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The complete nucleotide sequence of a molecular clone of Moloney murine leukemia virus (pMLV-1) has
previously been reported (Shinnick et al., Nature [London] 293:543-548, 1981). However, pMLV-1 does
not generate infectious virus after transfection into cells (Berns et al., J. Virol. 36:254-263, 1980). The lesion
in pMLV-1 has been localized by determining the biological activity of recombinants containing DNA from
an infectious clone of Moloney murine leukemia virus (pMLV-48) and pMLV-1. Replacement of a 1.0-
kilobase pair region which spans the gag-pol junction of pMLV-1 with the corresponding DNA fragment
from the infectious clone restores its infectivity. Nucleotide sequence analysis of this fragment obtained
from the infectious clone (pMLV-48) and pMLV-1 reveals two single base pair changes, one in the p30yag
gene and the other in the 5' end of the pol gene. The mutation in the pol gene does not affect the production
of infectious virus but renders them XC negative, whereas the mutation in the gag gene appears to be lethal.
The complete nucleotide sequence of an infectious clone of Moloney murine leukemia virus can now be
deduced.

Moloney murine leukemia virus (Mo-MLV) is a replica-
tion-competent C-type retrovirus which, upon inoculation
into newborn mice, gives rise to leukemias of mostly T cell
origin (8). In cells infected with Mo-MLV, the viral genome
is converted into double-stranded DNA form, some of which
integrates into host chromosomal DNA as a provirus (29).
Unintegrated viral DNA and proviral DNA have been mo-
lecularly cloned and shown to be biologically infectious (1,
10, 23). The complete nucleotide sequence of a molecular
clone of unintegrated Mo-MLV DNA, referred to as pMLV-
1, has been determined (22). The Mo-MLV genome contains
8,332 nucleotides which encode gag, pQl, and env proteins
(2, 22). pMLV-1, however, is not biologically active. The
defect(s) has been localized in the 5' two-thirds of the viral
genome, which includes the gag gene and part of the pol
gene (2).
The pol protein of Mo-MLV is derived from a single

polyprotein precursor which also contains gag-related amino
acid sequences. The precise mechanism of synthesis of the
gag-pol polyprotein is not understood, but the general
consensus is that it results from translational readthrough of
the stop codon at the end of the gag gene (4, 22). In vitro
translation experiments involving yeast suppressor tRNAs
which enhance the synthesis of gag-pol polyprotein also
support this notion (15, 16). Sequence analysis of pMLV-1
indicates that a gag-pol polyprotein can be synthesized by
this mechanism (22). Additionally, restriction endonuclease
analysis revealed that there are no major alterations in the 5'
sequence of pMLV-1 as compared with corresponding se-
quences of infectious molecules (1, 2). Thus, there are no
apparent reasons for the lack of infectivity of pMLV-1.
To define the lesion(s) in pMLV-1, we took an approach

which involved replacing portions of pMLV-1 with corre-
sponding DNA fragments obtained from an infectious clone,
pMLV-48. The resulting chimeric plasmids were analyzed
for their ability to produce infectious virus after transfection
into cells. The results show that a 1.0-kilobase-pair DNA
fragment from pMLV-48, which spans the gag-pol junction,
restores infectivity to pMLV-1. Furthermore, sequence
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analysis of this fragment from the infectious clone and from
pMLV-1 reveals two base pair changes.

MATERIALS AND METHODS
DNA transfection. All mammalian cells used in this study

were maintained in Dulbecco/Vogt modified Eagle medium
supplemented with 10% fetal bovine serum (Sterile Systems,
Logan, Utah). NIH 3T3 cells lacking thymidine kinase (TK)
activity (TK-) (28) were plated at 5 x 105 to 1 x 106 cells
per 5-cm dish 1 day before transfection. The cells were
transfected with DNA, using the calcium phosphate precipi-
tation technique of Graham and van der Eb (7) as modified
by Corsaro and Pearson (3). Test DNA was either gradient-
purified plasmid DNA or unpurified DNA ligation products.
Test DNA plus 10 ,ug of carrier DNA (from NIH 3T3 TK-
cells) in 0.4 ml of transfection buffer was applied to cells
after the culture medium was replaced with 4 ml of fresh
medium.

