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Nucleotide sequences of the region that corresponds to the site of tRNA primer binding for a functional
retrovirus were determined in five murine leukemia virus-related sequence clones from mouse chromosomal
DNA, which contain a unique 170 to 200-base-pair additional internal segment in the long terminal repeats.
The 3'-terminal 18-nucleotide sequence of a major glutamine tRNA isoacceptor was found to match well with
the putative primer binding site: 18 of 18 in three clones, 17 of 18 in one clone, and 16 of 18 in one clone. This
implies that most of these endogenous proviral sequences of the mouse genome, if replicated as retroviruses,
will be different from ecotropic murine leukemia viruses and most mammalian type C retroviruses in using
glutamine tRNA, rather than proline tRNA, as a primer.

Reverse transcription of retroviral genomic RNA is initi-
ated from a specific primer tRNA molecule, which has been
identified to be tryptophan tRNA in avian sarcoma viruses
and avian myeloblastosis viruses (6, 37), proline tRNA1+2 in
ecotropic murine leukemia viruses (MuLVs), feline leukemia
viruses, and avian reticuloendotheliosis viruses (11, 12, 22,
34), and lysine tRNA3 in murine mammary tumor viruses
(23, 35). The primer function is served by the primer tRNA
with its 3'-terminal, 18-nucleotide sequence (8, 13) bound to
a complementary sequence located close to the 5' end of
retroviral genomic RNA (32). A detailed model of reverse
transcription (10) predicts the presence of a specific tRNA
binding site on the immediate 3' side of the 5' long terminal
repeat (LTR) in the plus strand of proviral DNA; this has
been generally supported by nucleotide sequence analysis of
DNA clones of the aforementioned retroviruses. For exam-
ple, the complementary sequence of the 3' 18-nucleotide
segment of proline tRNA1 +2 is found precisely at this site in
the proviral DNA of Moloney leukemia and sarcoma viruses
(7, 26, 31) as well as in the endogenous ecotropic MuLV of
AKR mice, AKV (14).
The purpose of this study was to examine the tRNA

primer binding site in endogenous MuLV-related sequences
of laboratory mice. These MuLV-related sequences are
apparently arranged in a typical provirus structure (17, 21,
25) and are more numerous than the endogenous ecotropic
and xenotropic MuLV proviruses in the mouse genome (3, 9,
18, 26). They have not been isolated as infectious retrovirus,
although some of the sequences may be involved in gener-
ating recombinant viruses such as mink cell cytotoxic focus-
forming viruses (4, 17). It is not clear whether any of these
MuLV-related proviruses possess the capacity to replicate
as a retrovirus. In a previous study (21), we found that a
MuLV-related proviral DNA clone from BALB/c mice con-
tained a distinctly different tRNA primer binding site that
was not complementary to the 3'-terminal sequence of
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proline tRNA but showed a 17-of-18 match to that of a
published glutamine tRNA structure (38). Here we present
experimental evidence that this glutamine tRNA shows a
perfect match to the primer binding site in three of the four
other MuLV-related proviruses examined.
Molecular cloning of endogenous MuLV-related se-

quences with Charon 9 lambda phage as the vector was
performed essentially as previously described (1, 2, 21),
except that HindIll-digested DNA fragments from RFM/un
mice were used for insertion and an ecotropic MuLV LTR
probe (19) was used for clone selection. Of the 20 clones
isolated and subsequently transferred to a pBR322 vector, 12
showed positive hybridization also with a MuLV gag-pol
sequence probe, indicating that they contained at least the 5'
half of a provirus structure. Four of these, designated
pRFM-1, pRFM-9, pRFM-16, and pRFM-17, were randomly
selected for further characterization.

