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The Long Terminal Repeat Sequences of a Novel Human 
Endogenous Retrovirus 

Abstract. The complete nucleotide sequence of both the 5 '  and 3 '  long terminal 
repeats (LTR's)  has been determined for a human endogenous retroviral genome. 
These sequences are 593 and 590 nucleotides long and have diverged from one 
another by 8.8 percent. The LTR's resemble those offunctional mammalian type C 
retroviruses in length and in the presence and location of eukaryotic promoter 
sequences. The 5 '  LTR is followed by a presumptive primer binding site unlike that of 
any known mammalian type C retrovirus, exhibiting 17  out of 18 nucleotides 
complementary to arginine transfer R N A  rather than proline transfer R N A .  

During replication of a retrovirus, the 
viral RNA is reverse-transcribed into 
DNA and integrated into the host 
genome. Because sequences specific to 
the 5' and 3' ends of the viral RNA (U5 
and U3) are duplicated during this pro- 
cess, the integrated provirus is flanked 
by long terminal repeats (LTR's). The 
LTR's contain all the sequences neces- 
sary for transcription of the viral genome 
(1, 2). In addition to  providing promoter 
functions for viral genes, the presence of 
the LTR sequences at both the 5' and 3' 
ends of the integrated provirus may lead 
to activation of host genes adjacent to  
the viral integration site (3). 

We have isolated an endogenous retro- 
viral sequence, ERV3, from a human 
recombinant DNA library by low-strin- 
gency hybridization to probes from two 
regions of the type C baboon endoge- 
nous virus (BaEV) genome (4). The 
ERV3 sequence appears to contain a 
full-length, integrated retroviral genome 
as revealed by DNA hybridization and 
sequencing studies. The sequence analy- 
sis of the LTR's enabled us to determine 
whether necessary signals for promotion 
of viral or cellular genes or both are 
present in these elements and to address 
the relationship of this retroviral se- 
quence to  other mammalian retrovir- 
uses. 

Two Eco RI restriction enzyme frag- 
ments from the clone containing ERV3 
hybridized to the BaEV LTR (Fig. 1) and 
were therefore subcloned into the plas- 
mid vector pBR322 for sequence analy- 
sis (5, 6). A comparison of the sequences 

LTR gag I pol I env LTR 
R  S 8 R R R R  K R  

1 

Fig. 1. A restriction map of the human endog- 
enous retroviral locus ERV3. B is Bgl 11, K is 
Kpn I ,  R is Eco RI, and S is Sma I. Boxed 
regions contain the sequenced LTR's. Two 
Eco RI subclones, pR1 5.0 and pR1 4.8, hy- 
bridized to the BaEV LTR; kb, kilobases. 

from the two LTR-hybridizing regions 
revealed a span of 593 nucleotides that is 
91.2 percent homologous to a second 
590-nucleotide sequence (Fig. 2). Two 
features common to proviruses further 
suggested that the ERV3 clone contains 
intact, full-length LTR elements: the 
presence of TG. . .CA termini (T, thy- 
mine; G,  guanine; C ,  cytosine, A, ade- 
nine) surrounding each element; and the 
presence of duplicated host sequences at 
the junction of virus and host, a result of 
retroviral integration. 

Sequencing studies of many retroviral 
LTR's have shown that these elements 
end with inverted, complementary re- 
peats of 2 to 16 nucleotides, characteris- 
tically beginning with the dinucleotide 
TG and ending with its inverted comple- 
ment CA (I). The regions of homology 
between the two ERV3 sequences were 
bounded by TG. . .CA inverted, comple- 
mentary repeats (Fig. 2). Further, the 
duplication of host sequences at  the tar- 
get site of retroviral integration for the 
ERV3 provirus was the flanking four- 
nucleotide direct repeat TATA (Fig. 2). 

