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ts1 is a temperature-sensitive mutant of Moloney murine leukemia virus that causes hind-limb paralysis in
mice. In tissues of the central nervous systems of paralyzed moribund FVB/N mice, a major component of the
unintegrated viral DNA of #s1 consists of highly mobile physical forms of viral-specific DNA (HM DNA).
Previous studies with ecotropic virus-specific polarity probes showed that the gp70-coding region of the env
gene in the HM DNA was minus-sense single-stranded DNA. The physical forms of the HM DNA have now been
characterized in more detail with additional ecotropic virus-specific probes that hybridized to the p15E-coding
region of the env gene and two locations within the U3 region of the long terminal repeat. Two major classes
of HM DNA were found: class I molecules consist of short minus-sense single-stranded DNA; class II molecules
are partial DNA duplexes that are longer than the class I molecules. The two classes of HM DNA molecules
are intermediate products of reverse transcription of the viral RNA of #s1. Since tissues that are infected with
cytopathic retroviruses may contain high levels of unintegrated viral DNA, the HM DNA may have a role in
inducing neurodegeneration in the central nervous systems of mice that are infected with #s1.

ts1 is one of a number of temperature-sensitive mutants of
Moloney murine leukemia virus (MoMuLV) that cause neu-
rodegenerative disease in mice (31-33). It was recently shown
that the spinal cord tissues of paralyzed moribund FVB/N mice
that were infected with £s1 contained, as a major component of
the total unintegrated physical forms of virus-specific DNA,
elevated levels of minus-sense single-stranded high-mobility
(HM) DNA. This DNA was identified by probes that hybrid-
ized to the gp70-coding region of the env gene (30). These
initial studies suggested that the physical forms of HM DNA
may be premature termination products of reverse transcrip-
tion of viral RNA. In dividing fibroblasts in vitro, reverse tran-
scription is rapid, and only low amounts of intermediate prod-
ucts of reverse transcription are detectable. However, in
quiescent cells, the rate of reverse transcription is much slower
(6, 28), and there is accumulation of premature termination
products of reverse transcription (9, 39, 47, 48). The central
nervous systems (CNS) of paralyzed moribund mice that are
infected with #s1 provide an ideal system for studying early
intermediate steps of retroviral replication in vivo, since there
is a high density of quiescent cells in the CNS. The accumula-
tion of these physical forms of unintegrated HM DNA has
previously been correlated with the development of clinical
signs of #sl-induced neurodegenerative disease (30). Our re-
sults indicate that the HM DNA that is present in the spinal
cord tissue in vivo is synthesized by a mechanism that is con-
sistent with current models for reverse transcription by retro-
viruses (2, 12, 14, 15, 23, 42).

While there is a general model for the mechanism of reverse
transcription, the complete mechanism of reverse transcription
is not entirely understood (19, 42). Virions of MoMuLV con-
tain two copies of the viral plus-sense RNA genome. During
reverse transcription, strand transfer reactions may be either
intrastrand (14) or interstrand (12, 15). Studies using spleen
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necrosis virus-based retroviral vectors have shown that both
intrastrand and interstrand transfer reactions occur in tissue
culture cells (12, 14). However, the physical forms of single-
stranded DNA that are generated during reverse transcription
depend on whether intermediate proviral DNA forms are
drawn as circular (2, 15, 42) or linear (12, 14, 23). Both of the
proposed circular and linear intermediates yield the same pro-
viral double-stranded DNA product.

Reverse transcription of the plus-sense viral RNA template
begins at the tRNA"™ primer binding site (PBS), and it pro-
ceeds to the 5’ end of the RNA genome to form minus-strong-
stop DNA. The plus-sense viral RNA template between the 5’
end of the viral RNA and the PBS is then digested by RNase
H. The RNase H digestion exposes the newly synthesized sin-
gle-stranded cDNA copy of the small terminal repeat at the 3’
end (3’ R region) of the minus-strong-stop DNA. Complete
synthesis of the 3’ R region is not necessary for strand transfer
to occur (23). The 3’ R region of the minus-strong-stop DNA
then forms base pairs to the complementary r region at the 3’
end (3’ r region) of the plus-sense viral RNA template. The
base-pairing reaction between the minus-sense 3’ R region and
the plus-sense 3’ r region that forms the R-r hybrid is the first
strand transfer reaction. In intrastrand transfers, the 3’ R re-
gion of the minus-strong-stop DNA is transferred to the 3’ r
region of the original viral RNA template, whereas in inter-
strand transfers, the 3’ R region of the minus-strong-stop DNA
is transferred to the 3’ r region of the second viral RNA
template.

