAC ATGGGGAGAA AGCTTGGACA ATACATGGCT TTCCTGGGCA GAGGTCCCTG 2700
TGGCCTTCTG CAATGCATTG TGTCCCTGGG TACTCGAGAT TAGAGAATGG CAATGACTTA CCAAGCATAC TGCCTTCAAA CACATTTTCA 2790
ACAAAGCACA TCCTGCACAG CCCTAAATCC ATTAAACCTT GAGTCAACAT AGCACATGTC TCTGCAAGCA CAGGGTTGGG GCTAGGGTTA 2880
CAGATTAACA GCATCTCAAG GCAGAAGAAT TTCTCTTAGT ACAGAACAAA ATGGAGTTTC TTATGTCTAC TTCTTTCTAC ATAGAGTAAC 2970
AGTCTGATCT CTCTCTATTT TCCCCACAAA GGTCCTCACT CTCCCCGCAG CAGAGGAATC TGATGATTAA AAGGGCCGGG GCTCCCTCTC 3060
pol ->

TCTTGGCCCC CGAAGCCCAT GGAGACCGTC ACAGCGGAGG GCCATGGTGA TGCCCAGTCA TCTATTTGTC TAAAAGACTG GACCCAGTGG 3150
cpvVvI YL S KRUL DP VA

CCTCCAGGTG GACAAGTTGT CTGTGGGCCA TAGCAGCCAC AGCAAGCCTG ATTCAGGAGA CTGATAAACT GACTCTAAGT CAAAATTTAA 3240
S RW T S C L WATI AAT AS I Q ET DKIL T LS QNIL

L T
— — — — — ———— —— —

Pst I
CTCTTACGGC TCCTCGTGCC ATAGAGACTT TGCTGCAAAG TGCTTCTGGC AAATGGATGT CAARATGCTCG CATCCTGCAG TATCAGAGIT 3330
L TA PRA I ETUL L QS ASG KWMS NAR I LQ Y QS L

TACTGTTAGA TTGGCCTCGT TTAACTTTCT CTCCCACAAG GTGTTTAAAT CCAGCTACTT TGCTCCCTGA TCCAGACTTC ACCACACCTG 3420
LLD WPR LTVPFS PTR CLN PATL LPD PDF TTZPUV
N s X IV
—RNase H ->
TCCATGACTG CCAGGAACTG TGAGAGACTA CAGAAACTGT CCGACCTGAT CTCCAAGATG TGCCTTTAAA GGAGGTGGAT GCTACCGTGT 3510
H D C Q E L X ET T E T V R P D L QD V P L K E V D A T V F
HDC QEL XETTI ETV RPD L OOV 2L Yo A
Pst I
TTACA(';ACAG TAGCAGCCTC CTTAAACAAG GAGTACGAAA GGCTGGTGCG GCTGTTACTA TGGAGACGGA TAAACTGCAG ACTCAGGCAT 3600
T DS S SL L KOQG VRIK AGA AV TM ETD KL Q T QAL
S8 S, VRK AGCRA A L