In addition to  these two features of 
LTR boundaries, the viral sequences 
found adjacent to  the ERV3 LTR's re- 
semble recognized retroviral features. 
The tRNA's (transfer RNA's) used as 
primers in viral replication anneal to  a 
nucleotide sequence within the viral 
RNA immediately adjacent to U5. This 
region, the primer binding site (PBS), is 
complementary to the 16 to 19 nucleo- 
tides at the 3' terminus of a specific 
tRNA. The ERV3 proviral sequence in 
this region (adjacent to the US region of 
the 5' LTR) was compared to all known 
tRNA sequences (7). It  proved to be 
most closely related to  a mouse arginine 
tRNA (tRNAArg), sharing 17 out of 18 
complementary nucleotides (Fig. 3). Al- 
though the human equivalent of this 
tRNAArg gene has not been sequenced, it 
may well be identical because tRNA's 
have been highly conserved in evolution. 
In contrast to this match of 17 out of 18 
nucleotides with a tRNAArg, the putative 
PBS shared only 10 out of 18 nucleotides 
complementary to tRNAP'O, the tRNA 
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used by all known mammalian type C 
retroviruses. The ~ R N A ~ ~  used by the 
avian type C retroviruses and the 
~ R N A ~ Y '  (8) used by the type B mouse 
mammary tumor virus were similarly di- 
vergent from the ERV3 PBS. Adjacent 
to the 3' LTR, retroviruses contain the 
putative primer binding site for second 
strand complementary DNA synthesis, 
PB(+). This site consists of a short 
stretch of purine nucleotides (8). An 11- 
nucleotide stretch of purines precedes 
the ERV3 3' LTR (Fig. 2). 

A comparison of the 5' and 3' noncod- 
ing regions of eukaryotic genes revealed 
conservation of several oligonucleotide 
sequences, including a CCAAT box be- 
ginning 70 nucleotides upstream from the 
messenger RNA (mRNA) start site 
(-70), a TATA box from -25 to -30, 
and an AATAAA sequence at the 3' end 
of the gene approximately 25 bases up- 
stream from the polyadenylation site. 
These sequences are also found in viral 
genomes and have been implicated in the 
transcription of both viral and eukaryotic 
genes (1). In mammalian type C provir- 
uses, these sequences are found within 
the LTR'S in similar positions relative to 
the initiation site for eukaryotic mRNA 
synthesis. In addition, +hese transcrip- 
tional regulatory sequences are found in 
specific locations within the LTR, thus 
defining three regions. The U3 region of 
mammalian type C retroviral LTR's 
ranges from 342 to 480 nucleotides in 
length and contains two of the transcrip- 
tion signals described, the CCAAT and 
TATA sequences. The beginning of the 
R rcgion (a sequence repeated at both 5' 
and 3' ends of the viral RNA) corre- 
sponds to the initiation site of mRNA 
synthesis in the provirus. In the mamma- 
lian type C provirus, it is located 23 
nucleotides downstream from the TATA 
sequence and begins with the dinucleo- 
tide GC (1). Consistent with this, the 
human ERV3 LTR's contained a GC 
dinucleotide 23 base pairs downstream 
of the TATA sequence beginning at nu- 
cleotide 466. In addition, a CCAAA se- 
quence, similar to CCAAT, began at 
nucleotide 433,63 base pairs upstream of 
this putative mRNA start site. This de- 
fined a U3 region for ERV3 of 496 nucle- 
otides, an appropriate length for a mam- 
malian type C retrovirus. The R region is 
usually 60 to 70 nucleotides long and 
contains the polyadenylation signal AA- 
TAAA as well as a pyrimidine-rich re- 
gion ending with CA, the site of polya- 
denylation in viral RNA. The ERV3 
LTR's contained an R region of 63 nucle- 
otides from position 496 to 558 with a 
polyadenylation signal beginning at nu- 
cleotide 539. The third LTR region, US, 

has no demonstrated promoter se- 
quences and is found to vary in length 
from 67 to 176 nucleotides in other mam- 
malian retroviruses. This region in ERV3 
was only 35 nucleatides long and ended 
in the dinucleotide CA of the inverted 
complementary repeat. Unlike the 
LTR's of ERV3 and other mammalian 
type C retroviruses, those of human T- 
cell leukemia virus (HTLV) and bovine 
leukemia virus (BLV) differ in the ar- 

rangement of these important signals (9- 
11). 