Reverse transcription of the viral RNA template continues
by extending the minus-strong-stop DNA. After extension of
the minus-strong-stop DNA proceeds beyond the polypurine
tract (PPT), RNase H nicks the viral RNA at the PPT primer
site (25). Reverse transcriptase then synthesizes plus-strong-
stop DNA from the PPT primer site to the 5’ end of the PBS
by using the viral minus-sense DNA as a template. The re-
mainder of the plus-strong-stop DNA is synthesized by using
18 nucleotides (nt) of the tRNAF™ as a template, and reverse
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transcription terminates at the first methylated nucleoside
(™'A) of tRNAF™. Reverse transcriptase-associated RNase H
then digests the tRNAF™ template. After a second strand
transfer reaction, reverse transcription is completed by strand
displacement synthesis (42).

In this study, we characterized the physical forms of the HM
DNA that are present in the spinal cord tissues of mice with
ts1-induced spongiform encephalomyelopathy by Southern
blot hybridization with additional ecotropic virus-specific
probes that hybridized to the pl5E-coding region of the env
gene and to two locations in the U3 region of the long terminal
repeat (LTR). In addition to the high levels of minus-sense
single-stranded DNA that were reported previously (30), these
experiments indicated that the HM DNA in the spinal cord
tissues of paralyzed moribund mice contains high levels of
partial DNA duplexes and low levels of free plus-sense single-
stranded DNA. These elevated levels of intermediate products
of reverse transcription provide strong evidence that an impor-
tant pathogenetic feature of the neurodegenerative disease
induced by #s1 in susceptible mice may be significant infection
of quiescent cells of the CNS in vivo.

MATERIALS AND METHODS

Viruses. A molecular clone of 51, ts1-92b, was propagated in TB cells as
described previously (30).

Vectors containing inserts of viral DNA. Plasmids pl (46), p22 (46), and
penv-SB and recombinant M13 clones (+) M13-env-SB and (—) M13-env-BS
[(+) and (—) indicate plus sense and minus sense, respectively] have been
described previously (30). Plasmid p15E-SE was constructed by inserting the
122-bp (nt 7487 to 7608) Spel-EcoRV fragment of plasmid p22 into the Xbal and
EcoRV sites of pSP72 (Promega, Madison, Wis.). Plasmid pU3-NP was con-
structed by inserting the 57-bp (nt 7879 to 7937) NlalIl-Pvull fragment of p22
into the Bbul (Sphl) and Pvull sites of pSP73. In the NlaIll-Pvull fragment of
ts1, there are two single deletions in base, nt 7930 and 7931, relative to that of
MoMuLV (43). Plasmid pU3-SS was constructed by blunt ending the 55-bp (nt
8095 to 8149) Sinl fragment of p22 with T4 DNA polymerase and then inserting
it into the Smal site of pSP73.

(+) M13-U3-SS18 and (—) M13-U3-SS19 were constructed by inserting the
Xbal-Sacl fragment of pU3-SS into M13mp18 and M13mp19, respectively. The
inserted fragments of the recombinant M13 clones contained some sequences of
the polylinker of pSP73. The polarity of the inserted fragments of the M13mp18
recombinant clones was plus sense, whereas that of the inserted fragments of
M13mp19 was minus sense. The polarity of the insert of each of the recombinant
M13 clones was verified by nucleotide sequencing (31, 33). The single-stranded
phagemid clone, (+) ss22TZ6, was constructed by inserting the HindIII-EcoRI
fragment of p22 into phagemid pTZ18R (18) as described previously (29).
Nucleotides were numbered by the method of Shinnick et al. (26).

Inoculation and monitoring of mice. FVB/N mice (Taconic, Germantown,
N.Y.) (34) were inoculated intraperitoneally with 10° to 10° infectious units of
virus in 0.05 ml of growth medium within 24 h of birth (30). Mice were monitored
for clinical signs of paralysis by being suspended by their tails (30).

Purification of total cellular DNA. Total cellular DNA was purified from the
spinal cord tissue of paralyzed moribund mice as described previously (30).