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 S71 pol amino acid sequences to the tether, RH, and IN sections of the polymerase gene is based on the data of Johnson et
al. (1986). In the RH region, 11 highly conserved amino acid residues (Levin er al., 1988) and their relative locations in the $71 sequence are
marked with asterisks. In the IN region, asterisks mark the relative locations of conserved amino acid residues identified by Johnson et a/. (19886).
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TGCCAGCAGG TACCTCAGCA CARAAAGCTG AATTGGTTGC TCTCATTCAG GCGCTCCGAC GGGTAAGGAC AAATGTATTA ACATTTACAC 3690
PAG T SA QKAE LVA LIGQ ALRR VRT NVIL TFTa
- D KD K C N I YT
TGACAGCAGG TATGCTTTTT GCTACTGTGC GTGTACATGG AGCCATCTAC CAAGTGCGTG GGCTACTCAC CTCAGCAGGA AAGGCTATTA 3780
JAG MLF ATVR VEG ATIY OVRG L LT SAG KATLEK
D SR Y ATF
RAAACTAAGA AGAAATTTTG GCCCTGCTTG AAGCTGITTG CCTACCTCAA CAGGTGGCTG TAATTCACTG CAARGGACAT CAAARAGAAG 3870
N XE EIL ALLE AVEC LPQ QVAV I HC KGH QKTETD
— —
pst I <-RNase H—pst:
ACACGGCCGT TGCCCATGGT AACCAAAGAG CAGACTCTGC AGCCTGGGGG CCAGCTCAAC TGCCAGTCGC GCCTCCGACE CTGCTGCCTG 3960
T AV AHG NQRATDTGSA A AWG PAQL PVA PPT L LPA
—— —
‘CAGTGTCCTT TCCGCARCCT GACTTGTCAG ATCACCCAGA ATATTCCCCA GAGGAGGAAA AACAGGCTTC GGATCTTCAG GCCAGTAAAA 4050
VSF PQP DLSD HPE Y SP EETEZK QAS DLOQ ASTKN
£ oEe -t X
ATCAGGAAGG AGGAGTAAAA CTGGCCCAGC TTCTAAGGAG CCGTTTCAAG ATCCCCAACC TTCAGGACTT AGTTAACCAA GCAGCTCTCT 4140
QEG GVK LAQL LRS RFK IPNL @DL VNQAALTFW
GGJGTACGGT TJGTGCCCAG GTAAACACTA AGCAAGGTCC TAAACCCAGC TCAGGCGACC GCCTCCAGGG AGACTCACCA GGAGAAAGGT 4230
CTV CAQ VNTEK QGP KPS §GDR LQG DSP GERW
GGGAAATTAC AGAAATAARA CCACACTGGG CAGGGTACAA ATACCTICTG GTACTAGTAG ACACCTTTIC TGGATAGACT GAGGCATTTG 4320
E1 T ETK PHWA GYK YLL VLVD TFS GXT EATFA
CCACCAAARA CGAGACTGCC ACCACGGTAG TTAAGITITC ACTCAATGAA ATCATCCCTC AACATGGGCT GCCTACTGCC ATGGGGTCTS 4410
T KN ETA TTVV KFS LNE IIPGQ HGTIL PTA MGSD
-— o — —
ATAATAGATC GGCCTTCACC TCGTCCATAG CTCAGTCAGT CAGTAAGGCA TTAAACATTC AATGGAAGCT CCGTTGTGCC TATCGACCCC 4500
N RS AFT S$SIA @SV SKA LNTIGO Q WKL RCA YURTPOQ
— —— —- — —
Sac L
AGAGCTCTGG ATGGGTAGAA CACATGAATC ACACCCTAAA AAATACTGIT ACAAAATTGA TCTTAGAGAC CGGTAAAAAT CAGGTAAGAC 4590
S S G WV E HMNUH TLEKNTV TKLTI LET GXKN QVRL
— o e -— —
TCCTTCCTTT AACCCTTCTT AAAGTAAGAT GCATTCCTTA CCGGGCTGGG TTTTCACCTT TTGAAATCAC GTATAGGAGG CGTCCGCCTA 4680
LPL TLL KVRC IPY RAG FSPF EIT YRR RPGPI
_— o —— - ee——— - ——
TCTTGCCTAA GCTAAAGGAT ACCCGTTTAG CAGAAATCTC AGAAGCTAAT TTATTACAGT ACCTACAGTC TCTCCAACAG GTACGAGATA 4770
L PK LKD TRIULAETILIS EBAN LLOQY L QS L OO VRD1I
—— — — —-_— — DL
Sac I
TCATCCAGCC ACTTGTCTGG GGAGCTCATC CCAGTCCAGT TCCTGACCAG ACGGGGCCCT GCCACTCGTT CCCACCAGGT GACCTGGTGT 4860
1 QP LVW GAHP SPV PDO T GPC HSF PPG DLV L
— -
TAARAAGTTC CAGGTTAAAG TTTAARAAAA AAAAAAAGTT CCAGAAAGAA GGACTCACTC CTGCTTAGAA AGGACCTCAT ACTGTCATCC 4950
K $S RLEK F KKEK KKF QKE GLTTP A X
_— —_ e
repea
TCACCATGCC GACAGCTCTG GAAG G- - -LTR sequence 535 bp. . .CA CTT Acéc 5516

Fig. 2—Continued

not shown). Within the S71 gag region, the CA se-
quences show an amino acid identity of 47% (119/253
amino acids), indicating that this region is most highly
conserved.

S§71 sequences reiated to the SSAV pol gene

We had previously identified a 1.2-kb SSAV po! probe
which yields a relatively strong hybridization signal with
S71 (Leib—Mosch 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 al., 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.

Inthe S71 element a section approximately 1800 nu-
cleotides in length (Fig. 2, position 3111-4928) 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 nuclectide 1975 and 3111 or downstream of
nucleotide 4928 showed no similarity to the SSV/SSAV
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Fic. 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 438-1978 (DNA); 491 amino acid
residues {protein). Y axis, SSV nucieotide positions 1398-2936 (Devare et al., 1983); 513 amino acid residues. pol region: X axis, S71 nucleotide
position 3111-4928 (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 4-1 (Repaske et al., 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—M0sch et al., 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 al., 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-3'. The S71 pol se-
guence ends about 30 nucleotides upstream of the be-
ginning of the envelope reading frame in SSV (Devare
etal.,, 1983).

The deduced amino acid sequence of the S71 tether
section (Fig. 2 positions 3111-3489) is 126 amino
acids in length and of these 66 (52%) are identical to
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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 et &/.,
1984) and supplemented by comparison with the MoMuLV seguence (Shinnick et a/., 1981). Division of the AKV pol gene into PR, RT, tether,
RH, and IN was adopted from Johnson et a/. (1986). The organization of the truncated SSV provirus was determined from the published nucleotide
sequence {Devare et al., 1983). The relative location of SSV sequences in the SSAV genome was inferred from restriction sites common to both
proviral sequences (Gelmann et al., 1981; Devare et al., 1983). The region of the SSAV pol gene sequenced for comparison with $71 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, §71-nonretroviral reading frame. B, Bg/ll;
H, Hindlll; K, Kpnl: P, Pstl; S, Sstl; Sa, Sall; Xb, Xbal; Xh, Xhol. &, LTR; , gag gene; M, polymerase gene; @, envelope gene; ['1in 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 al., 1986) and is the fastest changing entity of
retroviral polymerase genes (McClure et al., 1988).
However, we find the number of amino acid identities
between the tether sections of AKV, BaEV, SSAV, and
S71toliein 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 et al., 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 (%)