Characterization of the SV40 (simian 
virus 40) promoter region led to the 
identification of 72-base pair direct re- 
peats containing "enhancers," a single 
copy of which is necessary for high lev- 
els of viral expression. Similar long-di- 
rect repeats have been identified in retro- 
viral LTR's and in some cases have been 
shown to possess enhancer activity. The 

- 
5'LTR TATATGAGGCAGGAAATATAAAAGGAAAAACAAGTAAAGGGMAACAAGTCCTTCCCTGATCAGTCTGACTCAC 
3 ' L T R  AAAGGGGGGAA...A.......................... .................... T.....C............. 

PEN+) (u3 - - 
80 110 140 

TCCAAAGTCCTGCTGGAGCTATGATAACATTATCTGCAAGGCCAGGCAGGGACCCCCAAAGAATGGGCTCCAGGAGCAGA ............... ................................................... G.T..G..G..-- G 

GATGAGAAAAACAAGTTCTCCTTATCAGTTTCC-GCCTTGAAATTCTTTCCCCATACCATTATTCTTTGTTCTGCTCTCA 
.CTGT.. .C.. .4.. ................................ ....... ..... ..................... 

___) 

240 270 300 

ACAAGACATGCTTAAGTAAGATAGGGTCATGTTGCAAATCCTGTTGTAAAACCTGTCACGGTATGATTAACTGTCTTTGT .......... T.. ....... G .... C ............................................... C ...... 

PBS 

..... G....C....A.......G..........A.........TATA - 
Fig. 2. The nucleotide sequence of the 5' and 3' LTR's and immediate flanking sequences. Dots 
represent identities between the two sequences. Vertical arrows separate LTR regions. 
Horizontal arrows indicate repeated sequences: TATA, duplication of human sequences upon 
provirus integration; TG-CA, inverted termini of LTR's; and -GAAAAACAAGT-, repeated 
sequences within U3. Boxed regions indicate transcriptional regulatory sequences. PBS, primer 
binding site for (-) strand synthesis. PB(+), primer binding site for second-strand synthesis. 

590 t MI) 

End of 5' LTR S ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  3'  
3 . G G G T G T T G T A A A A C C A C T C G G T C G G T C C T C 5 ,  

3' end of mouse 
leukemia ~ A N A " ' ~  

Fig. 3. The ERV3 primer binding site. ( A )  Nucleotide sequence derived by 
the chemical cleavage method (171. ( * 1  A methylated cytosine residue 
uncleaved in the reaction. ( B )  Comparison of this region to the 3' end of a 
mouse tRNAAr%equence ( 1 2 ) .  Dashed lines indicate identities: arrow 
intlicates the end of the 5 '  LTR. 
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ERV3 LTR's did not appear to  contain a 
long-direct repeat. However, the LTR's  
of two HTLV variants (9, 10) and an 
isolate of the related BLV (11) also 
lack these repeats and are certainly ex- 
pressed. Four regions within the ERV3 
LTR's displayed partial homology with 
the consensus sequence GTGG++$G 
that is present in many viral enhancers 
and is essential for the activity of the 
SV40 enhancers (2). These regions, be- 
ginning at LTR nucleotides 455, 505, and 
563 in U5 and at nucleotide 597 within 
the putative primer binding site, each 
shared six out of eight nucleotide identi- 
ties with the consensus sequence. The 
significance of these sequences is un- 
clear, since retroviral enhancers charac- 
terized thus far are located in the U3 
region of the LTR. 

The LTR sequences of HTLV variants 
I and I1 are unrelated to  each other 
except for the promoter sequences and a 
21-base pair sequence repeated three 
times in the U3 region of each genome at 
comparable positions. These repeats are 
imputed to be equivalent to the enhancer 
sequences of other retroviruses (9). Sim- 
ilarly, the ERV3 LTR's contained a 
short repeated sequence (underlined in 
Fig. 2). This sequence, GAAAAA- 
CAAG, is also found in the U3 region of 
both BaEV (12) and HTLV-I1 (9) as  a 
single copy. Further experiments are 
necessary to define whether these or 
other ERV3 LTR sequences function in 
enhancement of proviral expression. 

