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A variety of chemically synthesized oligonucleotides designed on the basis of amino acid and/or nucleotide
sequence data were used to detect a large number of novel reverse transcriptase coding sequences in human and
mouse DNAs. Procedures involving Southern blotting, library screening, and the polymerase chain reaction
were all used to detect such sequences; the polymerase chain reaction was the most rapid and productive
approach. In the polymerase chain reaction, oligonucleotide mixtures based on consensus sequence homologies
to reverse transcriptase coding sequences and unique oligonucleotides containing perfect homology to the
coding sequences of human T-cell leukemia virus types I and II were both effective in amplifying reverse
transcriptase-related DNA. It is shown that human DNA contains a wide spectrum of retrovirus-related reverse
transcriptase coding sequences, including some that are clearly related to human T-cell leukemia virus types
I and II, some that are related to the L-1 family of long interspersed nucleotide sequences, and others that are
related to previously described human endogenous proviral DNAs. In addition, human T-cell leukemia virus
type I-related sequences appear to be transcribed in both normal human T cells and in a cell line derived from
a human teratocarcinoma.

Two major classes of eucaryotic dispersed repetitive se-
quences, retrotransposons (retroviruslike transposable ele-
ments) and retroposons (short and long interspersed nucle-
otide sequences as well as processed pseudogenes), appear
to transpose by a mechanism involving the reverse transcrip-
tion of an RNA intermediate (4, 47, 65). In retrotransposons
(such as vertebrate retrovirus proviral DNAs, mouse intra-
cisternal A particle [IAP] proviral DNAs, Drosophila copia
and copialike DNAs, and yeast Ty DNAs), the reverse
transcriptase required for transposition is clearly a transpo-
son-coded function, whereas in most retroposons (such as
the primate Alu family of short interspersed nucleotide
sequences and processed pseudogenes in general) the re-
verse transcriptase required for transposition is assumed to
be supplied from retroviruses and/or retroviruslike transpos-
able elements. However, one class of retroposons, the L-1
family of mammalian long interspersed nucleotide se-
quences, almost certainly contains some members that pos-
sess reverse transcriptase coding capacity (13, 23, 54). The
potential importance of retrotransposons and retroposons in
regard to the evolution of the mammalian genome and to
mutagenesis and oncogenesis (64) has been most thoroughly
studied in mice, where the total mass of these repetitive
sequences represents at least 10% of the genome (4, 47, 60,
65). Although short interspersed nucleotide sequences (hun-
dreds of thousands of copies per cell) and long interspersed
nucleotide sequences (tens of thousands of copies per cell)
account for most of this material, endogeneous C, B, IAP,
and viruslike 30S-type proviral DNAs (here considered as
retrotransposons) are also present at significant levels (thou-
sands of copies per cell). Indeed, it is these proviral DNAs
and the viruses that some of them generate that have been
the most thoroughly characterized eucaryotic transposable
elements at the genetic and biochemical levels, and it is
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possible that similar proviral DNAs may be amenable to
serious functional investigation in humans.
A few investigators have recently begun to search suc-

cessfully for retroviruslike and/or proviral DNAs in humans.
In essence, these searches have been based primarily on
three approaches: (i) the low-stringency screening of human
genomic libraries with proviral DNA probes of murine
leukemia virus (MLV) (27, 44, 45), murine mammary tumor
virus (MMTV) (1, 2), baboon or chimpanzee virus (33, 34),
and IAPs (35); (ii) the screening of human genomic libraries
with oligonucleotide probes homologous to the primer-
binding sites of known mammalian retroviruses (12, 18); and
(iii) the fortuitous identification of previously uncharacter-
ized repetitive elements in genomic clones followed by
subcloning and sequencing (24, 25, 39). All of these ap-
proaches have been successful, and the results may be
briefly summarized by stating the following: (i) the elements
identified to date are significantly different from each other;
(ii) six of the elements that have been extensively or com-
pletely sequenced each use a different tRNA for putative
priming of reverse transcription; (iii) some of the elements
clearly contain all of the information associated with proviral
DNA (long terminal repeats and gag, pol, and env regions),
whereas others contain extensive deletions; (iv) copy num-
bers of different elements range from a single copy to tens of
thousands; (v) many of the elements are transcribed (7, 9, 14,
36, 39, 42); and (vi) the long terminal repeats of most of the
sequenced elements contain all of the regulatory sequences
generally associated with their function as both promoters
and terminators of transcription, although gag and pol genes
have acquired deletions or accumulated additional termina-
tion codons within their predicted functional open reading
frames. (We have adopted the terminology of Kroger and
Horak [18], in which human retrovirus-related sequences
[HuRRS] are classified on the basis of putative tRNA
primer-binding sites. Thus HuRRS-E [45] and HuRRS-K
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HTLV-1 TGGAAAGTACTACCCCAAGGG TTTAAAAATAGTCCCACCCTGTTCGAAATGCA\GCTGGCCC\TA\TCCTGCAGCCCATTCGGCAAGCTTTCCCCCAATGCA\CTA\TTCTTCAG TA\CATGGATGACATTCTCCTAGCAAGC
U K V L P Q G P K N SPYT L F EM Q L A HRI L Q P1I R Q A F P Q C T I L Q Y MND D I LL AlS

HTLV-II TGGACTGTCCTTCCACAGGGG TTTAAAAACAGCCCCACCCTCTTCGAACAACAA\TTAGCAGCCGTCCTCAACCCCA\TGAGGAAAATGTTTCCCACATCGACCATTGTCCAA TACATGGATGACATACTTTTAGCCAGC
V T V L P Q G P K HISP T LYrE Q Q L A A V L N P M R K KmNr P T IT I V Q TNM D D I LL AlS

HIV-1 TACAATGTGCTTCCACAGGGA TGGAAAGGATCACCAGCAATATTCCAAAGTAGCATGACAAAAATCTTIAGAGCCTTTTA)AAAACA\AAATCCAGACATAGTTATCTATCAA TACATGGATGATTTGTATGTAGGATCT
TRY L P Q G U K G S PA IFP QII MRT K I L E P r K K Q N P D I V ITY Q T M D D L T V G S

SRV-11 TGGAAAGTGTTG;CCTCAAGGC ATGGCCAATAGTCCTACCTTGTGTCAAAAATATGTAGCTGCTGCTATAGAGCCAGTCAGAAA\ATCTTGGGCACAAATGTACATTATACAC TATATGGATGACA\TTCTAATAGCAGGA
U K V L P Q G M ARNS P T L C Q K T V A A Al IE P VR K KS WVAQ N T I I H T M D D I L I A G

NPMV TGGAAGoGTTTTACCACAAGGT ATGGCCJ
U K V L P Q G M A

BaEV TGGACTCGACTTCCCCAGGGG TTCAAAj
V T K L P Q G F K

MoMLV

PTV

Mtu-IA?