Virus infection. Recipient NIH 3T3 TK- cells were plated
at 5 x 105 to 1 x 106 cells per 5-cm dish 1 day before virus
infection. Immediately before infection, the culture medium
was replaced with 4 ml of fresh medium containing 4 ,ug of
polybrene per ml. Culture medium containing virus was
centrifuged at 5,000 x g for 5 min to remove cells and filtered
through 0.45-,um filters (Gelman Sciences, Inc., Ann Arbor,
Mich.), and samples were added to the recipient cells.
XC plaque assay. The number of cells producing virus after

DNA transfection or after viral infection was quantitated by
using the XC plaque assay (12, 20). At 16 h after DNA
transfection or viral infection of NIH 3T3 TK- cells, the
cells were split 1:10 into 5-cm dishes. Three days later, the
cells were killed by UV irradiation and overlaid with 106 XC
cells. Two days after XC cell overlay, the cells were stained
with Coomassie blue (1 g/liter in 40% MeOH-10% acetic
acid), and plaques were counted. The NIH 3T3 TK- cell line
was chosen as the virus recipient in this assay because of the
large, well-defined XC plaques produced after a 3-day incu-
bation.
Recombinant DNA constructs. DNA fragments generated

by restriction endonuclease digestion of plasmid DNA were
separated by agarose gel electrophoresis and purified from
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the agarose by adsorption to glass powder (27). For linear
constructs requiring ligation of two DNA fragments, one of
the fragments was treated with bacterial alkaline phospha-
tase (BAP) before ligation to reduce unintended ligation
products. For linear constructs requiring ligation of three
fragments, the two terminal fragments were treated with
BAP before ligation. In both cases, restriction endonuclease
sites at the termini of the constructs were chosen to mini-
mize interference with ligation of internal restriction endonu-
clease-generated DNA termini. Ligations were performed by
using T4 DNA ligase, and the unpurified products were used
directly to transfect cells.

Plasmid constructs were made in pBR322. In two or three
fragment ligations, the plasmid fragment carrying the drug
marker(s) was treated with BAP before ligation. Ligated
DNA was used directly to transform Escherichia coli DH-1
(9). Bacterial colonies were screened for the correct drug
resistance and restriction enzyme pattern. Plasmid DNA
used for transfection was prepared by detergent lysis of
chloramphenicol-treated bacteria followed by cesium chlo-
ride-ethidium bromide ultracentrifugation (17).
DNA sequencing. DNA sequencing was performed by the

chemical degradation method (14). DNA fragments were
labeled with 32P at both ends and were either cut with
another restriction endonuclease or subjected to strand
separation to give DNA fragments labeled at a unique end.
Corresponding DNA fragments from pMLV-48 and pMLV-1
were electrophoresed next to each other on sequencing gels
to simplify detection of differences between the clones and
to minimize the chance of an extra base or base deletion
being undetected.

Reverse transcriptase assay. Reverse transcriptase in cell
culture medium was measured as described previously (26).
One unit of activity is that amount of reverse transcriptase
which catalyzes incorporation of 1 pmol of [3H]dGMP in 1 h
(1 pmol = 103 cpm). The detection limit is ca. 0.1 unit per ml
of culture medium.

Immunoprecipitation of viral proteins. Cells were seeded at
106 cells per 35-mm dish 1 day before labeling. For labeling,
cells were preincubated in Dulbecco/Vogt modified Eagle
medium minus methionine (without serum) for 30 min and
then were incubated for 1 h in the same medium plus 200 ,uCi
of [35S]methionine (New England Nuclear Corp.; >800
Ci/mmol). The cells were washed, dissolved in RIPA buffer
(1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 150 mM NaCl, and 10 mM Tris [pH 7.4]),
and viral proteins were immunoprecipitated as previously
described (21) by using goat antisera raised against disrupted
Rauscher murine leukemia virus or the virion proteins p30
and gp7O (antibodies were obtained through the National
Cancer Institute). Immunoprecipitates were electrophoresed
in 10% acrylamide gels in the presence of sodium dodecyl
sulfate (13), and labeled proteins were detected by autoradi-
ography of vacuum-dried gels.

