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Nucleotide sequences of a DNA fragment containing the long terminal repeat (LTR) of squirrel monkey
retrovirus (SMRV) were determined. Sequence analysis showed that the SMRV LTR is 456 base pairs (bp) long
and is bounded by 2-bp inverted repeats. Within the U3 region, there are two 43-bp repeats and two 42-bp
repeats which are homologous to each other. These repeats are likely to provide enhancer activities commonly
observed in other enhancer sequences. Following the repeats are transcriptional regulatory sequences including
a CAT box, a Goldberg-Hogness box, and a polyadenylation signal, all positioned within the U3 region of
SMRV LTR. A 22-nucleotide sequence immediately downstream from the LTR was found to be complemen-
tary to tRNAiL,Y, suggesting that tRNAL,3 serves as the primer for the reverse transcription of SMRV viral
RNA.

Squirrel monkey retrovirus (SMRV) was first isolated
from squirrel monkey lung tissue by cocultivation with
canine cells (17). It is a type D retrovirus present in multiple
proviral copies in the genomes of squirrel monkeys (3, 9).
Recently, three independent isolates of type D retroviruses
have been isolated from macaques suffering from an ac-
quired immune deficiency syndrome (AIDS) that resem-
bles human AIDS (11, 24, 44). This raised the possibility of
using animal models for studying the pathogenesis of this
devastating human disease. However, in contrast to the
well-characterized genome structures of type A, B, and C
retroviruses (50), very little has been documented on the
structure and organization of the type D retrovirus genome.

Previous studies have demonstrated limited antigenic ho-
mology between the gag gene products of the type D
retroviruses and those of the type B and mammalian type C
viruses (1). In an effort to extend these studies, we have
molecularly cloned the closed circular form of the proviral
SMRV DNA in a bacteriophage vector (3). Using Southern
hybridization in conjunction with nucleotide sequence anal-
ysis, we have shown that type A, type B, avian type C, and
type D viruses share extensive sequence homology in the pol
gene regions (4, 5). Furthermore, by Southern hybridization
and heteroduplex analysis, we (4) and others (8) have shown
conservation between the env genes of type D and mamma-
lian type C viruses. In contrast, we did not detect any
sequence homology between the SMRV long terminal repeat
(LTR) and other retroviral LTRs by filter hybridization (4).
The retroviral LTRs contain all the regulatory sequences

required for transcription of the viral genome and are impor-
tant for integration of the proviral DNA into the host genome
(47). The LTR may also lead to the activation of host genes
adjacent to the viral integration site which may cause a
variety of neoplasias in animals (16, 20, 27, 30). To elucidate
the structure and the interrelationship of type D retroviral
LTR sequences with those of other genera of the retrovi-
ruses, we determined the nucleotide sequence of SMRV
LTR. Here we report that the SMRV LTR possesses all the
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sequences required for retroviral transcription, including a
CAT box, a Goldberg-Hogness box, and a polyadenylation
signal. We also detected a presumptive primer-binding site
(PBS) unlike that of any other known retroviruses which is
complementary to the last 22 nucleotides of tRNAi, s.
SMRV DNA cloned in AgtWES * XB (3) was subsequently

cloned into pBR322, and the resultant plasmid was desig-
nated pSMRV. On the basis of the difference in the restric-
tion maps between the linear proviral DNA and pSMRV, we
deduced that pSMRV was derived from the closed circular
proviral DNA with one copy of the LTR (3). By using
subgenomic DNA fragments of pSMRV as probes, we
concluded that the LTR of SMRV may reside between the
SphI site and the EcoRI site (7.7 to 8.4 kilobase pairs [kbp])
of the pSMRV restriction map (3) (Fig. 1). We therefore
subcloned the 1.1-kbp BamHI-EcoRI fragment of pSMRV
into plasmid pAT153 (46). The resultant clone, pSS4.01, was
used for sequence analysis by the method of Maxam and
Gilbert (25). The sequencing strategy is shown in Fig. 1.
Sequences from both strands were independently deter-
mined and mutually confirmed. To ensure that there were no
restriction sites too close to be detected by restriction
enzyme mapping, every restriction site shown was se-
quenced through from another restriction site. The complete
nucleotide sequence of the 1.1-kbp BamHI-EcoRI DNA
which contains the SMRV LTR is shown in Fig. 2.