Probes for ecotropic virus-specific DNA sequences. Restriction fragments
were purified by electroelution from an agarose gel. The eluted double-stranded
DNA restriction fragments were radiolabeled with [a->?P]JdCTP with a Prime-
a-Gene kit (Promega) as described previously (30). The ecotropic virus-specific
env-SB probe is the radiolabeled 302-bp Smal-BamHI restriction fragment of
penv-SB, and it hybridizes to the gp70-coding region of the env gene of #s1 (30).
The 122-bp Spel-EcoRV p15E-SE probe hybridizes to the p15E-coding region of
the env gene of fs1, but it does not hybridize to sequences in the total cellular
liver DNA of an uninfected FVB/N mouse (mouse 80). The hybridization site of
the p15E-SE probe is similar to that of the 154-bp (nt 7506 to 7659) ecotropic
virus-specific Haelll fragment of AKV virus that was described by Herr et al.
(10). The 57-bp NlaIlI-Pvull U3-NP probe is contained within an NlaIII-Sau961
fragment of MoMuLV (68 bp, nt 7879 to 7946) that was shown to be ecotropic
virus specific for the U3 region of the LTR by Simard et al. (27). The 55-bp Sinl
U3-SS probe is contained within a Sau96] fragment of MoMuLV (55 bp, nt 8095
to 8149) that was shown to be ecotropic virus specific for the U3 region of the
LTR by Huang et al. (13). Probes U3-NP and U3-SS do not hybridize to
sequences in the total cellular liver DNA of an uninfected FVB/N mouse (mouse
80).

Polarity probes for the recombinant (+) M13mp18 and (—) M13mp19 clones
were radiolabeled by the method of primer extension as described previously
(30). The radiolabeled polarity probes that were complementary to the plus-
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FIG. 1. Locations of the ecotropic-specific probes in the proviral DNA of #s1
that hybridize to specific Haelll fragments. (A) Genetic map of the viral DNA of
ts1. The LTR region is not drawn to scale. SD, splice donor; SA, splice acceptor.
(B) Locations of the Haelll fragments that hybridize to the ecotropic virus-
specific probes. The lengths of the Haelll fragments are in base pairs. (C)
Locations of the ecotropic virus-specific probes. The lengths of the probes are in
base pairs. Probe U3-SS is a 55-bp (nt 8095 to 8149) SinI fragment that hybridizes
to a 410-bp (nt 8069 to 8264 and 1 to 214) Hs-H; Haelll fragment. Probe env-SB
is a 302-bp (nt 6236 to 6537) Smal-BamHI fragment that hybridizes to a 345-bp
(nt 6239 to 6583) H,-H; Haelll fragment. Probe p15E-SE is a 122-bp (nt 7487 to
7608) Spel-EcoRV fragment that hybridizes to a 443-bp (nt 7506 to 7948) H,-H,
Haelll fragment. Probe U3-NP is a 57-bp (nt 7879 to 7937) NlaIII-Pvull frag-
ment that hybridizes to the same 443-bp H,-Hs Haelll fragment as does probe
p15E-SE. Restriction sites: B, BamHI; Hd, HindIII; H, Haelll; N, Nhel; Ps, Pst1;
Sc, Sacl; Sp, Spel.
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sense inserts of M13mp18 recombinant clones were minus sense, and the polarity
probes that were complementary to the minus-sense inserts of M13mp19 recom-
binant clones were plus sense.

Digestion of total cellular DNA with S1 nuclease. Total cellular DNA was
digested with S1 nuclease in a volume of 100 wl under conditions that were
described previously (30).

Southern blot hybridization. The method for Southern blot hybridization was
described previously (30).

RESULTS

Mapping the HM DNA with ecotropic virus-specific probes.
We have previously shown that a major component of the
unintegrated ts1-specific DNA present in the spinal cord tis-
sues of paralyzed moribund mice consists of minus-sense sin-
gle-stranded HM DNA. The minus-sense single-stranded HM
DNA was detected in the total cellular spinal cord DNA of
paralyzed moribund mice by Southern blot hybridization with
a plus-sense polarity probe, (+) M13-env-BS, that contained
sequences of the gp70-coding region of the env gene (Fig. 1)
(30). To further determine the composition of the HM DNA,
we mapped the HM DNA with three additional ecotropic
virus-specific probes, p15E-SE, U3-NP, and U3-SS. The loca-
tion of the hybridization site in the genome of #s1 for each of
the probes is shown in Fig. 1.