RESULTS

Construction and infectivity of recombinants. The struc-
tures of the two parental clones, pMLV-1 and pMLV-48,
from which all of the recombinants were derived, are shown
in Fig. 1. pMLV-1, which was cloned from an unitegrated
circular DNA, is permuted with respect to the viral genome
(2). As previously shown, the portion ofpMLV-1 which is 3'
of the HindIlI site is not responsible for the lack of infectiv-
ity of pMLV-1, since ligation to the 5' portion of pMLV-48
(Fig. 1A) generated infectious virions. The converse con-

struct (Fig. 1B) containing the 5' portion of pMLV-1 and the
3' portion of pMLV-48 was not infectious. Control ligations
with the HindlIl site showed that pMLV-48 (Fig. 1C) was
infectious and that the nonpermuted form of pMLV-1 (Fig.
1D) was noninfectious, as measured by the XC plaque assay.
Thus, the region 5' of the HindlIl site in pMLV-1 is
responsible for its lack of infectivity.
To localize more precisely the sequences in pMLV-1

which rendered it noninfectious, we performed experiments
similar to those described above, using the unique XhoI and
Sall endonuclease sites in Mo-MLV. Portions of pMLV-1
were exchanged with DNA fragments obtained from infec-
tious pMLV-48. Constructs E and F in Fig. 1 localized the
defect(s) in pMLV-1 to the region 5' of the Sall site.
Constructs G and H in Fig. 1 further localized the lesion(s) in
pMLV-1 to the region 3' of the XhoI site, although the
number of plaques produced by construct H was abnormally
low. Thus, the defect(s) in pMLV-1 is located between the
XhoI (nucleotide 1,560 from the 5' cap of the viral genome
[22]) and the Sall (nucleotide 3,705) sites.
To confirm and extend the results obtained by using

mixtures of ligated DNA molecules, we molecularly cloned
the appropriate DNA constructs in pBR322 (Fig. 2). Com-
pared with the ligated DNA mixtures, these recombinant
plasmids gave much higher numbers of XC plaques per
microgram of DNA due to their homogeneity. Construct I,
the nonpermuted form of MLV-1 (see also construct D in
Fig. 1), remained noninfectious. Construct J is similar to
construct H in Fig. 1 and gave a high ratio of XC plaques per
microgram of DNA. This result confirms that pMLV-1 is not
defective 5' of the XhoI site. Recombinant clones K and L,
which have internal portions of the infectious clone pMLV-
48 substituted into pMLV-1 (construct I), produced infec-
tious virions. We conclude from construct L that the le-
sion(s) affecting the infectivity of pMLV-1 lies in the XhoI to
SstI region (nucleotides 1,560 to 2,554). In addition, since
construct M (Fig. 2) did not produce XC plaques, we
conclude that at least part of the lesion in pMLV-1 is located
between the BglII (nucleotide 1,906) and SstI (nucleotide
2,554) sites.
As a further check on the infectivity of construct L as

compared with construct I or pMLV-48, cells transfected
with these three DNAs were passaged for 2 weeks to allow
for virus spread. At the end of this period, virus titers in the
supernatant media were determined by XC plaque assay.
The virus titer in supernatant from cells transfected with
construct L (8 x 106 per ml) was not significantly different
from that of cells transfected with pMLV-48 (107 per ml). No
virus was detected in supernatant from cells transfected with
construct I, the linear form of pMLV-1.

