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The site of recombination of a mink cell focus-inducing strain (Mo-MuLV&3)
derived from an ecotropic Moloney murine leukemia virus (Mo-MuLV) was
mapped by fingerprint analysis of the large RNase Tl-resistant oligonucleotides,
employing a two-dimensional gel electrophoresis method. Mo-MuLV83, in contrast
to the ecotropic Mo-MuLV, demonstrated a broadened host range, i.e., growth
not only on mouse cells but also on mink cells, and recombination involved the
env gene function. The genomic RNA of these two viruses shared 42 out of a total
of 51 to 53 large Ti oligonucleotides (81%) and possessed a similar subunit size of
36S. Most of these Ti oligonucleotides were mapped in their relative order to the
3' polyadenylic acid end of the viral RNA molecules. There were 10 common
oligonucleotides immediately next to the 3' termini. A cluster of 7 (in Mo-MuLV&3)
or 10 (in Mo-MuLV) unique Ti oligonucleotides were mapped next to the
common sequences at the 3' end, and they all appeared concomitantly in a
polyadenylic acid-containing RNA fraction with a sedimentation coefficient
slightly larger than 18S. Therefore, the env gene of Mo-MuLV was situated at a
location approximately 2,000 to 4,000 nucleotides from the 3' end of the genomic
RNA, and the gene order ofMo-MuLV appeared to be similar to that of the more
rigorously determined avian oncornaviruses. cDNASFFV specific for the xenotropic
sequences in the spleen focus-forming virus RNA hybridized to the cluster of
unique oligonucleotides of Mo-MuLV83 RNA. This suggests that the loci of
recombination involve the homologous env gene region of a xenotropic virus.

Four genetic functions have been defined in range, allowing growth on both mouse cells and
RNA tumor viruses: (i) the gag gene codes for cells permissive for xenotropic viruses (21). Of
internal structural proteins of the virion; (ii) the special interest among these isolates is a Molo-
pol gene specifies the reverse transcriptase; (iii) ney murine leukemia virus clone 83 (Mo-
the env is the genetic function determining host MuLV83), which demonstrates such a broadened
range properties for the viruses and codes for host range. In contrast to the ecotropic Moloney
envelope glycoproteins; and (iv) in avian sar- murine leukemia virus (Mo-MuLV), it grows not
coma viruses, a sarc gene is responsible for ma- only on mouse cells but also on mink lung fibro-
lignant transformation of normal cells (1, 9, 22). blasts and induces the typical cytopathic foci of
Although a complete genetic map following the mink cell focus-forming viruses (MCF viruses)
5' to 3' direction in the order of gag-pol-env- (10). Mo-MuLVs3 appears to be a recombinant
sarc-polyadenylic acid [poly(A)] within the gen- between the ecotropic Mo-MuLV and a xeno-
omic viral RNA has been determined in avian tropic MuLV because of the following observa-
sarcoma viruses (5, 13, 24), a similarly rigorous tions: (i) the xenotropic sequences in Mo-
genetic map of mammalian RNA tumor viruses MuLV83 are detectable by a cDNA probe, which
is still lacking. represents a xenotropic portion of SFFV

In the course of studies in this laboratory (cDNAsFFv); (ii) the interference pattern of virus
involving the spleen focus-forming virus (SFFV) infection between MuLV's and challenging Kir-
of the Friend leukemia virus complex, cloned sten sarcoma virus pseudotypes of MuLV's
isolates of replicating murine leukemia virus shows that Mo-MuLV83 is interfered with by
(MuLV) were found to have a broadened host both xenotropic and ecotropic viruses. Thus, the

71



72 SHIH ET AL. J. VIRoI.

loci of recombination of Mo-MuLV83 involve the conditions overlap very well, corresponding Ti oligo-
env gene function (21). nucleotides can be readily identified by direct super-
We have attempted to map the site of recoin- imposition of these fingerprints. The order of RNase

bination and the location of the env gene func- Ti-resistant oligonucleotides within the genomic viralbinationwithin . ofthe e.nv genefua c-
RNA was determined first by visual inspection of the*wieVoI previous fingerprints. Assuming that poly(A) tracts were at the

study (21), cDNASFFv detecting the xenotropic 3' end of the RNA molecules, Ti oligonucleotides,
sequences was found to hybridize most rapidly which were present in large but absent in smaller size
to a piece of Mo-MuLVs3 poly(A)-containing poly(A)+ RNA fragments, were placed at location close
RNA of 18 to 26S in size. To further compare to the 5' end of the genome, and oligonucleotides
the genome of these two viruses, large RNase remaining in the smallest size fraction were at the 3'
Tl-resistant oligonucleotides were fingerprinted end. The order of Ti oligonucleotides within each size
by a two-dimensional gel electrophoresis method fraction was further determined by recovery of TI
that we used previously to map the Kirsten oligonucleotides in the second-dimension gel. Oligo-
sarcoma virus genome (17). The physical map of nucleotides with higher relative molar yield were