Figure 1 shows restriction enzyme maps of the four pRFM
clones (referred to below as clones 1, 9, 16, and 17) as well
as a similar MuLV-related proviral clone of BALB/c mouse
origin, designated AL10 (21). These five molecular clones
contained various MuLV-related sequences linked to dis-
tinctly different flanking cellular sequences, indicating that
they represented five individual proviruses integrated at
different sites in the mouse genome. The presence of an
internal Hindlll site in the proviral DNA clones 1, 9, and 17
prevented the isolation of the putative 3' portion of the
proviral sequences, as did the internal EcoRI site in the case
of AL10. The proviral sequences in these five clones all
contained a few restriction enzyme sites that are also com-
monly found in endogenous ecotropic and xenotropic
MuLVs (14, 15, 17, 24). These sites (in approximate kilobase
distance from the left cell-virus junction) are located as 0.04
PstI-0.5 KpnI-0.5 SmaI sites in the LTR and 4.2 SalI-4.5
XhoI site in the pol gene. In addition, apparently distinct
enzyme sites common to MuLV-related proviral structures
were present in most of these clones and those reported by
other investigators (4, 17, 25); these include 0.4 BglII in the
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FIG. 1. Restriction endonuclease maps of five endogenous MuLV-related proviral DNA clones. pRFMs 1, 9, 16, and 17 were isolated from

RFM mouse chromosomal DNA, and clone AL10 was from BALB/c mouse chromosomal DNA. Restriction sites were determined by the
partial digestion technique of Smith and Birnstiel (29). The approximate sizes of the inserts were 10.9, 6.1, 13.6, 5.2, and 10.5 kbp for pRFM-1,
pRFM-9, pRFM-16, pRFM-17, and AL10, respectively. The sizes of the proviral regions were 5.7 kbp (pRFM-1 and pRFM-9), 7.4 kbp
(pRFM-16), 3.8 kbp (RFM-17), and 6.9 kbp (AL10). The 5' and 3' cellular flanking sequences are shown as dotted lines. The hatched area in
each LTR represents the unique 170-bp sequence segment present in the U3 region. A 0.7 kbp PstI-PvuI fragment (shown at bottom) was of
pWNB5, the molecular clone of an endogenous B-tropic ecotropic virus WN1802B derived from BALB/c mice; the LTR probe prepard from
this fragment was used in the gel blots of Fig. 2 and 3. Restriction endonuclease sites are SmaI (O), KpnI (U), BamHI (*), PstI (0), EcoRI
(A), XhoI (V), HindIII (0), Sall (0), and BgII (A).

LTR, 0.9 BglII in the gag gene, 3.3 KpnI-3.7 BamHI-4.1
BamHI-4.5 BglII-5.1 SmaI in the pol gene and 6.2BamHI-6.5
SmaI-6.8 EcoRI-7.9 BglII in the env gene. On the basis of
these common and apparently distinct restriction enzyme
sites, (i) clones 1 and 9 have a similar if not identical
provirus, (ii) the provirus of clone 16 has a -1.5-kilobase
pair (kbp) deletion in the 5' portion of the pol gene, (iii) clone
17 provirus is defective at least in the pol gene, and (iv)
clones AL10, 1 and 9 represent relatively intact proviruses
(although not isolated in totality in these clones) (Fig. 1).
As demonstrated previously (17, 21), combined digestion

of mouse chromosomal DNA with PstI and KpnI can

generate three major fragments with -600, -550, and -370
base pairs (bp) that are detectable by MuLV-specific LTR
probe. The known ecotropic and xenotropic MuLV provirus
structures (14, 15; our unpublished sequence data) are
expected to produce the 370-bp PstI-KpnI LTR fragment. In
contrast, the -600 and the -550-bp fragments are presum-
ably derived from endogenous MuLV-related proviruses, as
established by nucleotide sequence data showing that a
novel 170 to 200-bp sequence segment is inserted within the
LTR u3 region and hence makes the LTR of these proviruses
larger than that of ecotropic MuLV proviruses (16, 21).
Studies of the LTR size by PstI-KpnI digestion (Fig. 2) have
demonstrated that clones 1, 9, and 17 belong to the -600-bp
class; clones 16 and AL10 belong to the 550-bp class; and the

pWN41 clone of ecotropic WN1802N strain MuLV (2)
belongs to the 370-bp class. Southern gel blots demonstrated
that the 170 to 200-bp novel segment or homologous se-
quences were found to be present in the LTR u3 region of all
five MuLV-related proviral clones (data not shown).
The candidate tRNA primer binding site together with its