Nucleotide sequence analysis of XhoI to SstI fragment. The
replacement of the XhoI-SstI fragment of pMLV-1 with the
corresponding fragment obtained from pMLV-48 renders the
plasmid infectious. Nucleotide sequence analysis of pMLV-
1 reveals no apparent reason for the lack of infectivity of
constructs containing the XhoI-SstI fragment from pMLV-1.
Furthermore, based on restriction endonuclease analysis, no
major sequence alterations in this fragment were anticipated.
Hence, we determined the nucleotide sequence of the XhoI-
SstI fragment obtained from pMLV-48 and compared it with
the nucleotide sequence of the corresponding fragment ob-
tained from pMLV-1. The sequences of the two fragments
differed by only two bases (Fig. 3). Our sequence for pMLV-
1 in this region agrees exactly with the previously published
sequence (22). The first base difference at position 1,849 is a
transition (TAGAGAG in pMLV-48 to TAGGGAG in
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FIG. 1. In vitro DNA constructs. pMLV-48 and pMLV-1, from which these recombinant molecules were derived, are shown at the top of
the figure. The 20-kilobase-pair (kbp) EcoRI insert of a molecular clone of Mo-MLV in Charon 4A (X.48, reference 1) was subcloned in the
EcoRl site of pBR322 to make pMLV-48. To make pMLV-1, the unintegrated circular form of Mo-MLV DNA was cleaved at the unique
HindIll site and molecularly cloned in Charon 21A. The 8.35-kbp HindlIl insert was then subcloned into the HindIll site of pBR322. For
construction of the following recombinant molecules, plasmid DNAs were cleaved with appropriate restriction endonucleases and
fractionated by electrophoresis on agarose gels; the DNA fragments were purified from the gel by adsorption to glass powder, and appropriate
fragments were ligated. Construct A: pMLV-48 was digested with EcoRI and HindIII, and pMLV-1 was digested with HindIII and XhoI. An
8-,ug portion of the 12-kbp EcoRl-Hindlll pMLV-48 5' fragment was mixed with 4 ig of BAP-treated 4.9-kbp HindIlI-XhoI pMLV-1 3'
fragment and incubated with 10 U of T4 DNA ligase at 14WC for 16 h. Portions of the ligated DNA were analyzed on agarose gel to confirm that
ligation had occurred. The ligation products were used directly for transfection. A similar procedure was followed for all other constructs.
Construct B: pMLV-1 was cleaved with HindIll and HpaI, and pMLV-48 was cleaved with HindIll and EcoRI. The HpaI-HindIII 5' fragment
of pMLV-1 was ligated to the BAP-treated HindIII-EcoRI 3' fragment of pMLV-48. Construct C: The EcoRI-HindIII 5' portion of pMLV-48
was ligated to the BAP-treated HindII-EcoRl 3' portion of pMLV-48. Construct D: pMLV-1 was cleaved with HindIll and XhoI to isolate the
3' portion, and with HindIII and HpaI to isolate the 5' portion of the molecule. The 5' portion was ligated to the BAP-treated 3' fragment. Con-
struct E: The EcoRI-SalI fragment from pMLV-48 was mixed with the SaIl-HindIII and HindIll to XhoI fragments of pMLV-1 in a three-way
ligation reaction. A three-way ligation was required because of the permuted form of pMLV-1. The low number of XC plaques compared with
constructs A and C most likely reflects the fact that in a three-way ligation, the number of desired products is lower than in a two-way ligation.
Construct F: The HindIII-Sall 5' fragment of pMLV-1 and the SalI-EcoRl fragment of pMLV-48 were ligated. Construct G: Three-way ligation
between the XhoI 5' fragment from pMLV-48 and the XhoI-HindIII and HindIII-SaIl fragments of pMLV-1. Construct H: 5' sequences in a
HindIII-XhoI fragment of pMLV-1 were ligated to the XhoI-EcoRI 3' fragment of pMLV-48. The number of plaques produced from this
construct was abnormally low, but the infectivity of this viral construct was later confirmed (Fig. 2J). Only the restriction endonuclease sites
used in the constructions are shown. Open lines: pMLV-1; closed lines: pMLV-48; wavy lines: flanking cellular sequences of pMLV-48; open

and closed boxes: long terminal repeats.
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FIG. 2. Construction of recombinant plasmids. DNA fragments isolated from pMLV-1, pMLV-48, and pBR322 were combined to make
these recombinant plasmids. Restriction endonuclease sites used for construction of recombinants are shown. The restriction endonuclease
sites with brackets are included for clarity. The drug resistance of the recombinant plasmids and the number of XC plaques per microgram of
plasmid DNA per 106 cells are shown. Construct I: Since pMLV-1 is permuted with respect to viral genome, a nonpermuted clone was
constructed. The Clal-Hindlll fragment and the HindllI-XhoI fragment of pMLV-1 were mixed with the BAP-treated SailI-Clal pBR322
fragment of 3.7 kilobase pairs (kbp) (containing the ampr gene) and ligated. Construct J: The Call-Xhol 5' fragment of pMLV-1, the Xhol-
EcoRl 3' fragment of pMLV-48, and the BAP-treated Clal-EcoRI fragment of pBR322 (containing the amp' gene) were ligated. The resulting
construct was also partially tetr. Construct K: Construct I was cleaved with Xhol and HindlIll and the larger of the two resulting fragments
was isolated and treated with BAP. Construct J was cleaved with Xhol and HindlIl, and the 3.3-kbp internal HindIIl-Xhol fragment derived
from pMLV-48 was isolated. These two fragments were ligated and used to transform bacteria. Construct L: Construct I was cleaved with
Xhol and HindlIl, and the larger of the two resulting fragments was isolated and treated with BAP. Construct I was also cleaved with Hindlll,
SstI, and XhoI, and the internal 2.3-kbp Sstl-Hindlll fragment was isolated. Construct J was cleaved with HindlIIl, SstI, and XhoI, and the
internal 1.0-kbp XhoI-SstI fragment was isolated. These three fragments were ligated to yield construct L. Construct M: Construct J was
cleaved with Sall and XhoI, and the largest of the three resulting fragments, containing 3' pMLV-48-derived sequences and pBR322 sequences
(including the ampr gene), was isolated and treated with BAP. Construct J was also cleaved with Sall and BglII. and the 3.1-kbp Sall-Bgill
fragment, containing 5' viral and pBR322 sequences, was isolated. pMLV-1 was cleaved with Sall and Bglll, and the internal 1.8-kbp Bgill-
Sall fragment was isolated. These three fragments were ligated. The manipulations described for this construct were necessary because of the
multiple BgIII sites in Mo-MLV. Transformed bacteria were selected in ampicillin, although construct M also codes for partial tetracycline
resistance. All of the ligation mixtures described above were used directly to transform DH-1 bacteria. All recombinant plasmids were cleaved
with appropriate enzymes to verify the nature of the constructs.