oligonucleotides of these two vi-
placed proximal to the 3' end of the genome. The first

the large Tl ollgonucleotldes Ot these two V1- visual inspection in the present two-step procedure
ruses demonstrated a cluster of 7 to 10 unique enables one to discern more precisely the partially
Ti oligonucleotides located approximately 2 to separated oligonucleotides, and any major discrepancy
4 kilobases (kb) from the 3' end of the genomic in the entire fingerprint can be discovered.
RNA. cDNASFFV thus appears to detect the env RNA-DNA hybridization. cDNASFFV specific for
gene region of a xenotropic virus. the xenotropic sequences in SFFV was prepared as

follows: cDNA war prepared from an SFFV-Friend
MATERIALS AND METHODS helper type C vius (F-MuLV) pseudotype released
MATERIALSANDMETHODS from a Fisher r'at embryo cell; the F-MuLV sequences

Cells and viruses. Mo-MuLV&o was isolated in this were then removed by absorption on a hydroxyapatite
laboratory by end-point dilution cloning in Microtest column after hybridization of cDNA with an excess of
II culture plates on a wild mouse embryo fibroblast F-MuLV RNA (20). Protection of the Ti oligonucle-
cell line (SC-1) from a stock of Mo-MuLV originally otides of [32P]Mo-MuLV83 RNA by cDNASFFV was
obtained from Robert Bassin (National Cancer Insti- performed as described previously (17). Briefly, after
tute, Bethesda, Md.) (21). It had acquired broadened hybridization of [32P]Mo-MuLV83 RNA to cDNASFFV
host range through recombination with a murine xen- (RNA was in slight excess), it was digested with a
otropic virus and was propagated on a mink lung combination of pancreatic RNase A and RNase Ti.
fibroblast cell line to avoid contamination by other After heat dissociation, the portion of [32P]Mo-
ecotropic viruses. Mo-MuLV clone 2 was obtained MuLV8: RNA protected by cDNASFFV was further
from Nancy Hopkins (Massachusetts Institute of digested with RNase TI and fingerprinted.
Technology, Cambridge, Mass.) and was originally
cloned by Fan and Baltimore (6, 14). It was propagated RESULTS
on SC-1 cells. All cells were grown in Dulbecco-Vogt Comparison of fingerprints of Mo-
modified Eagle minimal essential medium supple- MuLVpiand Mo-MuLV RNA. The 60-70S
mented with 10% calf or fetal calf serum (GIBCO). All vrlR M3 and Mo-MuLV he S
cells were monitored for mycoplasma by both aerobic viral RNA of Mo-MuLVs3 and Mo-MuLV has
and anaerobic techniques and were found to be nega- been analyzed by the two-dimensional gel elec-
tive. trophoresis method after complete digestion of

Preparation and fingerprinting of viral RNA. the [32P]RNA with RNase TI. The first-dimen-
32P labeling of viral RNA and fingerprinting of the sion gel (10% acrylamide-6 M urea, pH 3.5)
labeled RNA by two-dimensional gel electrophoresis separates Ti oligonucleotides according to their
were as previously described (17). Short-term labeling
with [3H]uridine or [32P]orthophosphate for subunit protonated adeine plus cytosg e content c adn-
size determination is described in the legend to Fig. 2. dition to their chain length, and the second-
Composition of pancreatic RNase A digests was ana- dimension gel (21.8% acrylamidel pH8a0) re-
lyzed as described previously (3). solves oligonucleotides primarily according to

Deduction of the physical map of RNase Ti- the chain length. Representative fingerprints of
resistant oligonucleotides. Deduction of the phys- Mo-MuLV83 and Mo-MuLV are seen in Fig. 1A
ical map of RNase Ti-resistant oligonucleotides was and C. It is evident by superimposition of these
essentially as reported previously (3, 17, 23). Briefly, two fingerprints that most of the Ti oligonucle-
viral RNA either naturally or further chemically de- otides of these two viruses possessed similar
graded by treatment with Na2CO3 was sedimented on electrophoretic mobility, as indicated by the
a sucrose density gradient. Pools were made encom- dark spots of the sketches of fingerprints (Fig.
passing molecules of +2 to 4S in size. Poly(A)-contain- andDpt ofuthe asces of point more