Since the SMRV clone we characterized had only a single
LTR, it is presumed that this LTR should be bound by a
polypurine-rich region on its 5' side and a PBS on its 3' side.
We therefore examined these reference sequences along
with other common structural features (Fig. 2). We first
searched for sequences in the SMRV LTR complementary
to the known primer tRNAs, tRNAl'° (2), tRNATTrp (2),
tRNA LYS (2), and tRNAPhe (7, 15, 29), using the SRCHN
program of Wilbur and Lipman (51). We did not find any
such sequences in the SMRV LTR. To test whether type D
retroviruses use a previously unidentified PBS, the se-
quences complementary to the ones presented in Fig. 2 were
used to search for homology with all the nucleotide se-
quences in the National Institutes of Health database, using
the GNSRCH computer program (51). The nucleotide se-
quence 863 to 884 was found to be complementary to the 3'
end of the tRNA1 ' of various species including rabbit,
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FIG. 1. Sequencing strategies of SMRV LTR and its adjacent regions. The open boxes represent LTRs. The arrowhead under the LTR
represents the direction of transcription. The 1.1-kbp BamHI-EcoRI fragment derived from pSMRV was subcloned into pAT153 and designated
pSS4.01. The open and closed circles represent end labeling at the 3' end by terminal transferase or Kienow fragment, respectively. Crosses
represent end labeling at the 5' end by polynucleotide kinase. The U3, R, and U5 boundaries are noted as are the potential CAT box, promoter
(Goldberg-Hogness box), polyadenylation signal (PAS), and PBS for tRNALIY. The closed arrowheads within the U3 box are two identical
43-bp repeats. The open arrowheads are two imperfect 42-bp repeats which are homologous to the 43-bp repeats.

mouse, and Drosophila (31, 41). We note that tRNAi,YzS (31, and cannot pair with any base, the real PBS is likely to be
41) and tRNA3YS (31) differ by 6 nucleotides in this 22- only 18 bp like that of other known retroviruses. The
nucleotide region. Since the sequence of the tRNA LUs cor- tRNA-binding sequence serves conveniently as a landmark
responding to the 19th base of SMRV PBS is methylated (31) for the 3' end of the LTR. Two nucleotides upstream from
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FIG. 2. Nucleotide sequence of SMRV LTR. The restriction sites for BamHI, SphI, XmnI, and EcoI are indicated. The 43-bp direct

repeats (DR) and the 42-bp direct repeats are underlined. Asterisks indicate the sequences in the 42-bp direct repeats which are different from
the 43-bp direct repeats. The inverted repeats (IR) which demarcate the LTR are indicated by open arrows. The tRNA-binding sequence is
indicated by a wavy line. The transcriptional signals including a CAT box, a Goldberg-Hogness (TATATA) box, and a polyadenylation signal
are noted. The terminal repeat (R) in the retroviral RNA is bound by parentheses.
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FIG. 3. Boundary of the 5' end of SMRV LTR. Linear SMRV
DNA was digested with XmnI (lane 3), separated on a 2.5% agarose
gel, and transferred to GeneScreen Plus nylon membrane. The
membrane was then hybridized to an SMRV LTR probe (1.1-kbp
BamHI-EcoRI DNA fragment) which was nick translated (34) to a

specific activity of 2 x 108 cpm/,ug. The marker used was pBR322
DNA digested with HaeIII and end labeled with polynucleotide
kinase and [-y-32P]ATP (lane 1, 5,000 cpm; lane 2, 1,000 cpm). The
upper and lower arrows indicate DNA fragments derived from the
left end and the right end of the SMRV LTR, respectively.

the PBS is a dinucleotide CA (nucleotides 859 to 860) which
is also found invariably in the 3' end of other LTRs and can,
therefore, serve as a second reference point.
A comparison of restriction enzyme maps of linear SMRV

and cloned pSMRV DNAs has suggested that the SMRV
LTR is about 400 bp long (3). Approximately 400 bp up-
stream from the tRNA-binding sequence are two polypurine-
rich regions (nucleotides 387 to 404 and 436 to 446) followed
by the sequence TG which forms an inverted repeat with the
3' end of the LTR. To determine which of the two
polypurine-rich regions defines the 5' boundary of LTR, we
undertook detailed restriction mapping of the linear SMRV
proviral DNA. Since the cloned pSMRV DNA has a unique
XmnI site which is located in the LTR region (data not
shown), the linear SMRV DNA when digested with XmnI
should yield an 8.4-kbp DNA fragment, a 181-bp DNA
fragment from the right-end LTR, and a 275- or 232-bp DNA
fragment from the left-end LTR. The size of the last DNA
fragment is dependent on which of the two polypurine-rich
regions defines the 5' end of the left-end LTR. The linear
SMRV proviral DNA was isolated from acutely infected
canine fetal thymus cells (Fcf2Th) as previously described
(3). A 275-bp and a 180-bp DNA fragment were detected
when XmnI-digested linear SMRV DNA was fractionated on
a 2.5% agarose gel, transferred to GeneScreen Plus nylon
membrane (New England Nuclear Corp., Boston, Mass.),
and hybridized to an SMRV LTR probe (43) (Fig. 3). These
data suggested that the polypurine-rich sequence located at
nucleotides 387 to 404 defines the 5' end of the SMRV LTR.
At 88 bp inside the LTR is a pair of 43-bp repeats followed

by a pair of 42-bp repeats. The two 43-bp direct repeats are
identical. The sequence homologies between each of the
42-bp repeats and the 43-bp repeat are 81.4 and 70.0%,
respectively. At 7 bp downstream is a variant of the CAT
box, CCTAT (nucleotide 668 to 672), followed by the Gold-
berg-Hogness box, TATATA (nucleotides 715 to 720). We
tentatively assigned the transcription initiation site to the
sequence GC (nucleotides 746 to 747) which is 78 and 31 bp
downstream from the CAT box and the TATA box, respec-
tively. The polyadenylation signal, AATAAA, is observed