pMLV-1) that changes the glutamic acid in pMLV-48 to
glycine in pMLV-1. This amino acid change occurs in the
p309a9 protein. The second change, a transversion
(GGAGCCC in pMLV-48 to GGACCCC in pMLV-1) occurs
at position 2,255, altering a predicted glutamic acid residue
in pMLV-48 to aspartic acid in pMLV-1. The base change at
nucleotide 2,255 is in the region between the end of the gag
coding region and the NH2 terminus of the reverse transcrip-
tase coding region (S. Oroszlan, personal communication).

Intracellular viral protein analysis. Nucleotide sequence
analysis reveals two base changes which affect the infectiv-
ity of pMLV-1, neither of which affects the reading frames of
the viral proteins. To test whether constructs I and M
synthesize viral proteins, we performed the following experi-
ment. Each plasmid containing a viral construct was cotrans-
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FIG. 3. Nucleotide alterations. Homologous regions of DNA
from pMLV-1 and pMLV-48 were sequenced, including the Xhlol to
Sstl region responsible for the difference in infectivity of the two
clones of Mo-MLV. The nucleotide numbering system is that used
by Shinnick et al. (22). Base differences are indicated by circled
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fected into NIH 3T3 TK- cells with a plasmid containing the
herpesvirus TK gene. The plasmid containing the construct
was in 10-fold excess. Colonies having TK activity (TK+)
were selected in HAT medium (30 ,uM hypoxanthine, 1 ,uM
amethopterin, 20 puM thymidine), and multiple colonies were
pooled. Such a cotransfection procedure ensures that a
relatively high percentage of the cells contain viral construct
DNA (30). In similar studies involving two selectable mark-
ers, we have previously found that approximately 10% of the
cells selected for expression of one selectable marker also
express the other selectable marker transfected in 10-fold
excess (data not shown). Cells from the pooled TK+ colo-
nies were analyzed for viral proteins by immunoprecipitation
with antisera to whole virus, p309ag and gp7Qenl. Figure 4
shows the results obtained with constructs I, L, and M. Cells
transfected with construct I appeared to synthesize small
amounts of viral Pr65gag and gPr80en' proteins (panels B and
D) compared with infectious virus (construct L, panel F).
This difference in protein levels is expected because infec-
tious virus can spread and infect every cell in the population,
whereas the noninfectious virus should be present in only ca.
10% of the cells. Prl80ggaPol was not detected in these cells.
Instead, a 90,000-dalton protein (shown by an asterisk in
panel D) was precipitated with sera directed against either
whole virus or p3Qgag. In contrast, cells transfected with
construct M synthesized amounts of Pr65gag, p1809ga9-iP9,
and gPr8Oenl viral proteins comparable to infectious virus
(Fig. 4, panels E and F). This result suggests that construct
M is infectious, even though it was not detected in the XC
assay. Hence, we tested for infectious virions in the superna-
tant from cotransfected cells. Supernatant medium (1.0 ml)
from cotransfected cells was used to infect fresh NIH 3T3
TK- cells, which were passaged for 1 week, followed by
immunoprecipitation of labeled proteins. No viral proteins
could be detected in cells infected with supernatant obtained
from either control cells or cells transfected with construct I.
However, in cells infected with supernatant from cells

A B C

cotransfected with either XC-positive construct L or XC-
negative construct M, similar levels of viral proteins could
be detected (Fig. 5, lanes 3 and 4). It thus appears that no
infectious virus is released from cells transfected with
pMLV-1 (construct I), whereas infectious virus is released
from cells transfected with construct L or M. However, the
virus released from cells transfected with construct M,
which has only a single base change in the pol gene, is XC
negative. We conclude that the inability of construct I
(pMLV-1) to generate virus is due to the mutation in the gag
gene at position 1,849.
The supernatant media from cells cotransfected with TK

and construct L or M were analyzed for reverse transcrip-
tase activity as another measure of virus production. Super-
natant from cells cotransfected with construct L had nearly
threefold higher activity (23 units) compared with superna-
tant from cells cotransfected with construct M (8 units),
which had undergone a single base pair change in the pol
gene. No reverse transcriptase activity could be detected in
supernatant from control untransfected cells or cells cotrans-
fected with TK and construct I (pMLV-1, Fig. 2). These
results support the conclusions that constructs L and M are
infectious and that construct I (pMLV-1) is noninfectious.