Pr-RSV

SLY

VLV

EIAY

CAkYv

RHY

CaNY

HRuRS-E

HRRMS-K

RISP T L C Q K T V A T A IRHK V R H AUW KG MTH I I H

RISP T L P D E A L H R D L TD FRYT Q H P E V T L L Q

TGGACCAGACTCCCACAGGGT TTCAAAAACAGTCCCACCCTGTTTGATGAGGCACTGCACAGAGACCTAGCAGACTTCCGGATCCAGCACCCAGACTTGATCCTGCTACAG
V T R L P Q G F KRN SP T L FPD E A L H RD0 L AD F R I Q H P D L I LL Q

TGGAAAGTTTTGCCCCAGGGT ATGAAAAATAGCCCTACTTTATGTCAAAAATTTGTGGACAAAGCTATATTGACTGTAAGGGATAAATACCAAGACTCATATATTGTGCAT
WKYV L P QG N K H S P T L CQ K F V D K A I L TV R D K Y Q D S T I V H

TGGAAGGTCTTACCACAGGGA ATGTCCAATAGTCCTACAATGTGCCAACTTTATGTGCAAGAAGCTCTTTGCCAGTGAGGGAACAATTCCCCTCTTTAATTTTGCTCCTT
W KV L P Q G NIH S P TMNC Q L Y V Q E A LL P V R EQ F P S L I L L L

TGGAAGGTCTTGCCCCAAGGG ATGACCTGTTCTCCCACTATCTGTCAGTTGGTAGTGGGTCAGGTACTTGAGCCCTTGCGACTCAAGCACCCATCTCTGTGCATGTTGCAT
V K V L P Q G M T CS?P T IC Q L VV G Q V L E P L R L KR? ISL CMNL H

TGGCGGGTCCTACCTCAAGGC TTCATTAACAGCCCAGCTCTTTTCGAACGGGCACTACAGGAACCCCTTCGCCAAGTTTCCGCCGCCTTCTCCCAGTCTCTTCTGGTGTCC
W RV L P QG F IRNS P ALFr E RA L Q E P L R QV s A A rS Q I L L VI

TGGAAAGTGTTACCACAAGGA TGGAAATTAAGTCCTGCAGTGTATCAATTTACAATGCAAATTAGGAGATAGA.AGAACACCCTATGATACAATTTGGAATA
V K V L P Q G V K LISP A V T Q F T M Q K I L R G V IE ER? MIr Q P G I

TGGAATTGTTTACCACAAGGA TTCGTGTTGAGCCCATATATATATCAGAAAACATTACAGGAAATTTTACAACCTTTTAGGGAAAGATATCCTGAAGTACAATTGTATCAA
V H C L P Q G P V LISP T I T Q K T L Q ElI L Q PPF RE RKY?P E V Q L T Q

TGGAAG-GTTCTACCACAAG4GT TGGAAACTGAGTCCATCTGTATATCAATTTACCATGCAGGAGATCTTAGGGGAATGGATACAGGAGCATCCTGAAATTCAATTTAGAATA
U K V L P Q G WUK LISP S VTY Q F T M Q ElI L G E V I Q ER? ElI Q FR I

TTTCGCAAGATTCCTATGGGA GTGGGCCTCAGTCCGTTTCTCCTGGCTCAGTTTACTAGTGCCATTTGTTCAGTGGTTCGCAGGGCTTTCCCCCACTGTTTGGCTTTCAGT
F R K I1PM G V G LISP F L L A Q FYI A I C I V V R K A F PRH CL APFS

TGGAATGTGG;TCCCTTTCGGC CTAAAGCAGGCACCATCCATATTCCAGAGACACATGGACGAAGCATTTCGTGTGTTCAGAAAATTCTGTTGCGTG
V KY vvP P G L K Q A PSI P Q R H M D E APfR VP K K F C C V

TGGACCCAGCTTCCCCAAAGG TTCAAGAACTCCCCCACCATCTTTGGGGAGGCGTTGGCTCGAGACCTCCAGAAGTTTCCCACCAGAGACCTAGGCTGCGTGTTGCTCCAG
WYT Q L P QR KP K R P TIPF G E A L A RD L Q K P P Y R D L G C V L L Q

TGGAAAGTGTTACCTCAGGGA ATGCTTAATAGTCCAACTATrTGTCAGACTTTTGTAGGTCGAGCTCTTCAACCAGTGAGAGAAAAGTTTTCAGACTGTrATATTATFCAT
V K V L P Q G M L RISP T IC Q T F V G R A L Q PYVR E KY I D C T I I H

UPSTREAM PRIMER
T G A A

MOP 5. TGGAAAGTG/T/CC/CA/GG 3'
C A C G

HTLV-I 5' TGGA.AAGTACTACCCCAAGG 3'
HTLV-11 5' TGG3ACTGTCCTTCCACAGGG 3'

TMN D D I L LC H

TMN D D L L L A A

TATATGGACGATATCCTTATCGCTTCG
TMN D D I L I A S

TMH D D I TI RIS

TATATGGATGATGTGGTATTGGGGGCC
YTM D D V V L G A

T V D DI L V P S

TACGTTGATGACCTTTTGCTGGGACAC
T V D D L L L G H

DOWNSTREAM PRIMER
T T G A

3' ATG/ACCTACTG/A/GACGACCGG/GG 5'
C GC C

3' ATGTACCTACTGTAAGAGGA S.

3' ATGTACCTACTGTATGAAAA 5'

FIG. 1. Nucleotide and amino acid comparisons of conserved sequences identified in the amino-terminal coding regions of reverse
transcriptases and nucleotide sequences of six synthetic oligonucleotides used for priming polymerase chain reactions. The source of each
reverse transcriptase coding region is indicated on the left, as is the nature of the oligonucleotide primer. Standard single-letter abbreviations
are used to designate amino acids, and all nucleotide sequences, except for the downstream primers, are oriented in the 5'-to-3' (sense)
direction. A block of seven amino acids at the amino-terminal ends of the protein sequences shown and a block of nine amino acids at their
carboxy termini represent exceptionally highly conserved regions. The sequences presented here are as follows: HTLV-I (50); HTLV-II (51);
HIV-1 (43); SRV-1I, simian retrovirus type 11 (61); MPMV, Mason-Pfizer monkey virus (57); BaEV, baboon endogenous virus (15); MoMLV,
Moloney MLV (52); MMTV (31); Mu-IAP, murine lAP (29); Pr-RSV, Rous sarcoma virus (Prague C strain) (49); BLV, bovine leukemia virus
(46); VLV, visna lentivirus (56); EIAV, equine infectious anemia virus (3); CAEV, caprine arthritis encephalitis virus (3); HBV, hepatitis B
virus (ADR strain) (17); CaMV, cauliflower mosaic virus (6); HuRRS-E (45); and HuRRS-K (37).

[37] refer to such sequences containing glutamic acid- and
lysine-specific tRNA-binding sites, respectively.)
The detection of new retrovirus-related sequences in

humans has been based primarily upon their hybridization to
known cloned family members, a property requiring exten-
sive homology over relatively long (kilobase [kb]) stretches
of DNA and thus biasing the results in favor of specific
family types. In the present study we describe the efficacy of
a new detection procedure, the polymerase chain reaction
(PCR), based upon the use of synthetic oligonucleotides
homologous to highly conserved regions of reverse tran-
scriptase coding genes. The polymerase chain reaction is a
technique in which small (picogram) amounts of a defined
region ofDNA are amplified (chemically cloned) by repeated
rounds of DNA synthesis primed by an excess of two
specific oligonucleotides, one homologous to an upstream
target in one strand of the template DNA and the other
homologous to a downstream target in the opposite strand of
the template DNA. The primers are designed so that the two

chain extensions occur in convergent directions; repeated
(-30) rounds of denaturation, primer annealing, and DNA
synthesis result in the generation of microgram quantities of
double-stranded, blunt-ended fragments (bounded by the
primers) that are suitable for dir'ect cloning into M13 se-
quencing vectors. The reverse transcriptase-homologous
primers used in our study (Fig. 1) resulted in the amplifica-
tion of a wide spectrum of retrovirus-related reverse tran-
scriptase coding sequences, both expected and unexpected.
Among the unexpected were those with considerable homol-
ogy to human T-cell leukemia virus type I (HTLV-I), HTLV-
II, and some monkey retroviruses as well as those with a
similarity to the L-1 family, whereas among the expected
were those with homologies to previously defined endoge-
nous human proviral DNAs. The advantages of the PCR
procedure over conventional oligonucleotide probing for
identifying members of a multigene family are discussed, as
is the possible significance of our findings to the nature and
evolution of human retroviruses.
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MATERIALS AND METHODS

Standard procedures. Restriction endonuclease digestions,
gel electrophoresis, Southern and Northern (RNA) blotting,
hybridization of blots to oligonucleotide-primed labeled
probes, labeling of synthetic oligonucleotides with polynu-
cleotide kinase, and preparation of high-molecular-weight
chromosomal and bacteriophage lambda DNAs were per-
formed as previously described (30) and/or according to
standard procedures (26). Sequencing of single-stranded
M13 cloned DNAs was performed by the dideoxy-chain
terminator method with a modified T7 polymerase enzyme
(Sequenase) and [at-355]dATP with the reagents and protocol
of the United States Biochemical Corp. All sequences were
obtained from multiple gel readings. Experiments involving
the probing of blotted gels containing PCR reaction mixtures
(or total genomic DNA) always included stringency and
copy number controls. Specifically, random oligonucleotide-
primed probes synthesized from single-stranded M13 clones
were hybridized to both blotted gels and control dots of
filter-bound complementary M13 RF, and both blots and
dots were washed in 0.03 M NaCl-3 mM trisodium citrate-
0.1% sodium dodecyl sulfate at a series of temperatures
ranging from 50 to 70°C at 5°C intervals. For the experiments
shown in Fig. 6 and 7, blots and controls exhibited compa-
rable losses in signal intensity, indicating that probes were
extensively homologous to their complementary blotted
DNAs and, in the case of PCR mixtures, not due solely to
the 30% expected primer homology. The filters autoradio-
graphed for Fig. 6 were washed at 60°C, and those for Fig. 7
were washed at 55°C.