ing RNA fragments were then isolated by two cycles lB and D). To further ascertain this point more
of oligodeoxythymidylic acid]2 18 [oligo(dT)1218]-cellu- accurately, [32P]RNAs of Mo-MuLVs3 and Mo-
lose chromatography and were fingerprinted after MuLV were mixed at ratios of 3:1, 1:1, or 1:3,
complete digestion with RNase Ti. Since most of the and they were fingerprinted. Figure 1E shows
fingerprints obtained under our present experimental the fingerprint of the mixture of these two viral
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RNAs at a ratio of 1:1. As expected, the pattern Mo-MuLV83 sedirnented at 60S as compared
looked very much similar to fingerprints of these with the 70S Mo-MuLV RNA. However, upon
two viruses alone, and all the common oligonu- heat denaturation of the viral RNA complexes,
cleotides coelectrophoresed as the dark spots in the subunit RNA of these two viruses sedi-
the mixture. Another type of double-labeling mented at an identical peak position of 36S (Fig.
experiment involved coelectrophoresis of [32p]- 2B). Therefore, the subunit size of genomic RNA
Mo-MuLV83 RNA and Mo-MuLV RNA labeled of these two viruses appeared to be similar, i.e.,
with [5,6-3H]uridine in vivo, which incorporated a chain length of 10.5 kb as determined by
the 3H label in both uridine and cytosine resi- electron microscopic measurements (11), and a
dues of viral RNA (4). After complete RNase Ti complexity of about 11 kb as determined by
digestion of the viral RNA mixture, oligonucle- fingerprint studies (2). The small difference in
otides were separated in the two-dimensional gel the sedimentation coefficient of the 60 to 70S
and located by the 32p label ofMo-MuLV&3 RNA dimer complexes of these two viruses may be
in the autoradiograph. Gel disks (5 mm in di- due to configurational differences of the viral
ameter) were excised out of the second-dimen- RNA.
sion gel, and the radioactive oligonucleotides The similarity of the subunit size and se-
were eluted and counted. The 3H-32P ratio of quence complexity of these two viruses were also
Mo-MuLV83 spots is seen in Table 1. All the Ti evident in the number of large Ti oligonucleo-
oligonucleotides common between these two vi- tides seen in the fingerprints (Fig. 1A and C),
ruses possessed a 3H-32P ratio close to the nor- i.e., 51 spots for Mo-MuLV83 as compared with
malized value of 1.0 (0.57 to 1.54). Some varia- 53 spots for Mo-MuLV within the chain length
tion in the 3H-32P ratio may reflect differences range indicated by the two dye markers.
in base composition or overlapping and incom- Ti oligonucleotide map of Mo-MuLV83
plete resolution of these Ti oligonucleotides. It and Mo-MuLV RNA. The fingerprints of
is clear that the unique spots of Mo-MuLV83 poly(A)-containing RNA fragments of different
such as A3, A5, All, A25, A26, and A33 all size ranges are presented in Fig. 4 for Mo-
showed lower 3H-32P ratios (0.07 to 0.39). An MuLV&3 and in Fig. 5 for Mo-MuLV RNA. The
exception in spots A20 and A31 (3H-32P ratios of poly(A)-containing RNA fractions were pre-
1.30 and 1.03) was due to incomplete resolutions pared from RNA randomly degraded (Fig. 3).
of these oligonucleotides (Fig. 1F). Composition Oligonucleotides that were strongly present in
analysis of pancreatic RNase A digests of Ti each individual fingerprint were numbered. The
oligonucleotides is also shown in Table 1. Most oligonucleotide map was constructed first by
of the common oligonucleotides possessed simi- inspecting these fingerprints for full recovery as
lar composition as those of Mo-MuLV RNA, compared with the reference total RNA of each
and unique oligonucleotides possessed unique individual oligonucleotide in different size ranges
composition. Composition of no. 8 oligonucleo- of poly(A)-containing RNA fragments. In Mo-
tides differed between these two viruses, al- MuLVa8 RNA, Ti oligonucleotides such as 22a,
though electrophoretic mobility was very close. 13, 1, 14a, A5, 2, 50b, 4, 10, and 8, which are
Thus, by the above criteria, 42 out of 51 num- present in the 26S fraction but completely or
bered oligonucleotides ofMo-MuLVs3 (82%) and partially lost in the 22S fraction, were placed at
42 out of 53 of Mo-MuLV spots (79%) were a location close to the 5' end. The same proce-
common between these two viruses. These dure was applied to other, smaller RNA frac-
RNase Ti-resistant oligonucleotides represent tions. The order of oligonucleotides within these
approximately 10% of the total viral RNA, and groups was then determined by their relative
the present results strongly suggest that 79 to molar yield in the second-dimension gels. Figure
82% of the genome of these two viruses are 6 presents data used to order the Ti oligonucle-
identical in their nucleotide sequences. otides of the 3' half of the viral genome. The