TABLE 1. Length (in base pairs) of retroviral LTR regions
Classificationa Retrovirusb LTRc U3 R U5 PBSd tRNA' PASf Reference

A IAP 350 210 85 55 18 AT-Phe R 7, 15, 21, 29

B MMTV 1,328 1,195 15 118 18 GC-LyS3 U3 13, 14, 19

aC RSV 335 234 21 80 18 TT-Trp U3 37

mC M-MuLV 594 449 68 77 23 TT-Pro R 40
SSV 508 362 69 77 18 TT-Pro R 12
BaEV 554 421 66 67 23 TT-Pro R 45

D SMRV 456 341 12 103 22 AG-Lys1,2 U3 This work

Unclassified BLV 530 201 238 91 18 AT-Pro U3 10, 35
HTLV-I 755 354 228 173 18 GT-Pro U3 38
HTLV-II 763 315 247 201 18 AT-Pro U3 39, 42
HTLV-III 634 453 98 83 18 G-LyS3 R 26, 32, 36, 48

Human endogenous Clone 4-1 495 NAM NA NA 18 (2) lTTCT-Glu NA 33
ERV3 593 494 63 36 18 (1) T1TT-Arg R 28
RTVL-H 415 NA NA NA 18 (1) TT-His NA 23

a aC, Avian type C viruses; mC, mammalian type C viruses.
b IAP, intracisternal A particle; MMTV, mouse mammary tumor virus; RSV, Rous sarcoma virus; M-MuLV, Moloney murine leukemia virus; SSV, simian

sarcoma virus; BaEV, baboon endogenous virus; BLV, bovine leukemia virus; HTLV, human T-cell leukemia virus.
The convention was to consider the terminal TT bases near the PBS of type C viruses as part of the LTR. However, these two nucleotides do not form part of

the inverted repeat in any of the LTRs of type A, type B, type D, and other unclassified retroviruses including HTLV-1, HTLV-II, HTLV-III, and BLV.
Therefore, a more general nomenclature was adopted here to consider these two bases as positioned between the LTR and the PBS.

d The number of mismatches, if there are any, is shown in parentheses.
The sequences between the 5' LTR and the PBS are also listed.

f PAS shows the location of the polyadenylation signal.
' NA, data not available.

587 bp-
540
504
458--
434

267
234
213
192
184
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at nucleotides 736 to 741. With the identification of the
AATAAA sequence, it was possible to assign the poly-
adenylation site CA at nucleotide 757 which is 16 bp down-
stream from the polyadenylation signal. These distances
agree very well with the previously established distances for
such signals (47). Thus, we were able to establish that the
SMRV LTR is 456 bp long and is followed by a tRNALES
PBS. The size of the LTR in type D retroviruses is different
from those of other known retroviruses. The size of the
terminal repetitive region (R) of SMRV viral RNA (12 bp) is
the smallest among all the sequenced retroviral LTRs.
The U3 region of retroviral LTRs usually contains repet-

itive elements distal frotn the CAT and TATA promoter
sequences. These repetitive sequences act to enhance RNA
transcription. In this communication, we showed that the
SMRV LTR contains 43-bp repeats which are repeated four
times with different degrees of perfection (Fig. 2). We did not
observe the enhancer core sequence TGG=,, (22, 49) in our
LTR direct repeats. However, the proximity of the tandem
repeats to the canonical promoter elements strongly suggests
that they function as enhancer sequences. Both the Moloney
murine leukemia virus LTR and simian virus 40 early-gene
promoter contain 72-bp repeats. Although the primary nu-
cleotide sequences of the enhancer elements are not homol-
ogous, they are interchangeable to provide some enhancer
function with different host-cell specificity (22). Like SMRV
LTR, both the intracisternal A particle LTR (7) and the visna
virus LTR (18) contain 43-bp direct repeats. However, their
primary sequences are not noticeably homologous to the
SMRV LTR direct repeats. Other than the size of the direct
repeats, we did not detect any similarity between SMRV
LTR and any other retroviral LTRs or any other published
sequences. It will be of interest to test the host-cell speci-
ficity of the 43-bp repeats among these retroviral LTRs.
Such an experiment will further our understanding toward
the biological roles of the direct repeats in enhancer promo-
tion.
The sequences flanking the 5' LTR of the retroviral

genome contain the binding site for a specific tRNA which
serves as a primer for reverse transcription. Different genera
of retroviruses use different tRNAs as primers (Table 1). Our
data indicate that SMRV uses a novel PBS complementary
to tRNAi,S. The fact that type B and type D oncoviruses and
human AIDS retroviruses share similar isoaccepting tRNA-
binding sites may suggest a closer genetic interaction among
these three genera of retroviruses. We have very recently
established that human AIDS retrovirus is a member of the
lentivirus subfamily (6). Consequently, it will be of interest
to find out which Lysine-tRNA is used by the type D
retroviruses associated with simian AIDS (11, 24, 44) and by
the other lentiviruses as a primer for reverse transcription.
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Sarver for critical review of the manuscript. We are grateful to P.
Luciw and colleagues for providing us their human AIDS-associated
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