8§71 SS(AV BaEV AKV

T RH T RH T RH T RH

S71 — — 52 49 49 47 49 53
SS(AV — — — — 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). 82/156
amino acids in the S71 pol frame (Fig. 1) are identical
with SSAV/SSV. Amino acid identity between both se-
guences 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 11 contiguous amino acids identical
with the SSAV/SSV pol sequence (Fig. 2). This in-
creases the amino acid identities between both se-
guences to 60%. Levin et a/. {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 a/. (1986), 13
are conserved in both the S71 and the SSAV/SSV se-
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FiG. 5. Multiple alignment of a short conserved region within the endonuclease section of 13 retroviral polymerase sequences (GENALIGN):
COPIA (aa 491-530), ERV3 (4980-5111), ERV1 (25-151), CHIMP (44-169), 4-1 (6365-5490), SSV (2936-3064), AKV (4996~5124), BakEV
(4908-5036), S71 (4236-4364), MMTV (6006-6131), SMRV (202-328), RSV (4408-4533), 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).

qguence {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 S71 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 1979-3110 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 121 amino acids (13 kDa).

Phylogenetic relationship of S71 to other
retroviruses/retroviral 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 S71 sequences all contain
an Asp (D) residue at position 20 and Thr (T) at position
35 while ERV3, ERV1, CHIMP, and 4-1 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,
ERV1, and 4-1.
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* * * * *
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S71 RH LTFTLTAGMLFATVRVHGAIYQVRGLLTSAGKAIKNXEE I LALLEAVCLPQQVAVIHCKGHOKED
4-1 RH VNIYTDSXYVFLTLOVHGALCKEKGLLNSGGKD IKYQOEILOLLEAVWKPHKVAVIHCGGHOXAS
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*
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Fic. 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 (1296-1497), BaEV (1296-1457), ERV3 (1323-1484), SSV
(2064-2225), S71 (1022-1282), 4-1 (1744-1908). CA(l) (long): BaEV (1266-1937), SSV (2034-2705), AKV (1306-1977), S71 (1092-1762), 4-
1 {1717-2391), HIV-1 {807-1473). IN: BaEV (4908-5033), AKV (4996-5121), SSV (2936-3061), S71 (4236-4358), CHIMP (44-166), ERV1
(25-148), 4-1 (6365-5487), ERV3 (4980-5108). RH: AKV (4153-4623), BaEV (4077-4568), SSAV (614-1081), 871 (3489-3956), 4-1 (4534~
5004), HIV-1 {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 S71 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-
guences 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 al., 1986). The clustering order of AKV, BaEV,
SSAV, S71, and 4-1 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 ERV1 and ERV3. Furthermore, RH and
IN are both part of the same gene known to be most
highly conserved among retroviruses (Chiu et al., 1984,

McClure et al., 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-
guences 4-1 and ERV3 are clustered into a separate
subgroup from S71, as in the endonuclease tree (IN).
The relative order of the AKV, BaEV, SSV/SSAV, S71
and Chimp, ERV1, ERV3, 4-1 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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Fic. 6—Continued

gests that, at least in our case, these short ranges of
amino acid sequences (IN, CA) reflect the overali 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 unaitered
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 piotted 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-

guence analysis and comparison with the correspond-
ing SSV and SSAV/SSV sequences. The S71 truncated
proviral element contains gag- and pol-related se-
quences followed by a 3’ LTR-like sequence. The S71
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 p129%9, A similar situation can also be ob-
served for the gag region of the human endogenous C-
type provirus 4-1 which also exhibits least homology to
MoMulLV gag within the p129% section (Repaske et al.,
1985). On the basis of the alignment of the amino ter-
minal CA sequences, Oroszlan et al. (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
8SAV/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 S71 element is lack-
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Fig. 7. Comparison of CA amino terminal amino acids according to Oroszlan et a/. (1977, 1981) in Weiss et a/. {1985). Ra-MLV, Rauscher
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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
al., 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-
guences preceding v-sis (Devare et a/., 1983). As men-
tioned above, part of the pol gene in S71 is replaced by
a presumably nonretroviral sequence with a 121 amino
acid open reading frame (S71-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 locationin S71 suggests that S71, 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
S71 analogous to SSAV/SSV.

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§71 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 al., 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 a/., 1989). The rapid
evolutionary change of envelope-related proteins is ap-
parently at leastin 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 al., 1989a). All phylogenetic trees obtained with
highly conserved retroid sequences within S71 also
point out that S71 is more closely related to murine and
primate infectious proviruses than to ERV1, ERV3,
Chimp, and 4-1. 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, S71 may repre-
sent a subgroup of human endogenous retroviral ele-
ments which is distinct from the ERV1, 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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