Subunit size of Mo-MuLV83 RNA. To ex- lower relative molar yield of spot 18 in the lOS
amine the size of Mo-MuLV83 RNA as compared and 11S RNA fractions in Fig. 6 was due to loss
with that of Mo-MuLV, the following double- of the 5' counterpart of this terminally redun-
labeling experiments were performed. Mo- dant oligonucleotide in less than full-length
MuLV83 RNA was labeled with [32P]orthophos- RNA fragments (J. M. Coffin and W. A. Hasel-
phate, and Mo-MuLV was labeled with [3H]ur- tine, unpublished data). The order was much
idine. Media from these two cell cultures were more certain at the 3' half than at the 5' half of
pooled, and viruses were pelleted by high-speed the RNA molecules, since selection of RNA
centrifugation. The 60 to 70S viral RNA was fragments was based on their 3' poly(A) tracts.
sedimented through the sucrose density gradient The major Ti oligonucleotides present in the 4S
after disruption of the virion in the detergent. and 10S RNA fractions of Mo-MuLV83 and the
As seen in Fig. 2A, the native dimer structure of 6S and 13S fractions of Mo-MuLV were all com-
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FIG. 1. Comparison of fingerprints ofMo-MuL V83 and Mo-MuLVRNA. p2P]Mo-MuLV83 RNA (1.2 x 10i
cpm, 100Lg ofyeast RNA), f2P]Mo-MuLVRNA (1.2 X UP cpm, 100 pg ofyeast RNA) or a ratio of 1:1 cpm of
both RNAs (1.5 x 1iO cpm, 100 pg ofyeast RNA) was digested with 10,4l ofRNase Ti (11 U). After mixing with
two dye markers, xylene cyanolFF and bromophenol blue, it was applied to the first-dimension gel (160 by 380
by 2 mm of 10% acrylamide-6 M urea-0.025M citric acid, pH 3.5), and electrophoresis was performed until
xylene cyanol reached the 20-cm mark. A gel strip (1 by 22 cm) with this dye marker at the center was cut out,
the second-dimension gel was made with 21.8% acrylamide and 0.04 M tris(hydroxymethyl)aminomethane
(Tris) citrate (pH &0), and electrophoresis was terminated after the bromophenol blue marker reached the 16-
cm mark. The bottom edge of the figures is the origin of the second-dimension gel. The poly(A) mark is at the
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TABLE 1. Comparison of Tl oligonucleotides ofMo-MuLVY3 and Mo-MuLVRNA by double-isotope labeling
and by their RNase A digestion products

Mo-MuLVa8 oligonucleotide no. 3H-32P ratioa Composition'

(A) Common between Mo-MuLV8, and Mo-
MuLV
1 1.10 A4U, AU, 3AC, 9C, 4U, AG
2 0.83 A4U, A2U, A2C, 4C, 6U, G
4 0.91 AU, 2AC, 9C, 7U, G
6 1.20 A4U, A2U, A2C, 7C, 6U, G
7 1.25 2AU, 3AC, 9C, 7U, G
9 1.25 A3U, A2C, AU, AC, 5C, 3U, G
10 0.86 A4C, A2U, 2AU, AC, 5C, U, G
12 0.57
13 0.71 2A3C, 7C, 3U, A2G
14a 1.00 AXC, 2AC, 7C, 3U, G
14b 0.79 A2U, A2C, 2AU, 3AC, 8C 4U, G
15 1.06 2AU, AC, 9C, 4U, AG
17 0.78 A3C, A2C, AU, AC, 9C, 8U, 2G
18 1.20 2A3C, 2A2U, 2AU, AC, 19C, 16U, AG, 2G
19 1.17 A2C, 2AU, 2AC, 4C, 6U, AG
21 0.90 A3C, 2AU, 4C, 6U, AG
22a 1.08 2AC, 7C, 7U, A2G
22b 1.05 2AC, 8C, 7U, AG
24 1.03 AXC, AU, AC, 9C, 4U, AG
27 1.54 2A4N, A2C, 2AU, 2AC, 2C, 2U, 2G
29 1.03 3AU, AC, 3C, 3U, G
30 0.86
35 0.68 A2U, 2A2C, 4C, 2U, AG
37 1.10 AC, 8C, 3U, G
42 1.28 AC, 6C, 3U, G
46b 1.0 AU, 2C, 7U, A4G
50b 1.18 AC, 3C, 6U, G