Within 24 h of birth, FVB/N mice were inoculated with #s1.
Mice were sacrificed (n = 77) when they were both paralyzed
and moribund as described previously (30) between 27 and 55
days postinfection (median, 35 days postinfection). Forty-four
mice (57%) had tonic spasms of the arms and legs when they
were twirled by the tail (45). The total cellular DNA of the
spinal cords of the sacrificed mice was pooled. Ecotropic virus-
specific sequences in the undigested total cellular spinal cord
DNA were detected by Southern blot hybridization with four
double-stranded ecotropic virus-specific probes, env-SB, p15E-
SE, U3-NP, and U3-SS (Fig. 2). Each of the probes hybridized
to HM DNA in the lower portions of lanes 1 to 4 (Fig. 2).
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FIG. 2. Mapping the HM DNA with double-stranded ecotropic virus-specific
probes. The total cellular DNA from the spinal cords of 77 paralyzed moribund
mice that were infected with #s1 was pooled. Untreated DNA samples of 29 pg
each were fractionated by 0.8% agarose gel electrophoresis and transferred to a
Nytran Plus membrane. Ecotropic virus-specific sequences were detected by
Southern blot hybridization with probes env-SB (lane 1), p15E-SE (lane 2),
U3-NP (lane 3), and U3-SS (lane 4).

There was weak hybridization to the relatively less abundant
unintegrated physical forms I (supercoil) and III (linear) for
probes env-SB (lane 1) and p15E-SE (lane 2). These bands
were much stronger in a longer exposure of the autoradiograph
(data not shown). Hybridization to physical forms I and III was
not detectable for the shortest probes, U3-NP (lane 3) and
U3-SS (lane 4). These results were consistent with previous
results that showed that the HM DNA was the most abundant
physical form of unintegrated viral DNA in the spinal cord
tissues of paralyzed moribund mice (30). The relative intensity
of the band of HM DNA for each of the probes does not
necessarily correlate to the relative abundance of sequences
that hybridized to each of the probes since the probes had
different lengths, different percentages of G+C content, and
different amounts of the C base (Table 1).

The relative mobility of the leading edge of the band of HM
DNA decreased as the distance (in nucleotides) of the 3’ end
of the hybridization site in the HM DNA increased from the
PBS (Fig. 3). This result indicated that the probes were hy-
bridizing to HM DNA molecules that had a minimum length
that was equal to the distance between the hybridization site
and the PBS, as previously proposed by Szurek and Brooks
(30). Therefore, HM DNA synthesis was most likely initiated
at the PBS as predicted by current models of retroviral reverse
transcription (2, 12, 14, 15, 23, 42). Since HM molecules that
hybridized to the env-SB and pl15E-SE probes were longer
than the distance between the PPT site and the PBS, it was

TABLE 1. Base compositions of the double-stranded DNA probes

Probe Length (bp) % A+T % G+C
env-SB 302 48 52
p15E-SE 122 56 44
U3-NP 57 63 37
U3-SS 55 49 51

J. VIROL.

10000
[
()]
<
=
[}
9
o
=
<
1000
o (4
5 .
e}
E L J
=}
=
100

0.9 1.’0 1.l1 1..2 1.3
Relative Mobility

FIG. 3. Relative mobilities of HM DNA molecules that hybridize to the
double-stranded ecotropic virus-specific probes. The number of nucleotides be-
tween the 3’ end of the hybridization site for each of the probes (log scale) is
plotted versus the relative mobility of the leading edge of the band of HM DNA
in Fig. 2. The mobilities are relative to that of bromophenol blue.

possible that plus-sense DNA synthesis had been initiated at
the PPT primer site.

Most long HM DNA molecules contained a region of double-
stranded DNA. To determine if most long HM DNA molecules
were partial DNA duplexes, a Southern blot of undigested
total cellular DNA was hybridized to the (—) M13-env-SB and
(+) M13-env-BS polarity probes (Fig. 4). (+) M13-env-BS
hybridized to the undigested HM DNA (Fig. 4, lane 4),
whereas (—) M13-env-SB did not hybridize to the undigested
HM DNA (lane 1). To confirm our previous results that (+)
M13-env-BS was hybridizing to single-stranded HM DNA, the
total cellular DNA of the spinal cord was digested with Haelll,
which digests both single-stranded DNA and double-stranded
DNA (11, 30). The (—) M13-env-SB and (+) M13-env-BS
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FIG. 4. Most long HM DNA molecules contained a region of double-
stranded DNA. Total cellular DNA (29 pg) was either undigested or digested
with restriction endonucleases. Ecotropic virus-specific sequences in the DNAs
were detected by Southern blot hybridization at 68°C with [a-3?P]dCTP-labeled
probes (—) M13-env-SB (lanes 1 and 2) and (+) M13-env-BS (lanes 3 to 5).
Lanes: 1, undigested; 2, Haelll digested; 3, Haelll digested; 4, undigested; 5,
Nhel digested. The positions of the 345-nt single-stranded DNA (ss) and 345-nt
double-stranded DNA (ds) markers are indicated.
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FIG. 5. Determining the polarity of the HM DNA in the U3 region of the
LTR with (—) M13-U3-SS18 and (+) M13-U3-SS19. Total cellular DNA (29 p.g)
was either undigested or digested with nucleases. Ecotropic virus-specific se-
quences in the DNAs were detected by Southern blot hybridization at 68°C with
[«-*?P]dCTP-labeled probes (—) M13-U3-SS18 (lanes 1 to 4), U3-SS (lanes 5, 6),
and (+) M13-U3-SS19 (lanes 7 to 9). Lanes: 1, undigested; 2, digested with
Haelll followed by S1 nuclease; 3, doubly digested with Haelll and Sacl; 4,
Haelll digested; 7, Haelll digested; 8, doubly digested with Haelll and SacI; 9,
undigested. Lanes that contained 410-nt markers: 5, 860 ng of (+) ss22TZ6
single-stranded DNA (ss) digested with Haelll; 6, 520 ng of plasmid p22 digested
with Haelll. ds, double-stranded DNA.