High-molecular-weight DNAs. High-molecular-weight DNAs
isolated from livers of C57L/J and AKR/J mice were obtained
from P. D'Eustachio (New York University, Department of
Biochemistry), as was DNA isolated from the A9 mouse cell
line (derived from strain C3H); DNA isolated from spleens of
RF/J mice was from S. Sloan (New York University, Depart-
ment of Pathology); DNA isolated from the 293 human cell line
(11) was from R. Schneider (New York University, Depart-
ment of Biochemistry); DNA isolated from the CEM human
T-cell lymphoblastoid cell line was from J. Krolewski (New
York University, Department of Pathology); and DNA isolated
from human scalp skin and the human melanoma cell lines
BSFM and HM20 were from D. Zouzias (New York Univer-
sity, Department of Dermatology).
Genomic and cDNA libraries. A human genomic placental

library was obtained from J. Hall (New York University,
Department of Biochemistry), a human teratocarcinoma
(TC)-derived cell line cDNA library (54, 55) was from J.
Skowronski (Cold Spring Harbor Laboratory), and a human
T-cell (PTL)-derived cell line cDNA library was from J.
Krolewski. All of these bacteriophage lambda libraries were
plated on Escherichia coli LE392 and screened with oligo-
nucleotide probes by the hybridization procedure described
below.

Total and poly(A)+ RNAs. Total and poly(A)+ RNAs
isolated from the Burkitt lymphoma cell line ST486, were
obtained from J. Krolewski. HeLa total poly(A)+ RNA was
isolated by the guanidinium isothiocyanate procedure of
Maniatis et al. (26).

Hybridization of oligonucleotides to filter-immobilized
DNAs. A low-stringency hybridization (37°C in 0.9 M NaCl,
0.09 M trisodium citrate, 10% dextran sulfate) followed by
high-stringency washes in the presence of 3 M tetramethyl
ammonium chloride (a compound that eliminates the effect
of base composition on duplex DNA melting temperatures)

was used in all studies exactly as described by Wood et al.
(66). In addition, controls of Moloney murine leukemia virus
proviral DNA were included in most experiments (one of the
mixed probe sequences is about 95% homologous to the
known conserved Moloney 27-base-pair region) as a rough
measure of probe homology, at least as determined by
comparative reductions in signal intensity as a function of
washing temperatures (60 to 75°C). Hybridizations were
performed in 10-ml solutions containing 200 ng of 5' 32p_
labeled oligonucleotides with specific activities ranging from
2 x 108 to 1 x 109 cpm/,ug. For the experiments shown in
Fig. 2 and 3 the washing temperature was 600C.
PCR. PCRs were performed essentially as described by

Saiki et al. (48) with Thermus aquaticus DNA polymerase
(Perkin Elmer Cetus) to increase reaction specificity (since
chain extension occurs at 72°C) as well as to reduce the
overall time of amplification (since this enzyme is stable at a
94°C denaturation temperature). In short, reactions were
performed in a DNA Thermal Cycler (Perkin Elmer Cetus) in
100-,ul solutions containing 1 to 2 ,ug ofDNA, 50 mM KCl, 10
mM Tris (pH 8.4), 2.5 mM MgCl2, 1 ,uM each unique primer
or 10 ,uM each mixed oligonucleotide primer (MOP), 200 ,uM
each deoxyribonucleoside triphosphate, 200 Rg of gelatin per
ml, and 2 U of polymerase. Samples overlaid with an equal
volume of mineral oil were subjected to 30 cycles of ampli-
fication by (i) heating from 72 to 94°C (over 30 s) and
incubating at 94°C for 2 min (denaturation), (ii) cooling (over
1 min) from 94°C to a primer annealing temperature of
between 37 and 60°C (depending on the experiment) and
incubating for 3 min, and (iii) heating from the annealing
temperature (over 1 min) to a chain extension temperature of
72°C and incubating for 4 min. The final extension was
incubated for 7 min, and 15-,ul samples were then resolved
on composite gels of 3% NuSieve-1% electrophoresis grade
agarose (Schwartz/Mann) containing 0.5 ,g of ethidium
bromide per ml. Fragments to be subcloned (20-,I samples)
were first phosphorylated by adding 20 U (2 RI) T4 polynu-
cleotide kinase and 1 RI of 50 mM ATP, and incubating for 45
min at 37°C. After ethanol precipitation and suspension in 20
p1 of H20, the fragments were cloned by blunt-end ligation
(10 U of T4 DNA ligase) into the SmaI site of alkaline
phosphatase-treated M13mpl9.
Comparison of amino acid sequences. Computer analysis of

sequence data was performed on a Digital VAX 11/750
microcomputer by using the protein information resource
(40, 41) and/or Staden (58, 59) nucleic acid sequence pro-
grams.

Synthetic primers and probes. All oligonucleotides were
synthesized in the laboratory of B. Goldschmidt (New York
University, Department of Environmental Medicine) with an
Applied Biosystems 380A Synthesizer.

RESULTS
Synthetic oligonucleotide primers and probes. In the inter-

est of detecting new human endogenous retroviruses and
retroviral related sequences that might lack extensive (kb)
homologies with known retroviruses, two procedures with
reverse transcriptase-specific synthetic oligonucleotides
were employed. The first was based on conventional ge-
nomic library and Southern blot screenings, whereas the
second was based on the use of PCR. As shown below, the
PCR procedure represented a far more productive approach
to characterizing the multigene reverse transcriptase family
than did conventional screening and resulted in the identifi-
cation of sequences that are apparently related to known

J. VIROL.



CONSERVED REVERSE TRANSCRIPTASE CODING SEQUENCES

primate retroviruses. Figure 1 presents published nucleotide
and amino acid sequences of 18 retroviral or retroviruslike
reverse transcriptase genes in a region that contains a variety
of particularly well-conserved, so-called diagnostic amino
acids (38, 62, 63). Also included in this figure are the
sequences of six synthetic oligonucleotides used as primers
for PCR analyses of human (and in some cases, mouse)
DNAs. One of these oligonucleotides (see below) was also
used as a conventional probe for library and blot screening.
The primers represent putative (MOP) or actual (HTLV-I

and HTLV-II) coding sequences for exceptionally well con-
served amino acid blocks. The rationale for using unique
HTLV primers was that human DNA might contain endog-
enous proviral DNAs related to human retroviruses,
whereas the rationale for using MOP was that human DNA
is already known to contain a variety of murine and other
retrovirus-related sequences. The biases used for determin-
ing the sequence of the mixed primers, in which both the
upstream and downstream mixtures are composed of 16
distinct oligonucleotides, were based both on theoretical
considerations (20) and on the amino acid composition of the
conserved reverse transcriptase regions in birds, mice, and
humans. The downstream MOP contains 27 nucleotides
rather than the 20 present in the other primers, since this
mixed oligonucleotide (as well as its complement) was also
designed for use as a probe for conventional screening of
genomic and cDNA libraries.
The theories of probe selectivity and sensitivity upon

which the latter screening was based indicated that rather
long unique synthetic oligonucleotides (>25 residues), con-
taining sequences based on primate codon usage and pos-
sessing about 85% homology to a target sequence, should be
more than adequate for selecting true positive nonrepetitive
clones from cDNA libraries. Slightly better homologies and/
or longer probes are required for selecting true positive
unique clones from genomic libraries. Our mixed 27-nucle-
otide oligomer represents a compromise between the use of
a single long probe with about 85% target site homology
(based on codon usage) and the use of a mixture of many
smaller probes representing all possible coding possibilities.
This compromise was adopted since the amino acid
sequence(s) upon which the probe was based is itself a
consensus. The expectation that nearly all of our target
sequences should be present in repetitive elements, and that
the selection of positive clones with at least 90% homology
to our probe (estimated by stringency comparisons with a
Moloney MLV proviral DNA control), were two additional
factors that favored the selection of true positive clones.
Of the two complementary probes, one, 5' TAC