5' flanking LTR sequence is included in a 0.6-kbp BglII
fragment from clones 1, 9, 17, and AL10 and in a 1.4-kbp
BglII fragment from clone 16 (Fig. 1 and 3). These fragments
were therefore subcloned into pUC9 vector (27) and used for
nucleotide sequence analyses in the Maxam and Gilbert
procedure (20). Figure 4 shows the plus-strand DNA nucle-
otide sequences elucidated for the LTR uS region and tRNA
primer binding site in these five molecular clones. From
these sequences, it is obvious that a Hinfl restriction site is
present in the inverted repeat region of clone 17 but not in
the same region of the other four proviral clones, and also
that putative tRNA primer binding regions of clones 17 and
AL10 possess a Sau96I site that is absent in clones 1, 9, and
16. Subsequent electrophoretic analyses could demonstrate
the respective presence or absence of these specific restric-
tion enzyme sites as predicted (data not shown), thus
confirming the accuracy of the sequence data.
Three points are evident from these sequence data. First,

the 3'-terminal, 18-nucleotide sequence of a rat liver major
isoacceptor glutamine tRNA (38), shown at the bottom of
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Fig. 4, is an 18-of-18 complementary sequence match to
tRNA primer binding sites of three clones, 1, 9, and 16; and
it is complementary to that of AL10 (17 of 18) and clone 17
(16 of 18). These represented the best sequence matches
obtained in our search among the published tRNA structures
(e.g., reference 31). Since sequences of three to four other
glutamine tRNA isoacceptors present in mouse cells (39)
have not been elucidated, it is not known whether these
glutamine tRNA isoacceptors match better to tRNA primer
binding sites of AL10 and 17 proviruses. In contrast, the
3'-terminal, 18-nucleotide sequence of proline tRNA1,2 which
serves as the tRNA primer in all ecotropic MuLV strains
examined (7, 12, 14, 28, 33, 34) shows dispersed, 5- to 7-base
mismatches with the primer binding sites of these five
MuLV-related proviral clones. Second, when the 76-nucleo-
tide LTR uS sequences of the RFM mouse-derived 1, 9, 16,
and 17 clones were compared with the 75-nucleotide LTR uS
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FIG. 2. Gel blot analyses of the internal PstI-KpnI fragments
from the LTRs in endogenous MuLV-related proviral DNA clones
and in mouse chromosomal DNA. Cloned DNA (0.5 ,ug) and
chromosomal DNA (10,ug) were double-digested with PstI and KpnI
and electrophoresed at 60 V for 16 h in 1.5% agarose gel. DNA
fragments were transferred to nitrocellulose filters as described by
Southern (30). The LTR-specific probe (described in the legend to
Fig. 1) used for hybridization had a specific activity of =3 x 108
cpm/,Lg of DNA. The autoradiogram of the cloned DNAs was
exposed for 1 h; the chromosomal DNAs were exposed for 24 h at
-80°C. The PstI-KpnI internal fragments appeared as bands with
high intensities (marked a, b, and c) in the low-molecular-weight
region. Note that the weakly hybridizing bands seen in some lanes
and a large number of high-molecular-weight DNA fragments in
chromosomal DNAs were those fragments containing the 3' 117-bp
portion of the LTR. Some of the weakly hybridizing bands were not
characterized. The clones examined were pRFM-1 (lane 1), pRFM-9
(lane 2), pRFM-16(LTR) subclone of pRFM-16 containing the BglII
fragment with 5'-LTR (lane 3), pRFM-17 (lane 4), pAL1OB3 subclone
of AL10 containing the 5.1-kbp BamHI fragment with 5'-LTR (lane
5), pWN41 clone of BALB/c mouse-derived N-tropic ecotropic
MuLV strain WN1802N (lane 6). The chromosomal DNAs were
those of RFM (lane 7) and BALB/c (lane 8) mice.
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FIG. 3. Gel blot analyses of the BglII restriction endonuclease
fragments from cloned endogenous MuLV-related proviral DNAs of
RFM mice. A 0.5 pLg sample of the cloned DNAs was digested with
BgII restriction enzyme and electrophoresed at 75 V for 12 h in
0.7% agarose gel. DNA transfer and hybridization with the LTR-
specific probe was described in the legend to Fig. 2. The BgIII
fragments containing the tRNA primer binding site appeared as
0.46-kbp, strongly-hybridizing bands in pRFM-1 (lane 1), pRFM-9
(lane 2), and pRFM-17 (lane 4), and as a 1.4-kbp band (the upper
band of the two strongly hybridizing bands) in pRFM-16 (lane 3).