probes hybridize to a 345-nt H,-H; Haelll fragment in the
genome of #s1 (Fig. 1). Both probes hybridized to the lower
double-stranded H,-H; Haelll fragment (lanes 2 and 3), but
only the (+) M13-env-BS probe hybridized to the upper single-
stranded H,-H; Haelll fragment (lane 3). If the HM DNA was
pure single-stranded DNA, it should have been resistant to
digestion by restriction enzymes that were specific for double-
stranded DNA. However, when the total cellular DNA was
digested with Nhel, there was a decrease in the mobility of all
of the detectable hybridizing HM DNA molecules (lane 5).
There is only one Nhel site in the genome of MoMuLV (26)
which is also present in the genome of #s1 (43). Since the Nhel
site is located 31 nt downstream from the PPT site (Fig. 1),
most long HM DNA molecules contained duplex DNA at the
3’ end.

HM DNA hybridized to both plus-sense and minus-sense
polarity probes in the U3 region of the LTR. To confirm that
the population of HM DNA molecules contained both plus-
sense and minus-sense DNA, the HM DNA was further ana-
lyzed with polarity probes that were specific for the U3 region
of the genome of ts1. Polarity probes (—) M13-U3-SS18 and
(+) M13-U3-SS19 hybridize to a 410-nt Hs-H, Haelll frag-
ment in the U3 region of the LTR in the genome of #s1 (Fig.
1). Both (—) M13-U3-SS18 and (+) M13-U3-SS19 hybridized
to undigested HM DNA (Fig. 5, lanes 1 and 9, respectively).
This result showed that the HM DNA contained both plus-
sense and minus-sense DNA in the U3 region of the LTR.

To determine if (—) M13-U3-SS18 and (+) M13-U3-SS19
were hybridizing to single-stranded HM DNA, the total DNA
was digested with Haelll. Both probes hybridized to two
Haelll bands (Fig. 5, lanes 4 and 7). The lower bands had
mobilities that were approximately the same as that of the
410-bp double-stranded DNA marker (lane 6). Since both of
the lower bands were digested by SacI (lanes 3 and 8), they
were segments of double-stranded DNA that contained se-
quences of the H,-H, Haelll fragment (Fig. 1). Both of the
upper bands (Fig. 5, lanes 4 and 7) had a mobility that was
approximately the same as that of the 410-nt single-stranded
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DNA marker. Moreover, the upper bands were resistant to
Sacl (lanes 3 and 8), which indicated that they were segments
of single-stranded DNA. The upper band in lane 4 was sensi-
tive to S1 nuclease (lane 2), which confirmed that the HM
DNA contained free plus-sense single-stranded DNA. There-
fore, in the U3 region of the LTR, the HM DNA contained
physical forms of both free plus-sense single-stranded DNA
and free minus-sense single-stranded DNA. Additional exper-
iments indicated that some of the plus-sense HM DNA was
base paired to a complementary strand of minus-sense single-
stranded HM DNA in the form of a DNA duplex.

The 3’ end of the HM DNA was double stranded. It has been
shown that digestion with Nkel decreases the mobility of long
HM molecules (Fig. 4, lane 5). This result indicated that the 3’
end of long HM molecules was double-stranded DNA. To
characterize this putative double-stranded region of HM
DNA, the physical forms of the HM DNA were analyzed with
the (+) M13-U3-SS19 probe, which hybridizes to the 3’ end of
the genome of ts1. When (+) M13-U3-SS19 was hybridized to
undigested total cellular DNA, the HM DNA was heteroge-
neous in size (Fig. 6, lane 4). However, when the total cellular
DNA was digested with S1 nuclease, the heterogeneous band
disappeared, and the hybridizing product was a fragment (lane
5) that had a mobility that was approximately the same as that
of the 0.7-kb marker (lane 9). Therefore, it may be concluded
that the HM DNA contained a region of double-stranded
DNA.