A A C T
-TGGATGAC-T-CTGCTGGCC-GC 3', represents the
G C G G
sequence expected in an mRNA coding for reverse tran-
scriptase and is known as the sense probe, whereas the

A G T T
other, 5' GG-GGCCAGCAG-A-GTCATCCA-GTA 3'

C C G C
represents the complement of this and is known as the
antisense probe.

Detection of conserved reverse transcriptase coding se-
quences by conventional screening. The detection of con-
served reverse transcriptase coding sequences in Southern
and Northern blots of human DNA and RNA is shown in
Fig. 2 and 3. Also shown in Fig. 2 is the detection of such
sequences in mouse DNAs. The results of the Southern blot
analysis shown in Fig. 2 and of other Southern blot analyses,
including additional mouse and human DNAs (data not

A Y BgP X K B9P X K Bg P X K Bn HK X
< 0 A9 C57L/J AKR/J 293

8Kb- _

2Kb- o

a wV
S

0.

W.V.

FIG. 2. Southem blot analysis of mouse and human DNAs
probed with a radioactively labeled synthetic oligonucleotide mix-
ture homologous to a conserved region of mammalian reverse
transcriptase coding sequences. Restriction endonuclease-digested
DNA samples were electrophoresed for 11 h in 1% agarose at 2 V/
cm, transferred to nitrocellulose, and hybridized to the sense
oligonucleotide mixture (200 ng, 109 cpm/,ug) as described in Mate-
rials and Methods. Panels A and B represent, respectively, short
(16-h) and long (60-h) exposures of the same probed filter. The lanes
contain the following (from left to right). AKV, 1 ,ug of an EcoRI-
cleaved mouse cDNA clone of AKV viral RNA in phage lambda.
D3C, 1 jig of an EcoRI-cleaved human genomic clone (D3C) in
phage lambda. (This clone was selected by using the 27 nucleotide
mixed probe; although it contains a reasonably homologous target
[see below], its reverse transcriptase context is not clear.) A-9,
C57L/J and AKRIJ, 10 ,ug of high-molecular-weight DNA isolated
from mouse cell line A-9 and mouse strains C57L/J and AKR/J
digested with the following restriction endonucleases: Bg, BglII; P,
PstI; X, XbaI; K, KpnI. 293, 10 ,ug of high-molecular-weight DNA
isolated from the human cell line 293 and digested with the following
endonucleases: Bm, BamHI; H, HindIll. The approximate sizes of
the AKV and D3C inserts homologous to the oligonucleotide probe
are indicated on the left. The signal from the 2-kb AKV insert
corresponds to about 10,000 copies of the oligonucleotide target
sequence per cell. (The target in AKV is about 95% homologous to
one member of the mixed 27 nucleotide probe, whereas that in D3C
is about 85% homologous to another member.) A 2-,ug sample of
HindIll-digested phage lambda DNA included for visible (ethidium
bromide-stained) size markers was electrophoresed in a lane (not
shown) adjacent to D3C.

shown), were as follows: (i) distinct, moderately repetitive
bands were readily detected in mouse DNAs after a 16-h blot
exposure, whereas lower-copy-number species became vis-
ible after 60 h; (ii) the patterns of moderately repetitive
mouse DNAs were essentially identical for all three strains,
whereas those of the lower-copy-number bands differed; and
(iii) human DNA revealed a diffuse pattern of homologous
material, with perhaps a few distinct visible bands in the 60-h
exposure.
At present it appears that the pol gene represents the most

highly conserved region among the endogenous proviral
DNAs of mice, and the results shown in Fig. 2 strongly
suggest that our probe detected many members of different
proviral (retrotransposon) families. Unfortunately, it is dif-
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FIG. 3. Northern blot analyses of human total and poly(A)+
RNAs probed with reverse transcriptase-related DNA-coding se-
quences. The indicated amounts of total or poly(A)+ RNAs were
electrophoresed for 13 h in 1% agarose containing 6.6% formalde-
hyde at 2.5 V/cm, transferred to nitrocellulose, and hybridized to
either a sense or antisense synthetic oligonucleotide mixture as
described in Materials and Methods. The positions of 5-kb (28S) and
2-kb (18S) rRNAs were determined from ethidium bromide-stained
gels before transfer and are indicated on the right. The sense probe
represents an oligonucleotide mixture composed of sequences ex-
pected in a reverse transcriptase coding mRNA, whereas the
antisense probe represents a mixture of complementary sequences.
Thus, it is the antisense probe that is expected to hybridize to
mRNAs containing an homologous conserved reverse transcriptase
coding sequence. Filters were autoradiographed for 16 h.

ficult to correlate the bands shown in this figure with known
endogenous viral loci due to the fact that gag- and env-
specific probes have been routinely used to characterize
such loci and by the fact that mouse cells contain thousands
of IAPs, hundreds of viruslike 30S, tens of C-type xenotro-
pic and polytropic, a few C-type ecotropic, a few B-type,
and various quantities of other endogenous proviral DNAs
(60). Since the IAP family seems to be the most abundant
and non-strain-specific mouse endogenous proviral DNA, it
has been tentatively correlated with the moderately repeti-
tive bands shown in Fig. 2 (29). The less intense bands (in
some cases strain specific) have been tentatively correlated
with the remaining classes of proviral DNAs.
The failure to detect discrete bands homologous to the 27

nucleotide mixed probe in Southern blots of human DNAs
probably reflects the presence of thousands of divergent and
dispersed reverse transcriptase sequences rather than their
absence (see below).
The results of the Northern blot analysis shown in Fig. 3

and that of other Northern blot analyses were as follows: (i)
HeLa poly(A)+ RNA and to a lesser extent, poly(A)+ RNA
isolated from a Burkitt's lymphoma cell line (data not
shown) contained an abundant 5- to 6-kb species homolo-
gous to the antisense (but not sense) oligonucleotide probe;
(ii) Burkitt's lymphoma cell total RNA contained a variety of
abundant species homologous to the antisense probe [includ-
ing the 5- to 6-kb RNA detected in poly(A)+ samples] but
contained much lower amounts of material (with an appar-
ently different size distribution) homologous to the sense

probe; and (iii) 28S (5-kb) rRNA failed to hybridize to the
antisense probe under the conditions used for our screenings
(data not shown). Surprisingly, 28S rRNA contains a target
sequence with about 70% homology to one member of the
probe mixture (10).
The extensive hybridization of total RNA [in contrast to

poly(A)+ RNA] with the oligonucleotide probe is typical of
many highly conserved, repetitive dispersed sequences,
whereas the detection of a discrete band of poly(A)+ RNA
homologous to a highly conserved region of endogenous
retroviruses is consistent with the recent identification of a
variety of such RNAs in many other cell types (7, 9, 14, 36,
42).

Despite the positive results obtained in the blotting exper-
iments, attempts to isolate reverse transcriptase homologs
from human genomic and cDNA libraries by screening with
the MOP downstream probe failed. We therefore investi-
gated the use of PCR; the requirement that a template
contain sequences homologous to two distinct probes was
expected to increase the specificity of the screen, whereas
the amplification inherent in the PCR was expected to allow
detection of rare sequences.