Structural analysis of the region containing the pol gene
mutation. The mutation in the pol region does not alter
infectivity, but it affects the ability of the virus to form XC
plaques and probably affects the titer of virus produced by
cells, as reverse transcriptase production from cells trans-
fected with construct M is reduced in comparison with cells
transfected with construct L. We noticed that the single base
change in the pol region (position 2,255) had a profound
effect on the mobility of single-stranded DNA containing this
alteration in nondenaturing polyacrylamide gels. For exam-
ple, BglII-SstI DNA fragments obtained from pMLV-1 and
pMLV-48 and labeled with 32P at the BgII terminus on the 5'
DNA strand (Fig. 4C, row 1) were denatured with dimethyl
sulfoxide, and the resulting single-stranded molecules were
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FIG. 4. Immunoprecipitation of viral proteins in cotransfected cells. Autoradiographs of immunoprecipitated 35S-labeled viral proteins
from NIH 3T3 TK- cells cotransfected with TK and various constructs are shown. Immunoprecipitation was carried out by using normal goat
sera (lane 1) or antisera to whole virus (lane 2), p309ag (lane 3), and gp7Oefv (lane 4). (A and C) Cells transfected with the TK gene only. (B and
D) Cells cotransfected with TK and construct I. (E) Cells cotransfected with construct M. (F) Cells transfected with construct L. Panels A, B,
E, and F resulted from equal exposure times, and panels C and D resulted from a 10-fold-longer exposure. The asterisk in panel D indicates
the position of the putative 90,000-dalton gag-pol protein.
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FIG. 5. Immunoprecipitation of viral proteins in infected cells.
Autoradiographs of immunoprecipitated 35S-labeled proteins are

shown. Immunoprecipitation was performed by using whole virus
antisera. Lane 1: Cells exposed to media from TK-transfected cells.
Lane 2: Cells exposed to media from cells cotransfected with TK
and construct I. Lane 3: Cells exposed to media from cells cotrans-
fected with TK and construct M. Lane 4: Cells exposed to media
from cells cotransfected with TK and construct L.

subjected to electrophoresis. Because dimethyl sulfoxide
does not enter the gel, folding of the molecules can occur
once the single-stranded molecules enter the gel. Only the 5'-
BgiII-SstI-3' DNA strand is detected on the autoradiograph
of the gel because only the 5' end of this strand is labeled.
The labeled pMLV-48 single-stranded molecule moved 1.8
times faster than the corresponding pMLV-1 molecule in a

nondenaturing gel run at room temperature (20°C) (Fig. 4A,
lanes 1 and 3). A mixture of the pMLV-1 and pMLV-48
BgiII-SaiI fragments was also denatured and electrophor-
esed to show that some unknown variable was not affecting
the electrophoretic mobilities of the single strands (lane 2).
When electrophoresis was carried out at relatively high
temperatures (60 to 70°C), a difference in mobility could no

longer be discerned (Fig. 6B). These results indicate that
secondary structure, which is minimized at high tempera-
ture, is responsible for the mobility difference observed at
low temperature. In comparisons of other single-stranded
fragments from pMLV-1 and pMLV-48, differences in mobil-

ity are observed only for fragments containing the base
changes at position 2,255 (Fig. 6C, rows 1, 2, 5, 7, 8, 9), not
in those that do not contain the altered base (Fig. 6C, rows 3,
4, 6). For comparison, single-stranded fragments containing
the base pair change at base 1,849 displayed no difference in
mobility (Fig. 6C, rows 10, 11), showing that a single base
does not always result in a change in mobility. Thus, the
single base change at position 2,255 may influence the
secondary structure of the viral mRNA (see below).