To show that the duplex region of the HM DNA was co-
valently attached to long molecules of HM DNA but was not
covalently attached to short HM DNA molecules, the total
cellular DNA was digested with Nkel. The heterogeneous band
of HM DNA disappeared, and the product was a wide band of
hybridizing DNA (Fig. 6, lane 6). Since it has already been
shown that HM DNA contained regions of both single-
stranded DNA and double-stranded DNA, it was possible that
the wide band in lane 6 contained both of these physical forms.
When the total cellular DNA was doubly digested with Nhel
and S1 nuclease, the wide band in lane 6 disappeared, and the
product was an S1 nuclease-resistant fragment (lane 7) that
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FIG. 6. Analysis of the duplex region of HM DNA with S1 nuclease and
restriction endonucleases. Total cellular DNA (29 pg) was either undigested or
digested with nucleases. Ecotropic virus-specific sequences in the DNAs were
detected by Southern blot hybridization at 68°C with [a->?P]dCTP-labeled
probes U3-SS (lanes 1 and 9) and (+) M13-U3-SS19 (lanes 2 to 8). Lanes: 2,
digested with Sacl followed by S1 nuclease; 3, SacI digested; 4, undigested; 5, S1
nuclease digested; 6, Nhel digested; 7, digested with Nhel followed by S1 nucle-
ase; 8, doubly digested with Nhel and Spel and then with S1 nuclease. Lanes that
contained markers: 1, 600 ng of plasmid p22 doubly digested with Nhel and Sacl;
9, 600 ng of plasmid p22 doubly digested with Nhel and Spel. The positions of
both the 387- and 700-bp double-stranded DNA (ds) markers are indicated.
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FIG. 7. Models for the physical forms of HM DNA. (A) Class I HM DNA;
(B) class I HM DNA. Arrows denote strands of DNA that are of variable length.
Viral RNA and tRNAF™ templates are not shown.

had a mobility that was less than that of the fragment in lane
5. Nhel had cleaved the fragment in lane 5 to yield the hybrid-
izing product in lane 7, whereas S1 nuclease digested the short
minus-sense molecules of HM DNA. If the long HM DNA
molecules had been pure minus-sense single-stranded DNA,
they would have hybridized to the probe in lane 6, and lane 6
would have appeared the same as the control lane (lane 4).

To confirm that duplex DNA was covalently attached to
minus-sense single-stranded HM DNA, the total cellular DNA
was digested with Sacl. The Sacl digest yielded a result that
was much different from that of the Nhel digest because the
hybridization site of (+) M13-U3-SS19 was located down-
stream from the Nhel site but upstream from the Sacl site (Fig.
1). Differences between the mobilities of the Sacl-digested HM
DNA (Fig. 6, lane 3) and the undigested control HM DNA
(lane 4) were not detectable. However, Sacl did digest the HM
DNA since the total cellular DNA that was doubly digested
with both Sacl and S1 nuclease yielded a small fragment of
hybridizing double-stranded DNA as a digestion product (lane
2). S1 nuclease released the small hybridizing fragment in lane
2 from the Sacl-digested HM DNA (lane 3) by digesting mi-
nus-sense single-stranded HM DNA. Therefore, the small hy-
bridizing fragment in lane 2 was covalently linked to the minus-
sense single-stranded HM DNA in lane 3. Since S1 nuclease-
digested DNA contained only one large S1 nuclease-resistant
fragment (lane 5), the small hybridizing fragment in lane 2 was
a Sacl digestion product of the large S1 nuclease-resistant
fragment in lane 5. Therefore, the large S1 nuclease-resistant
fragment in lane 5 was covalently linked to the minus-sense
single-stranded HM DNA. Therefore, it can be concluded that
most long molecules of HM DNA contained double-stranded
DNA at the 3’ end and that most short HM molecules con-
sisted of free minus-sense single-stranded HM DNA.

The double digest of HM DNA with Nkel and Spel in lane
8 of Fig. 6 yielded an S1 nuclease-resistant fragment that had
the same mobility as the S1 nuclease-resistant Nhel digestion
product in lane 7, but it had a mobility that was less than that
of the Nhel-Spel marker in lane 9. This result showed that the
duplex region of the HM DNA did not extend beyond the 3’
end of the PBS as shown in the restriction map (Fig. 1).