Detection of conserved reverse transcriptase coding se-
quences by the PCR. PCR amplification has been shown to be
an extremely powerful tool for the analysis of unique or
extremely low-copy-number genes (19, 21, 48); it may also
represent one of the most rapid and productive approaches
for the characterization of multigene families. Specifically,
the reverse transcriptase-specific primers presented in Fig. 1
were used to amplify a variety of human (and one mouse)
DNAs at annealing temperatures ranging from 37 to 60°C,
and the reaction products were analyzed by gel electropho-
resis. In successful cases of amplification, the fragment
mixtures were cloned by blunt-end ligation into M13mpl9,
sequenced, and then compared at the amino acid level both
with each other and with known reverse transcriptase genes.
The results of some gel electrophoresis analyses and of all of
the amino acid sequence comparisons are shown in Fig. 4
and Table 1, respectively. The results of the electrophoresis
analysis shown in Fig. 4 indicate that (i) the brightest band in
any PCR generally corresponded to the size expected (-130
base pairs) for amplification of retroviruslike reverse tran-
scriptases; (ii) the MOP functioned in a specific PCR ampli-
fication even though it was relatively ineffective as a probe
for screening libraries and Southern genomic blots; (iii)
higher annealing temperatures (higher PCR stringencies)
generated fewer and more clearly defined amplification prod-
ucts; and (iv) HTLV-I- and HTLV-II-specific primers func-
tioned at annealing temperatures as high as 60°C, even
though it is generally assumed that amplification at annealing
temperatures of 55°C requires nearly perfect primer-tem-
plate homology (48). In addition the results of many other
electrophoresis analyses (data not shown) indicate the fol-
lowing: (i) all of our primers, including those corresponding
to human immunodeficiency virus (HIV), generate a product
of the expected size when human genomic DNAs are used as
templates at an annealing temperature of 60°C; (ii) only
HTLV-I primers generate a product of the expected size
when TC cDNA and T-cell (PTL) cDNA are used as
templates at an annealing temperature above 55°C; and (iii)
the upper limit for effective annealing of our primers is in the
range of 65 to 70°C. On the whole, gel analysis of PCR-
amplified fragments strongly suggested that conditions of
both moderate and very high stringency allowed the synthe-
sis of reverse transcriptase-related sequences. The results of
the amino acid sequence comparisons (Table 1) confirmed
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FIG. 4. Electrophoretic analysis of products from 25 polymerase chain reactions with seven human DNAs and three distinct reverse

transcriptase-related primer mixtures. Gels were run for 2.5 h at 5 V/cm as described in Materials and Methods. The composite photographs
shown here are grouped on the basis of primers (MOP, HTLV-I, and HTLV-II, see Fig. 1), and the template DNA and annealing temperature
are indicated above each lane. A marker lane (unlabeled) containing 1.5 ,ug of a 123-base-pair ladder (Bethesda Research Laboratories, Inc.)
is present in each group, and the positions of the 123- and 246-base-pair fragments are indicated on the left. Template abbreviations: CEM,
human T-cell lymphoblastoid cell line DNA; BSFM and HM20, human melanoma cell line DNAs; SCA, human scalp DNA; HELA, human
HeLa cell line DNA; TC, human teratocarcinoma cell line cDNA (in phage lambda); PTL, human T-cell cDNA (in phage lambda). The lowest
broad band in all of the lanes represents unincorporated primers.

this suggestion. Although some of the group designations
and diagnostic amino acid assignments in Table 1 are admit-
tedly a bit arbitrary, the reverse transcriptase contexts of all
of the sequences outside of groups C and F are clear. Some
of the more relevant technical observations related to Table
1 as well as to the nucleotide sequences from which it is
derived are as follows. (i) Blunt-end ligation appeared to
result in the cloning of full-length fragments. (ii) All primer
sequences in the cloned fragments were exactly as expected,
and in the case of MOP primer usage appeared to be random.
(iii) Mixed HTLV-I-HTLV-II priming yielded two clones
(A.9 and F.6) with only HTLV-I primer ends and two (B.4
and B.5) with a 5' HTLV-I and a 3' HTLV-II primer end. (iv)
Fewer than 20% (groups C and F) of the total sequences
were not in a reverse transcriptase context, and of these
about half were derived from mixed oligonucleotide priming
at 37°C (F.1 through F.4). (v) Of the 40 sequences in a
reverse transcriptase context, only 2 (A.1 and A.11) con-
tained termination codons. Only one amino acid sequence in
the entire table, B.8, was not derived by direct translation of
its cloned fragment. The nucleotide sequence of B.8 con-
tained an A after the sixth codon which, when removed,
allowed a perfect nucleotide sequence match with clone B.7.
(vi) All examples of identical amino acid sequences (except
for B.7 and B.8; see above) in cloned fragments, whether
these fragments were derived from a single reaction mixture
such as the three clones of group C or from different reaction
mixtures such as clones A.3/A.4, A.5/A.16, A.9/A.12, and
B.3/B6, were due to identical nucleotide sequences. (vii) The
reported mutation frequency of the T. aquaticus polymerase
(48) suggests that one out of three clones generated by
amplification of the same template should contain a single
nucleotide substitution. Thus, clones differing by a single
nucleotide (data not shown) (such as A.2 and A.3, A.6 and
A.8, A.12 and A.14, B.4 and B.5, and D.1 and D.2) and also
differing by a single amino acid may have been generated
from the same site.

In addition to these technical points and the overall
efficacy of the PCR procedure, a few additional observations
concerning the homologies of some sequences shown in
Table 1 should be noted. (i) None of the human sequences
was identical to that of any published retrovirus or human
endogenous provirus, although many were similar to
HuRRS-E and K. B.1 differed by only one amino acid from
HuRRS-E. One mouse sequence (D.1) differed by one amino
acid from a known IAP, and two other mouse amino acid
sequences (D.2 and D.3) were identical to IAP and MMTV,

respectively. The nucleotide sequence comparisons between
B.1 and HuRRS-E, D.2 and IAP, and D.3 and MMTV are
shown in Fig. 5. Since clones B.1, D.2, and D.3 differ from
their known chromosomal homologs at two or four internal
(nonprimer) positions, it is likely that these particular homo-
logs did not initiate amplification. (HuRRS-E is part of a
rather large human endogenous provirus family, as is the
IAP family of mice. Mice may also contain a variety of
sequences that are highly homologous to MMTV.) The
clustering of mismatches in primer regions suggests that
mixed oligonucleotide priming at 37°C can amplify relevant
regions even when primers and targets are relatively poorly
matched. (ii) Some human sequences, especially those gen-
erated by high-stringency PCR with HTLV-I primers, bore
limited but striking resemblances to primate-specific reverse
transcriptases. Note, for example, group E and members of
group A containing the HTLV-I diagnostic FPQC group four
amino acids in from their carboxy termini. (iii) Some identi-
cal human sequences were present in both genomic and
cDNAs (A.5/A.16, A.9/A.12), and many cDNA-related se-
quences also showed the resemblance to primate-specific
reverse transcriptases described above. (iv) The final inter-
esting homology relationship shown in Table I is that of
group C, in which both the length and amino terminal
residues of the amplified clones suggested a similarity to the
L-1 family. (The hepatitis B virus homolog is included to
show that these amino-terminal residues, or functionally
conserved ones, are present in yet another reverse transcrip-
tase gene.) Although the relationships in this group are
unclear, the MOP was not expected to detect L-1 family
members; it is therefore possible that PCR has amplified an
L-1-like element in which the sequences of the MOP-binding
sites resemble those of retroviruses.