sequence of the RFM mouse endogenous ecotropic MuLV
(19), only 3, 7, and 8 base changes were observed in clones
1 and 9, clone 16, and clone 17, respectively. Third, the 1 or
2 bases on the immediate 3' side of the primer binding site,
designated "V" in Fig. 4, were highly variable among these
proviral clones; this is similar to the reported observation of
the "primer binding site-short variable region-conserved
region" sequence pattern in MuLV proviruses (5).
These results clearly demonstrate that at least three of the

five randomly selected MuLV-related sequences possess a
specific tRNA binding site on the immediate 3' side of the 5'
LTR-a unique structural feature required for the tRNA-
primed reverse transcription in retroviruses. This observa-
tion thus provides supportive evidence for the idea that
these MuLV-related sequences were introduced into the
mouse germ line through retrovirus infection and, if ex-
pressed, are capable of replication by the reverse transcrip-
tion mechanism.

Since the proviral DNA clones were isolated from mouse
DNA libraries by screening with an ecotropic MuLV se-
quence probe, and since both the LTR uS and the gag-pol
gene regions of these clones actually showed high degrees of
sequence homology to the corresponding regions of eco-
tropic MuLVs (Fig. 4 and our unpublished sequence data), it
was unexpected for us to find primer binding sequences for
a glutamine tRNA rather than for proline tRNA1+2. Proline
tRNA has been found or implicated to be the primer for
minus-strand DNA synthesis in all ecotropic MuLV strains
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FIG. 4. Plus-stranded nucleotide sequences of the LTR uS, inverted repeat (IR), the tRNA primer binding site, and the immediate
downstream variable (V) and conserved regions in five endogenous MuLV-related proviral DNA clones. The 3'-terminal 18 nucleotides of a
major tRNAGIn isoacceptor (38) and tRNA"I° are shown at the bottom for comparison. With the pRFM-1 sequence as reference, identical
bases of other sequences are shown as dots. Base deletions are indicated by minus signs.

as well as in many other mammalian exogenous leukemia-
sarcoma viruses (5, 7, 11, 12, 22, 34, 36), probably with a few
exceptions such as RD114 virus and a National Institute of
Health Swiss mouse-derived xenotropic MuLV isolate (36).
The present finding implicating glutamine tRNA as a primer
for reverse transcription of retroviral genome is therefore
novel. This characteristic primer binding site, in addition to
the distinct env gene sequences (e.g., references 4 and 17)
and the content of an extra 170 to 200-bp internal segment in
the LTR u3 region (16, 21), may serve to distinguish the
endogenous MuLV proviral elements of the mouse from
proviruses of infectious ecotropic MuLV that show high
degrees of sequence homology in most other regions of the
viral genome. It is not known how the primer binding site for
glutamine tRNA was acquired by this relatively abundant
class of proviral sequences in the mouse germ line. In view
of the marked 5 of 18 base alteration as well as the specificity
of tRNA molecules involved, it is difficult to consider
random point mutation as the cause for the difference
between the glutamine tRNA binding site in MuLV-related
proviral sequences and the proline tRNA primer binding site
in ecotropic MuLV. Putative primer binding sites of AL10
and pRFM-17 proviral clones could be defective due to base
mutation, but whether they could bind other glutamine
tRNA isoacceptors is yet to be determined. Another possi-
bility is that a switch from one to another tRNA primer
binding occurs during the reverse transcription process.
According to the commonly accepted model of reverse
transcription mechanism (10), this would require either a
mispaired binding oftRNA to the primer binding site of viral
genomic RNA or a switch of tRNA molecule that is cova-
lently linked to the newly synthesized minus-strand DNA.
Alternatively, the ecotropic MuLVs that possess the proline
tRNA primer binding site and the endogenous MuLV-re-
lated proviral sequences that possess the glutamine tRNA
binding site possibly represent two separate reverse tran-
scriptional lineages of retroviral elements that have obtained
common structural gene sequences by recombination. All of
these possibilities for the genetic origin of the glutamine
tRNA binding site of MuLV-related proviral sequences in
the mouse genome remain to be investigated.
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