DISCUSSION

Two base pair changes restore infectivity. Infection by
murine leukemia viruses leads to stable integration of viral
DNA into host chromosomal DNA. The proviral DNA is
transcribed by RNA polymerase II, and both 35S genome
length and 24S subgenomic mRNA have been detected in
infected cells (4). Formation of infectious virions requires
the presence of gag, pol, and env proteins as well as intact
35S genome length viral RNA. We have reported the
molecular cloning of unintegrated circular forms of Mo-
MLV DNA (2). Unfortunately, the molecular clone pMLV-1
was not biologically infectious, and the lesion was localized
in the 5' two-thirds of the molecule (2). The restriction
mapping and nucleotide sequence analysis of pMLV-1 did
not reveal any clues as to why it should be noninfectious (2,
22). To localize the lesion, we used a strategy which in-
volved substituting pMLV-1 DNA fragments with corre-
sponding fragments obtained from an infectious clone
(pMLV-48). Transfection by such recombinants showed that
when the XhoI-SstI fragment of pMLV-1 is substituted with
the XhoI-SstI fragment of pMLV-48, infectious virus parti-
cles are released. Thus, the lesion in pMLV-1 can be
localized between nucleotide 1,560 and nucleotide 2,554
from the 5' end of the genome.
The XhoI-SstI fragment spans the gag-pol junction. Nu-

cleotide sequence analysis of this fragment obtained from
pMLV-1 and from infectious pMLV-48 revealed two base
changes. One of the base changes occurs at position 1,849
which is in the p3Wag gene, whereas the other change occurs
at position 2,255, which is in the pol gene. The mutation at
position 2,255 in pMLV-1 generates an additional site for
restriction enzyme AvaII. Analysis of corresponding frag-
ments from pMLV-1 and pMLV-48 confirms this observa-
tion, lending further support to the nucleotide sequence
analysis.
gag gene mutation. The mutation in the gag gene of

pMLV-1 at position 1,849 results in a glycine residue in place
of the glutamic acid residue in pMLV-48. It is worth noting
that nucleotide sequences of two strains of Moloney murine
sarcoma virus, in which the p30Wag gene is similar to that in
Mo-MLV, the corresponding nucleotide is that of pMLV-48
(19, 25). Thus, the change at position 1,849 does not merely
reflect polymorphism but probably is a mutational event.
Our results show that pMLV-1 (construct I), which contains
the gag and pol mutations, is noninfectious by a variety of
criteria. On the other hand, construct M, which contains the
single base pair alterations in the pol region, generates
infectious virus after transfection into cells. In addition,
proteins synthesized from construct M are similar in amount
and molecular weight to proteins synthesized by the infec-
tious, XC-positive construct L. Therefore, we conclude that
the proper base at position 1,849 in the gag gene is crucial for
infectivity. Viral protein analysis suggests that loss of infec-
tivity in construct I (pMLV-1) may be related to the synthe-
sis of altered gag-related proteins; in particular, a new
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FIG. 6. Single-stranded DNA mobility differences between pMLV-1 and pMLV-48. DNA fragments produced by restriction enzyme

cleavage of plasmid DNA were treated with BAP and labeled at their 5' ends with 32P, using T4 DNA kinase. These fragments were cleaved
with additional restriction enzymes to generate double-stranded DNA molecules labeled at the 5' end of one strand with 32P. The DNA strands
were separated by boiling in 10 .1l of water plus 20 p.l of dimethyl sulfoxide for 2 min, and 10 Ll1 of dye solution (0.04% [wt/vol] bromophenol
blue in 2 mM EDTA) was added. The samples were immediately loaded onto a 10% polyacrylamide gel (62.5:1, polyacrylamide to
bisacrylamide) and electrophoresed with a Tris-borate-EDTA buffer (6 g of Tris base, 0.5 g of EDTA disodium salt, and 3 g of boric acid per li-
ter). The labeled DNA molecules were detected by autoradiography. (A) Electrophoresis at room temperature (20°C). (B) Electrophoresis at
high temperature (60 to 70°C). In both panels A and B, the DNA in lane 1 was derived from pMLV-1, the DNA in lane 2 was derived from
pMLV-1 and pMLV-48, and the DNA in lane 3 was derived from pMLV-48. The migration distance of the bromophenol blue dye was the
same for the autoradiographed gels shown in both panels. The arrows mark the top of the gels. (C) Relative mobilities of different end-labeled
single-stranded DNAs are shown. Asterisks indicate the labeled (5 _32p) termini.