DISCUSSION

The major component of unintegrated #s1-specific DNA in
cells of the CNS of paralyzed moribund mice consists of HM
DNA (30). HM DNA in the spinal cord tissues of paralyzed
moribund mice is composed of a heterogeneous population of
incomplete reverse transcription products of viral RNA. There
are two major classes of physical forms of HM DNA (Fig. 7).
Class I HM DNA molecules (Fig. 7A) are pure minus-sense
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single-stranded DNA molecules that are initiated at the PBS
but terminate before the PPT primer site, and they have a size
that is less than the length of one LTR (26). Possibly, some of
these class I HM DNA molecules were synthesized in mature
virus particles prior to infection (37, 49). Class II HM DNA
molecules (Fig. 7B) are double stranded between the PPT
primer site and the PBS, and they are single stranded upstream
of the PPT primer site. This finding in vivo is similar to the
earlier results in vitro of DesGroseillers et al. (7), who showed
that plus-strand synthesis in MuLVs begins before completion
of synthesis of 8.2-kb minus-strand DNA.

The PPT site was used as the sole primer for synthesizing the
plus-sense strand of the DNA duplex. Alternate multiple plus-
strand initiation sites at nt 7219, 7221, and 7237 in the N-
terminal coding region of p15E have been identified in vitro
(24). If these alternate priming sites were used in vivo in the
CNS, there should have been three fragments that had a Sacl
site (nt 8233) at the 3’ end in lane 2 of Fig. 6) with lengths of
1,015 bp (nt 7219 to 8233), 1,013 bp (nt 7221 to 8233), and 997
bp (nt 7237 to 8233). However, the fragment in lane 2 had an
electrophoretic mobility that was slightly slower than that of
the 387-bp (nt 7847 to 8233) Nhel-Sacl marker in lane 1. Most
likely the fragment in lane 2 was the 5’ end of plus-strong-stop
DNA (PPT-SacI) which would have a length of 418 bp (nt 7816
to 8233), as predicted from the sequence of MoMuLV (26).
Therefore these alternate priming sites do not appear to be
used in the spinal cord tissues of mice that are infected with #s1.

Free plus-sense single-stranded DNA was also detected in
the HM DNA with the (—) M13-U3-SS18 probe (Fig. 6, lane
4). Free plus-sense single-stranded DNA has not been previ-
ously detected in MoMuLV-infected cells. In some current
schematic diagrams of the product of the second strand trans-
fer reaction (12, 15), the 3’ end of free plus-sense DNA has
been drawn such that the PBS region is base paired to the PBS
region at the 3’ end of full-length 8.2-kb minus-strand DNA.
Presumably, this intermediate product of reverse transcription
is formed by the plus-sense strand of plus-strong-stop DNA
jumping from the 5’ end of 8.2-kb minus-strand DNA to the 3’
end of 8.2-kb minus-strand DNA. It is not known whether this
intermediate is actually formed during reverse transcription.
Some retroviruses generate free plus-sense viral DNA by a
different mechanism. In avian retroviruses, such as Rous sar-
coma virus, physical forms of free plus-sense subgenomic re-
gions of viral DNA are generated at multiple initiation sites
(35). Some MuLVs also generate plus-sense DNA at multiple
initiation sites, but free plus-sense DNA forms have not been
isolated. In endogenous reactions in vitro with a B-tropic strain
of MuLV, B-C-11, DesGroseillers et al. (7) have shown that
plus-strand synthesis is initiated at multiple start sites at both
ends of the genome. This segmented mechanism of proviral
DNA synthesis has not been demonstrated for MoMuLV. In
tissues of the CNS of paralyzed moribund mice, the origin of
the low amount of U3-specific free plus-sense single-stranded
DNA is currently not known.

In paralyzed moribund mice, high levels of class Il HM DNA
accumulated in the spinal cord tissue by 35 days postinfection.
Previously we reported that low levels of HM DNA appeared
as early as 10 days postinfection (30). Therefore, the class II
HM DNA had at least 25 days to accumulate in the infected
neural cells. Over this long period of time, it is not known why
the class II molecules accumulated instead of undergoing the
second strand-transfer reaction. Bowerman et al. (3) have
shown that retroviral RNA is reverse transcribed in a virion-
derived porous nucleoprotein complex in the cytoplasm of
infected cells. The nucleocapsid protein of MoMuLV is re-
quired for the strand transfer reaction (2). Possibly, the viral
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nucleoprotein complexes that contained the class [ HM DNA
degraded as they aged in the cytoplasm of quiescent neural
cells. The putative degraded viral nucleoprotein complexes
might have been unsuitable for the second strand transfer
reaction, and therefore class I HM DNA molecules accumu-
lated in the quiescent neural cells.