Distribution of some reverse transcriptase-related, cloned
DNA fragments in total PCR products. To investigate the
distribution of specific amplified PCR fragments in various
reaction mixtures, four reverse transcriptase-related M13
clones were labeled and used to probe blots of gels contain-
ing electrophoretically resolved PCR products. An experi-
ment involving blots of the gels shown in Fig. 4 is presented
in Fig. 6. The four reverse transcriptase-related cloned
probes are as follows (see Table 1): (i) A.12, an HTLV-I
high-stringency-primed fragment containing both monkey
and HTLV-I-like characteristics; (ii) B.3, an HTLV-II high-
stringency-primed fragment containing some monkey char-
acteristics but quite different from any reported reverse

transcriptase; (iii) C.1, an MOP moderate-stringency-primed

HTLV-E3
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TABLE 1. Predicted amino acid sequences encoded by cloned PCR-amplified DNAsa

Anneal- No. of
Template ing indepen- Primer Internal amino acid sequence
DNA temp dent

(OC) clones

A.1 CEM 37
A.2 CEM 55
A.3 CEM 55
A.4 HeLa 55
A.5 HeLa 55
A.6 CEM 55
A.7 CEM 60
A.8 CEM 60
A.9 HeLa 60
A.10 HeLa 60
A.11 HeLa 60
A. 12 TC 60
A.13 PTL 60
A. 14 PTL 60
A.15 PTL 60
A.16 PTL 60
A. 17 PTL 60

0 00000 00 000 00 0
1 MOP MLNSPTICQTYVGKVIKPVREQF*KCYSIH
1 HTLV-I MLNSPTLCQYFVGRVLQPVRDQFPRCYIVH
1 HTLV-I MLNSPTLCQYFVGRVLQPVRDQFPRCYIVY
3 HTLV-I MLNSPTLCQYFVGRVLQPVRDQFPRCYIVY
1 HTLV-I MLNNSTICQYYVGTILKPVRDQFPQCYVIH
2 HTLV-I MLNSIISACCRIGIKG--ASEYVSTAYIRH
1 HTLV-I MLNSPTIYQYFVGHGLQPVRDQFPRCYIVH
1 HTLV-I MLNSIISACCRIGIKG--ASEYLSTAYIRH
1 HTLV-1-HTLV-Il MLNSPTICQYFVGRVLQPVRDQFPRCYIVH
1 HTLV-I MLNSPTICQYFVGRVLQPVRISFPRCYIVH
1 HTLV-1 MLNSLTICQTYVRKAIK*VRE*FKKCYIIH
1 HTLV-I MLNSPTICQYFVGRVLQPVRDQFPRCYIVH
1 HTLV-I MLNSPTICQYFVGRVLQPVRDQFPRCYIVY
1 HTLV-I MLNSPTICQYFVGHVLQPVRDQFPRCYIVH
1 HTLV-I RLNSIISACCRIGIKG--ASDMFPTAYIRJH
1 HTLV-I MLNNSTICQYYVGTILKPVRDQFPQCYVIH
1 HTLV-I MLNSPTICQYFVGRVLQPCQGHVFRCYILH

FKNSPTLFEMQLAHILQPIRQAFPQCTILQ
FKNSPTLFEQQLAAVLNPMRKMFPTSTIVQ
MANSPTLCQKYVAAAIEPVRKSWAQMYIIH
MANSPTLCQKYVATAIHKVRHAWKQMYIIH
MKNSPTLCQKFVDKAILTVRDKYQDSYIVH
MLNSPTICQTFVGRALQPVREKFSDCYIIH

HTLV-I Homolog
HTLV-II Homolog
SRV-II Homolog
MPMV Homolog
MMTV Homolog
HuRRS-K Homolog

B.1 CEM 37
B.2 CEM 37
B.3 CEM 55
B.4 CEM 60
B.5 HeLa 60
B.6 HeLa 60
B.7 TC 60
B.8 PTL 60

0 00 0000 00000o00 000
1 MOP FKNSPTIFGEALARDLQKFPTRDLGCVLLK
1 MOP FRDSSHLFGEALTRALSQFSYLD--TLVLW
2 HTLV-I1 FRDSPHYFGQALQLDLSQLHLQ-PS-ILLQ
1 HTLV-I-HTLV-I1 FRDSPHYFGQALQLDLSQLHLQ-PS-IILQ
1 HTLV-I-HTLV-I1 FRDSPHYFGQALQLDLSQIHIQ-PS-ILLQ
1 HTLV-lI FRDSPHYFGQALQLDLSQLHLQ-PS-ILLQ
1 HTLV-I FKDSPLYLASISPR-LEPILI--PDTFVLQ
1 HTLV-I FKDSPLYLASISPR-LEPILI--PDTFVLQ

WKGSPAIFQSSMTKILEPFKKQNPDIVIYQ
FKNSPTLFDEALHRDLTDFRTQHPEVTLLQ
FKNSPTLFDEALHRDLADFRIQHPDLILLQ
FKNSPTIFGEALARDLQKFPTRDLGCVLLQ

CA CEM 37 3 MOP

HIV Homolog
BaEV Homolog
MoMLV Homolog
HuRRS-E Homolog

000 00

RGLSCL-FII*LCCGKTCFFHAQAICYADTLGNWSFGSGK

VGLSP--FLLAQFTSAICSVVRRAFPHCLAFS
CPLSPLLFNIVLEVLARAIRHELEIKKIQLGKEEVKLSL

HBV Homolog
Li Homolog

D.1 MU-S 37
D.2 MU-S 37
D.3 MU-S 37
D.4 MU-S 37

3 MOP
1 MOP
1 MOP
1 MOP

0 0000 00 00 0 000 0

MSNSPTMCQLYMQEALLPVREQFPSLILLL
MSNSPTMCQLYVQEALLPVREQFPSLILLL 4-

MKNSPTLCQKFVDKAILTVRDKYQDSYIVH *-

MANSPTMCQLYVGKAVEPIRKEYPKLRCVH

MKNSPTLCQKFVDKAILTVRDKYQDSYIVH
MSNSPTMCQLYVQEALLPVREQFPSLILLL

MMTV Homolog
MU-IAP Homolog

E.1 CEM 37
E.2 TC 60

3 MOP
2 HTLV-I

0 0000 00 00 00 000 0000

MSNSPTICQTYVGQAIEPTRKKFSQCY-IH
MLNSPTVCQIYVRKAILPVREQFKKCYIIH

MANSPTLCQKYVAAAIEPVRKSWAQMYIIH

F.1 CEM 37
F.2 CEM 37
F.3 CEM 37
F.4 CEM 37
F.5 CEM 60
F.6 HeLa 60
F.7 HeLa 60

SRV-II Homolog

1 MOP RSRG*RTVNHAFYLCLPAAGGLWCSLEVDF*WGSL
1 MOP KKDAPSPPSAAIFLYCKQHDSDANQPQIV
1 MOP FSSPR*VYR*VLALR*
1 MOP SQGEAGEVGQRSHSY
1 HTLV-I RLNSLFVKLMSGKLLSQLENSSKNGILS
1 HTLV-I-HTLV-II FINSLLCVIILFGENLIAFHIRQIHHWS
1 HTLV-II YQCSSPLLHFIHQVN*RILIAFPCQKMPHWS

70

A3 = A4
A9 = A12
A5 = A16

B3 = B6
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(B.1)
----------------------------------------------------------------------__-----__

**** ** * * *

CEM/37/MOP TGGAAAGTGTTGCCACAAGGG TTCAAGAACTCCCCCACCATCTTCGGGGAGGCATTGGC
1111 -111 111 11 11111111111111111111111111111 11111