90,000-dalton protein is present in cells cotransfected with
construct I which is not present in control cells or in cells
cotransfected with infectious virus (Fig. 4). It is not clear
how the single amino acid change in p309a9 renders pMLV-1
noninfectious. It is worth noting that human c-rasH gene can
be activated to transform NIH 3T3 cells by virtue of a single
base change at position 12 from the N-terminal end (18, 24).

Despite an extensive knowledge of the structure and
serology of the p30$ag protein, little is known about its role in
the life cycle of retroviruses. Oligonucleotide mapping
shows that the specificity for N/B tropism of the virus is
determined by the p3Qgag protein. N/B tropism appears to be
due to the inability of the restricted virus to form supercoiled
viral DNA in the nonpermissive cells (5, 6, 11). Thus, p3Qgag
may play a crucial role in viral DNA replication or integra-
tion into chromosomal DNA. Alternatively, p30gag may play
a role in virion assembly and subsequent maturation. The
single base alteration in pMLV-1 in the p3Qgag gene, which
renders pMLV-1 noninfectious, may be useful in elucidating
the role of p30gag in the life cycle of retroviruses.

pol gene mutation. The mutation in the pol gene at position
2,255 appears to be located at a region which is 5' of the N
terminal of the Mo-MLV polymerase (S. Oroszlan, personal
communication). No viral protein has yet been assigned to
this region. The single base change alters the predicted
glutamic acid in pMLV-48 to aspartic acid in pMLV-1. The
base pair at position 2,255 of pMLV-48 is the same as in
clone pMLVi,,-1 (C. Van Beveren, personal communication)
which also restores infectivity to pMLV-1 (2). Again, two
strains of Moloney murine sarcoma virus contain the base
present in pMLV-48 at this position (19, 25). Thus, the base
present in pMLV-1 probably represents a mutation. Cotrans-
fection studies indicate that all viral proteins can be synthe-
sized by construct M, which contains the pol mutation.
Infectious virus is released by cells transfected with con-
struct M as assayed by reverse transcriptase activity and by
infection of fresh NIH 3T3 cells. The mutation at position
2,255, however, renders the infectious virus XC negative.
The mechanism of formation of XC plaques by murine
leukemia viruses is not fully understood, but the env protein
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has been implicated in the fusion of XC cells (31). It is
interesting that construct M, with a lesion in the pol gene, is
unable to form typical XC syncytia. The anomalous electro-
phoretic mobility of the single-stranded DNA fragments
containing the base change at position 2,255 indicates that
the RNA transcripts of pMLV-1 may have altered secondary
structures. Computer analysis of this region for hairpin loops
reveals that the largest loops have altered structure at the
termini of the loops due to the base change of G to C,
including the hairpin loop noted by Shinnick et al. at the gag-

pol junction (22). The altered secondary structure may affect
virion RNA packaging and thus the amount of virus released
by the cells, which would account for the reduced reverse

transcriptase activity in supernatant from cells transfected
with construct M.

Fine structural analysis of biological macromolecules has
contributed much to our understanding of the structure and
expression of genes. Knowledge of the nucleotide sequence
of Mo-MLV is essential to an understanding of the role of
various viral genes in virus replication. The availability of
molecularly cloned pMLV-1 allowed the determination of its
complete nucleotide sequence. Unfortunately, pMLV-1 is
not biologically active, and thus its utility to construct
recombinants delineating various regions of the viral genome
is limited. It is therefore highly desirable to obtain the
nucleotide sequence of a biologically active Mo-MLV DNA.
Instead of determining the complete sequence of a biologi-
cally active molecular clone of Mo-MLV, we decided to
determine the sequence of the DNA fragment of infectious
pMLV-48 which restored infectivity of pMLV-1. Recon-
struction of the nucleotide sequence of pMLV-1 and the
DNA fragment from the infectious clone represents the
nucleotide sequence of an infectious Mo-MLV (construct
L).

In summary, we have shown that biological infectivity of
pMLV-1 can be restored by replacing its XhoI-SstI fragment
with a corresponding fragment obtained from an infectious
clone. There are only two base pair changes in this fragment,
one of which is the p30zag gene and the other in the pol gene.

pMLV-1 does not produce infectious virus. Constructs con-

taining only the base pair change in the pol gene are able to
generate infectious viruses, but these do not form XC
plaques. We conclude that the mutation in the gag gene

renders pMLV-1 totally noninfectious, whereas the mutation
in the pol gene generates an infectious virus which is unable
to make XC plaques. Future analysis of these base pair
changes by making constructs which have only the change in
the gag gene will further elucidate the mechanism of replica-
tion of Mo-MLV.
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