Analysis of the nucleotide sequence of 
the ERV3 LTR's revealed a region of 
close nucleotide homology with the 
BaEV LTR that was responsible for their 
hybridization. Within a stretch of 41 nu- 
cleotides beginning at nucleotide 373 in 
the ERV3 3' LTR there was only one 
nucleotide change with respect to  the 
BaEV LTR (12) (two nucleotides were 
different in the ERV3 5' LTR). This 
sequence was found in the U3 region of 
both ERV3 and BaEV LTR's but farther 
upstream in BaEV at U3 nucleotide 102. 
A human provirus characterized earlier, 
ERVl  (13), also contains this sequence 
but in the US region. We observed no 
other homology between the LTR's of 
ERV3 and those of other sequenced re- 
troviruses, including HTLV (9, 10). 

Because of the mechanism of retro- 
viral replication, the two ERV3 LTR's 
were presumably identical when the pro- 
virus first integrated into the ancestral 
human genome (I).  The two LTR se- 
quences are not presently 100 percent 
homologous (Fig. 2). The 5' LTR is 593 
nucleotides long, whereas the 3' LTR is 
only 590 nucleotides long. There are also 

52 nucleotide substitutions spaced 
throughout the two LTR's, correspond- 
ing to an 8.8 percent divergence. 

The possible use of tRNAArg as  a 
primer for replication of ERV3 suggests 
a separate lineage for this provirus. Be- 
cause the ERVl  provirus is missing the 
5' LTR, the primer binding site cannot 
be identified. While this precludes classi- 
fication of ERV3 and ERVl in the same 
retroviral lineage by this criterion, com- 
parisons of the DNA sequences from 
regions of the gag and pol genes indicate 
that these two proviruses are more close- 
ly related to  each other than either is to 
BaEV or  M-MuLV (Moloney murine 
leukemia virus) (4). It will be interesting 
to determine whether other BaEV LTR- 
hybridizing clones isolated from human 
DNA (14) also share this primer binding 
site and the 41-nucleotide homology. 

In conclusion, the ERV3 LTR's con- 
tain sequences homologous to  known 
transcriptional regulatory elements. 
Without knowing whether the ERV3 
LTR's are, or were, used for expression, 
we were unable to assess the relevance 
of the nucleotide changes between them. 
It is unlikely that all the changes would 
have occurred within only one LTR even 
if the other was selected for by providing 
a necessary function, since every change 
would not be expected to be deleterious. 
Thus, the divergence of the two ERV3 
LTR's by 8.8 percent does not necessari- 
ly preclude function by either of them. 
These sequences may therefore be capa- 
ble of directing the expression of either 
ERV3 or nearby host genes. Conse- 

quently, the ERV3 provirus is a suitable 
probe with which to look for expression 
of endogenous retroviruses in both nor- 
mal and tumor tissues of humans. 
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Nucleotide Sequences of the Human and Mouse Atrial 
Natriuretic Factor Genes 

Abstract. Mouse and human atrial natriuretic factor ( A N F )  genes have been 
cloned and their nucleotide sequences determined. Each A N F  gene consists of three 
coding blocks separated by two intervening sequences. The 5' flanking sequences 
and those encoding proANF are highly conserved between the two species, while the 
intervening sequences and 3 '  untranslated regions are not. The conserved sequences 
5' of the gene may play an important role in the regulation o f A N F  gene expression. 

Atrial natriuretic factor (ANF), a po- 
tent vasoactive peptide synthesized in 
mammalian atria, is thought to play a key 
role in cardiovascular homeostasis ( I d ) .  
Analysis of cloned DNA sequences corn- 
plementary to AFN messenger RNA's 
(mRNA's) has defined a precursor mole- 
cule (preproANF) from which this cardi- 
ac hormone is derived (7-11). The A N F  
gene is actively transcribed; preproANF 
mRNA comprises 1 to 3 percent of atrial 
mRNA (7, 12). To  study further the 

transcription, processing, and regulated 
expression of this cardiac hormone, we 
have cloned the genes encoding murine 
and human ANF and determined their 
nucleotide sequences. 

The single A N F  gene in rodents and 
humans (7, 10) hybridizes to  a cloned rat 
ANF complementary DNA (cDNA) 
probe (7). Procedures for cloning single- 
copy eukaryotic genes from bacteri- 
ophage libraries are well established 
(13). Five bacteriophage clones contain- 
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