HuRRS-E HOMOLOGUE TGGACCCAGCTTCCCCAAAGG TTCAAGAACTCCCCCACCATCTTTGGGGAGGCGTTGGC
* *

TCGAGACCTCCAGAAGTTCCCACCAGAGACCTAGGCTGCGTGTTGCTCAAG TACGTGG
1111111I*I 1111111111111111 11111111111111111 IITi

TCGAGACCTCCAGAAGTTTCCCACCAGAGACCTAGGCTGCGTGTTGCTCCAG TACGTTG

** ****

ATGACCTGCTGCTGGCCGCC
1111111 H11IM1
ATGACCTTTTGCTGGGACAC

------------------------------------------------------__---------------------__

(D.2)
---------------------------------------------------------------------__------__

*** ~~~**
MU-S/37/MOP TGGAAAGTGCTGCCACAGGG AATGTCCAATAGTCCTACTATGTGTCAACTTTATGTGCA

11111111 1 Illi 11111 111111
MU-IAP HOMOLOGUE TGGAAGGTCTTACCACAGGG AATGTCCAATAGTCCTACAATGTGCCAACTTTATGTGCA

AGAAGCTCTTTTGCCAGTGAGGGAACAATTCCCCTCTTTAATTTTGCTCCTT TACGTGG
1111111111111111111111111111111111111111111111111111 11
AGAAGCTCTTTTGCCAOTGAGGGAACAATTCCCCTCTTTAATTTTGCTCCTT TACATGG

* * **

ATGACCTCCTGCTGGCC
___11111 III
ATGACATCCTCCTGTGC

(D.3)
---------------------------------------------------------------------__------__

* * *

MU-S/37/MOP TGGAAAGTGTTGCCACAGG GTATGAAAAATAGCCCTACTTTATGTCAAAAATTTGTAGA
11111 1111 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII11111 I1

MMTV HOMOLOGUE TGGAAAGTTTTGCCCCAGG GTATGAAAAATAGCCCTACTTTATGTCAAAAATTTGTGGA
* * * *

TAAAGCTATATTGACTGTAAGGGATAAATATCAAGACTCATATATTGTGCAC TACGTGG
11111111111111111111111111II11111111111111111IllIlI111l

CAAAGCTATATTGACTGTAAGGGATAAATACCAAGACTCATATATTGTGCAT TACATGG

* * ** ***

ATGACCTGCTGCTGGCCGCC
11111 1 11 1III
ATGACATTCTTTTGGCACAC

FIG. 5. Comparison of the nucleotide sequences of three PCR-amplified DNA fragments and three previously cloned chromosomal
sequences to which they are highly homologous. The sequenced fragments correspond to those indicated by arrows in Table 1, but the
nucleotide sequences include the upstream and downstream primers in addition to the internal region translated in Table 1. (The chromosomal
homologs are shown in Fig. 1 and described in the legend to Fig. 1). Primer regions are underlined, sequence mismatches are indicated by
an asterisk, and sequence identities are indicated by vertical lines.

fragment containing possible L-1-like characteristics; and
(iv) E.2, an HTLV-I high-stringency-primed fragment con-
taining monkey characteristics. As suggested by the data of
Table 1, the results of the experiments shown in Fig. 6 (as

well as those of other experiments with these same filters
after stripping [60% formamide at 70°C]) indicate a high level
of primer selectivity. For example, referring to the terminol-
ogy of Fig. 6, the L-1-like sequence (C.1) was present in

a Sequences are organized in groups (A through F) based on similarities to known reverse transcriptase homologs, and the sequences of the latter are included
for reference at the end of each group. Gaps (dashes) have been introduced into the sequences to maximize homologies; stars indicate termination codons. The
open circles at the top of each group represent positions that are often helpful in diagnosing this region of the reverse transcriptase gene. Note that group F
represents sequences with no clear reverse transcriptase context. For abbreviations of primers and homolog, see the legend to Fig. 1. The L-1 homolog represents
the compilation sequence of Singer and Skowronski (53). Template DNAs were isolated from the following: CEM, a human T-cell lymphoma-derived cell line
(5); HeLa, a human cervical carcinoma-derived cell line; TC, a bacteriophage lambda cDNA library prepared from a human teratocarcinoma-derived cell line (54);
PTL, a bacteriophage lambda cDNA library prepared from normal human resting T cells (22); and MU-S, total RF/J strain mouse spleen. The arrows indicate
clones whose entire nucleotide sequences are presented in Fig. 5. In groups A and B, identical nucleotide sequences that were generated from different templates
and/or annealing temperatures are also indicated (for example, A.3 = A.4).
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FIG. 7. Southern blot analysis of human CEM DNA probed with
2'l6t,;:-J* e ,,>t;t,1, ~~~~four cloned PCR amplified, reverse transcriptase-related, DNA1?:1i;-Up ' 1:it9,,-- fragments (see legend to Fig. 6 and the text). Restriction endonu-

clease-digested DNA samples (10,ug per lane) were electrophoresed
for 11 h in 1% agarose at 2 V/cm, transferred to nitrocellulose, and
hybridized as previously described (see Materials and Methods).
Each panel shows the autoradiograph of a filter containing the same

K'F A DNA (CEM), digested with the same enzymes (B, BamHI; R,
FIG. 6. Southern blot analysis of PCR-amplified DNAs. The gels EcoRI; K, KpnI) but hybridized to different probes as follows: A,

photographed for Fig. 4 were blot transferred to nylon filters A.12;B, B.3; C, C.1; E, E.2. Autoradiographs were exposed for 15

(Biotrans; ICN Pharmaceuticals Inc.), and cut sections of these h.
filters were hybridized separately to one of four cloned PCR-
amplified, reverse transcriptase-related DNA fragments. Lane des- . .
ignations and groupings shown on the top of each autoradiograph containing electrophoretically resolved restriction endonu-
are as in Fig. 4; labeled lines within each autoradiograph span the clease-digested DNAs. All of the reverse transcriptase-
regions hybridized to probe A.12, B.3, C.1, or E.2 (Table 1, see the related cloned probes detected repetitive sequences in chro-
text). The autoradiographs correspond to the following hybridiza- mosomal DNA (Fig. 7). In the case of the monkey
tions. MOP was probed with A.12; MOP (after stripping of the filter retroviruslike probes (A.12, B.3, and E.2), bands with signal
probed with A.12) probed with C.1 (note that the material hybrid- intensities corresponding to 10 to 100 copies per cell were
izing to C.1 migrated more slowly than did that hybridizing to A.12, evident, and there were definite differences in the patterns
as expected for the larger size of group C clones). HTLV-I lane obtained with different probes. In the case of the L-1-like
CEM,37 was probed with B.3, lanes HM20,37 to CEM,55 was
probed with A.12, and lanes CEM,60 and HELA,60 were probed probe (C.1), bands and smears with combined signal inten-
with E.2. HTLV-1I lanes CEM,37 to HM20,37 were probed with sities of more than 100 copies per cell were evident, and the
A.12, and lanes HELA,45 to HELA,60 (right) were probed with pattern is suggestive of a long interspersed nucleotide se-

B.3. Autoradiographs were exposed for 1 h. quence family. Blotted human scalp or HeLa DNAs yielded
similar if not identical patterns when hybridized to each of
these probes (data not shown). Interestingly, C.1 exhibited

MOP-primed reaction mixtures but not in HTLV-I-primed no obvious homology to any region of an L-1 compilation
mixtures (data not shown), whereas the HTLV-I-like se- sequence (53) or to any published primate L-1 sequences.
quence (A.12) was present in both. Also, the monkeylike The results of the genomic Southern blotting experiments
sequence (E.2) was present in HTLV-I- but not HTLV-11- presented here suggest that many of the reverse transcrip-
primed reaction mixtures (data not shown), whereas the tase-related sequences amplified by PCR are members of
rather novel sequence (B.3) was present in HTLV-II- but not multigene subfamilies. In addition, since most of the bands
HTLV-I-primed mixtures. (The nature of the lower band of in Fig. 7 are significantly larger than the reverse transcrip-
the doublet in the 123-base-pair range, observed by both tase coding region, it is likely that each reverse transcriptase
blotting and UV absorption in many PCR products, is is part of a larger repetitive element
probably due to the amplification of slightly shorter tem-
plates as reflected by products such as A.6 or B.7, shown in DISCUSSION
Table 1.) Due to the efficiency of amplification after the first
successful priming reaction and the reasonable selectivity of The human genome apparently contains a wide spectrum
mixed oligonucleotide priming at 37°C (MOP clones), it is of sequences that are closely related to the reverse transcrip-
probable that additional blotting studies will reveal isolated tase genes of retroviruses, and it is assumed that most of
cases of unexpected priming. In any event, the data shown in these sequences are part of defective proviral DNAs. In this
Table 1 and Fig. 6 indicate that high-stringency-primed communication we show that synthetic oligonucleotides
amplifications generally yield specific and distinct families of homologous to highly conserved regions of reverse tran-
related sequences. scriptase genes are particularly effective in detecting such

DistributiopD of some reverse transcriptase-related cloned sequences when used as primers in PCR amplification.
DNA fragments in genomic DNA. To investigate the distribu- These primers may be either unique (HTLV-I and HTLV-II;
tion of some specific amplified PCR fragments in human Fig. 1), or mixed (MOP; Fig. 1), and the nature of the
DNA, the four reverse transcriptase-related clones de- amplified sequences appears to depend on both the primer
scribed above were labeled and used to probe blots of gels sequence and annealing temperature (although the relative

J. VIROL.
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importance of each has not been investigated systemati-
cally).