Inefficient reverse transcription of viral RNA in quiescent
neural cells might also have been responsible for the synthesis
of the incomplete proviral forms of HM DNA (9, 39, 48). The
upper H,-H; Haelll band of single-stranded DNA in the gp70-
coding region of the env gene (Fig. 4, lane 3) was heteroge-
neous in size compared with the upper Hy-H, Haelll band of
single-stranded DNA in the U3 region of the LTR (Fig. 5, lane
7). Previously we proposed that the heterogeneity of this band
of DNA was due to single-strand conformational polymor-
phisms (20) that were generated by an error-prone reverse
transcriptase (38). However, if this were the case, the major
location of genetic variation in HM DNA would be different
from that in viral genomes that are synthesized in productively
infected cells since the greatest sequence variation in retrovi-
ruses is in the U3 region of the LTR (5).

Another possibility for the heterogeneity of the upper H,-H;
Haelll band of single-stranded DNA in the gp70-coding region
of env (Fig. 4, lane 3) is that the error rate of the reverse
transcriptase was enhanced by low deoxynucleoside triphos-
phate (dNTP) pools in quiescent neural cells. Martinez et al.
(17) have found that low dNTP pools induce hypermutagenesis
by the reverse transcriptase of human immunodeficiency virus
type 1. Furthermore, Goulaouic et al. (9) have found that only
the early steps of reverse transcription take place in dNTP-
depleted serum-starved tissue culture cells that are infected
with MoMuLV. The heterogeneity in size of the upper H,-H;
Haelll fragment could also be due to premature termination at
a pause site (1) to yield a heterogeneous population of Haelll
fragments that had sizes that were less than the full length of
the H,-H; fragment, or alternatively, pausing could induce
strand transfer-mediated mutagenesis (44). It is also possible
that over the course of the 35-day incubation period, there was
some degradation of the single-stranded region of the class II
HM DNA by a cell-coded exonuclease. For human immuno-
deficiency virus type 1, Zack et al. (47) have shown that par-
tially reverse transcribed viral DNA is labile and rapidly de-
graded in quiescent T cells, whereas Spina et al. (28) have
identified stable complete reverse transcription products in
quiescent CD4 lymphocytes in vitro. In neural cells that are
infected with #s1 in vivo, it is not known if there is degradation
of HM DNA over time, but the sharpness of the S1 nuclease-
resistant band in Fig. 6 (lane 5) indicated that the 3’ end of
class II HM molecules was stable.

The role of the physical forms of HM DNA in inducing
neurodegenerative disease in mice that are infected with #s1 is
not known. However, it is possible than the DNA duplex re-
gion of the class I HM DNA molecules has a role in elevating
gene expression in infected cells. Weng et al. (41) have shown
that the LTR of MoMuLV frans activates AP-1-inducible
genes. The level of the mRNA of the c-jun proto-oncogene is
increased over 60-fold. Major histocompatibility complex class
I antigen expression is also increased by trans activation. Yo-
shioka et al. (45) have shown that transgenic mice that express
elevated levels of the major histocompatibility complex class I
antigen in oligodendrocytes develop neurodegenerative dis-
ease with some features of the oligodendroglial pathogenesis
that is seen in mice that are infected with #s1. Normal cellular
functions of neural cells may be sensitive to abnormal levels of
cellular gene expression. Transgenic mice that overexpress the
interleukin-6 gene (4) and the Mos proto-oncogene (22) also
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develop neurodegenerative disease. Previously we proposed
that #s1 abortively superinfects quiescent cells in the CNS (30).
It is possible that multiple copies of class II HM molecules in
these putative abortively superinfected neural cells lead to
abnormal levels of gene expression, which in turn leads to
neurodegenerative disease. Unintegrated retroviral DNA has
been correlated with cytotoxicity for a number of retroviruses
(8, 21, 36, 40). Possibly the retroviral DNA itself is not cyto-
toxic, but the products induced by frans activation may be
cytotoxic. Experiments have not yet been performed to show
that the class I HM DNA does elevate gene expression in the
CNS by frans activation. It is also possible that the HM DNA
does not have a role in inducing neurodegenerative disease,
but the high levels of HM DNA in the CNS of paralyzed
moribund mice indicate that abortive infection of quiescent
neural cells may be an important feature of the pathogenesis of
tsl-induced spongiform encephalomyelopathy that requires
further study.
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