Surprisingly, MOP amplification of genomic DNA or
cDNA (21) is certainly a more productive approach to
identifying reverse transcriptase sequences than is conven-
tional mixed-oligonucleotide screening of genomic or cDNA
libraries. Amplification of a true sequence is less dependent
on the extent of primer-target homology than is the detection
of a true positive signal in oligonucleotide probing. Published
data on MOP-amplified cDNA (21) and the results shown
here (Fig. 5) on MOP-amplified genomic DNA suggest that
primer-target homologies of less than 70% can amplify
expected sequences, at least with 37°C annealing and either
37 or 72°C extension. It is assumed that this fidelity of PCR
is due primarily to the requirement for two independent
primer-target interactions in specific orientation within a
defined distance, and that the use of increased annealing
temperatures and/or unique primers would limit the compo-
sition of the amplified products. Indeed, unique oligonucle-
otide primers of 20 residues and annealing temperatures of
550C supposedly require perfect or nearly perfect primer-
target matching for successful amplification (48). (The an-
nealing limit for our HTLV-I and HTLV-II primers was
between 65 and 70°C; the limit of our mixed primers was not
tested.)
The nature of the human reverse transcriptase-related

amino acid sequences detected by PCR in both genomic and
cDNAs was quite varied (Table 1). Neglecting putative
L-1-like sequences (group C) and those sequences in no clear
context (group F), one might distribute the remaining clones
between two major mouse-related classes, one broadly ho-
mologous to MMTV (including groups A and E) and the
other broadly homologous to Moloney MLV (group B). This
classification is reasonably consistent with previous studies
of human endogenous retroviruses, which suggested that
MMTV- and Moloney MLV-related species account for
thousands of human proviral DNAs. However, it does not
take into account other striking amino acid sequence rela-
tionships, nor does it consider the more likely origin of many
or most human endogenous retroviruses or retrovirus-re-
lated genes, which would be primate rather than murine.
Many of the amino acid sequences shown in Table 1

corresponding to HTLV-I-primed, high-stringency (55 and
60°C) PCR amplifications revealed striking similarities to
reverse transcriptases of primate retroviruses. Specifically,
these are the FPQC-like or identical blocks noted previously
for most genomic and cDNA members of group A (related to
the HTLV-I homolog), 18 out of 30 amino acid identities
noted for group E (related to the simian retrovirus type II
[SRV-II] homolog), and possibly the LEP block noted for
the two cDNA-derived (TC, PTL) members of group B
(related to the HIV homolog). These homologies are admit-
tedly limited, as is the entire region here under study, but
when considered in conjunction with their amplification by
very high-stringency priming with primate-specific oligonu-
cleotides and present views regarding the evolution of ret-
roviruses (28), many or all of these reverse transcriptase-like
regions may be primate related. Evolutionarily, MMTV
appears to be closely related to SRV-I, SRV-II, and Mason-
Pfizer monkey virus, whereas Moloney MLV, itself quite
distantly related to MMTV, is very closely related to baboon
endogenous virus. At least in terms of the amino acid
sequences presented in Table 1, groups A and B can just as
easily be related to their monkey homologs (SRV-II/Mason-
Pfizer monkey virus and baboon endogenous virus, respec-
tively) as to their murine homologs; as noted above, the

inclusion of HTLV-I and HIV homologs often strengthens
the primate relationship. As might be expected from genetic
drift and recombination (including gene conversion) among
presumed predominantly defective human proviruses, this
relationship is not straightforward and may be quite com-

plex. The peculiar Mason-Pfizer monkey virus/HTLV-I hy-
bridlike character of many group A sequences (such as A.16)
could reflect this complexity, as could the MMTV/SRV
hybridlike character of HuRRS-K noted by Ono et al. (37).
Eventually, additional PCR amplifications with different
primers and stringencies, characterizations of genomic li-
brary clones, and cross-probed Southern genomic blots of
many primate DNAs should reveal the evolutionary history
of human endogenous retroviruses and/or related sequences.
If human and monkey retroviruses diverged and evolved
relatively independently, it is possible that many human
endogenous retrovirus-related sequences are derived from
human viruses.

Irrespective of the origin of human retroviruses, their
presence leads to both practical and theoretical concerns.

Presently, the major practical concern is that the effective
use of PCR as a screening procedure for HTLV-I, HTLV-Il,
and HIV infections must always include appropriate controls
to ensure that no endogenous sequences contribute to posi-
tive signals. As previously noted, HIV unique primers
corresponding to the highly conserved reverse transcriptase
region shown in Fig. 1 function well in the PCR amplification
of HeLa DNA even at annealing temperatures of 60°C.
Although it is unlikely that the internal nucleotide
sequence(s) would be detected after stringent hybridization
to an HIV-specific probe, other sites in HIV are probably
more appropriate for its unambiguous detection by PCR.
Another practical concern is that the use of PCR for

determining the possible retroviral etiology of a variety of
human diseases may be complicated by endogenous retrovi-
ruses. Even if cDNAs are used for PCR templates, the
transcriptional activities of endogenous sequences must be
considered.
The major theoretical concern related to the presence of

endogeneous human retroviruses is their potential expres-
sion. In analogy with murine systems, the following might be
expected: (i) that such sequences in humans will be classed
as low-, high-, or, most often, non-virus-producing and that
this classification will depend on the nature of both the
provirus and the host; (ii) that some human endogenous
proviral DNAs that are defective nonvirus producers might
yield infectious and/or oncogenic recombinants with exoge-
nous viruses or with other defective or nondefective provi-
ruses; (iii) that some human sequences might be partially
transcribed and translated into functional gene products; and
(iv) that some endogenous elements might be responsible for
known or new mutations as well as for the insertional
activation of oncogenes, as are some human L-1 elements
(16, 32).

In addition, it is also possible that the human genome
contains reverse transcriptases that are not associated with
endogeneous viruses. The use of MOP amplification of
cDNA [either from cloned cDNAs or from reverse transcrip-
tase-copied poly(A)+ RNAs] coupled with cDNA library
characterizations, should provide a reasonably rapid ap-
proach to investigating reverse transcriptase gene expres-
sion. Investigations with our humnan teratocarcinoma and
T-cell cDNA PCR amplification products are in progress.

In conclusion, the importance of reverse transcription in
regard to the development and evolution of mammalian
genes and its present importance as a mechanism of DNA
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transposition suggest that a variety of reverse transcriptase
genes, including those in unexpected contexts, are present in
humans and mice. Moreover, the homology relationships of
human putative reverse transcriptases identified by PCR
amplification suggest that many or most of them are related
to primate retroviruses. Such a relationship, if meaningful,
implies an ancient (>105 years) association between retrovi-
ruses and humans. It is possible that the proposed transfer of
an HTLV-I-like monkey virus to humans in the 16th century
and of an HIV-like monkey virus to humans in the 20th
century merely represent the most recent detectable exam-
ples of monkey-human cross-infections. It is also possible
that both human and monkey exogenous retroviruses have
been evolving relatively independently (8), and that many of
the human endogenous sequences were derived from human
retroviruses.
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