(B) Mo-MuLV83 unique
A3 0.07 A2C, 2AU, AC, 7C 2U, G
A5 0.15 A2U, AU, 14C, 3U, G
All 0.19 2A2C, AC, 9C, 2U, G
A16 0.35 7C, 2U, A4N
A20 1.30 A2U, AC, 5C, 6U, A2G
A25 0.39 A2C, 3AC, 7C, 3U, AG
A26 0.37 A4N, A3C, 2AC, 6C, 5U, G
A31 1.03
8 0.63 2A2C, 2AC, liC, 3U, G
a [3H]Mo-MuLV RNA (3 x 10' cpm) was mixed with [32P]Mo-MuLV&3 RNA (0.5 x 101 cpm). Fingerprinting

was performed as described in the legend to Fig. 1. Ti oligonucleotides were located by the 32p label in the
autoradiography and were eluted from the gel disks (5 mm in diameter) by incubation with 0.5 ml of water (5
jg of RNase A) at 35°C for 18 h. After rinsing the gel disks with another 0.5 ml of water, the combined portions
were counted in Ready-Solv VI (Beckman) with liquid scintillation counter (Beckman). In oligonucleotide no.
1 for example, 3H was 2,115 cpm and 32P was 325 cpm. The 3H-32P ratios were normalized by dividing with the
input 3H-32P ratio of 5.92.

b [32P]Mo-MuLV&3 RNA (14 x 106 cpm) was fingerprinted, and 5-mm disks were excised from the second-
dimension gel. Ti oligonucleotides (20,000 to 5,000 cpm) were eluted by incubation with 0.5 ml of water (30 ug
of yeast RNA) at 40C for 48 h. Portions were removed and gel disks were rinsed with another 0.3 ml of water
(20,ug of yeast RNA). The combined portions were lyophilized. Composition of pancreatic RNase A digests was
analyzed as described by Coffin and Billeter (3). Common oligonucleotides possess compositions similar to those
of Mo-MuLV, clone 1 (6, 14) analyzed by Coffin et al. (unpublished data). Numbers 37, 35, 42 and 50b of Mo-
MuLV were not analyzed. Number 18 is a mixture of three oligonucleotides including two terminally redundant
oligonucleotides.

left lower corner. Autoradiography was carried out with Kodak No-Screen X-ray films for 2 to 4 days at 4°C.
Tl oligonucleotides were identified by superimposition of fingerprints. The unique spots were assigned with
the "A" series number for Mo-MuL V83 and "B" series number for Mo-MuLV except no. 8. The common spots
were designated by the same number. (A) Mo-MuLV83 RNA; (B) sketch of (A); (C) Mo-MuLVRNA; (D) sketch
of (C); (E) equal counts per minute mixture ofMo-MuLVs3 and Mo-MuLVRNA; (F) sketch of (E).
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6 6 mon oligonucleotides, i.e., 12, 18, 35, 27, 14b, 29,
A ff 6, 46b, 15, and 24. In fact, the fingerprints of

0S 5 if5\ 1 5 these two smallest RNA fractions were directly
o superimposable between these two viruses (see
04_<X\ \ tI 4 c Fig. 5G and H). These results strongly indicate

z a substantial region of a common identical se-
< 3 / \\t.38quence at the 3' end of the viral RNA molecules.
, Of special interest to note in the fingerprints of

-J2 f¢/ / \ \ / / 2 < these poly(A)+ RNAs as shown in Fig. 4 and 5 is
E S j N f I J e the concurrent appearance of most of the unique
I Ti oligonucleotides in the 17S or 20S RNA

u ^ fractions. In Mo-MuLV83, there were no unique
0oI Tl spots in the 4S orlOS RNA, but in the 17S5 10 15 20 25 3 12 RNA, most of the unique spots such as A3, All,

c B A20, A25, A16, A31, and A26 were all visible
-0 281s except spots A5 and 8, which were apparently
o2 located close to the 5' end of the RNA molecules.
2 4 _ |\\ ,' - 8 In the Mo-MuLV RNA, unique spots such as
14S Cm B28, B20, B3, B33, B53, B25, B26, B16, Bll, and

3 1 B5 all appeared concurrently in the 20S RNA.
6
t,8 These results indicate clustering of unique spots
nwithin this region of viral RNA. The entire Ti\ oligonucleotide map of these two viral RNAs is

0 seen in Fig. 7. The Ti oligonucleotide order was
soIn DJ A ^\ 3 arranged primarily according to Mo-MuLV83 fin-
u - gerprints, and it was generally in good agreement5 10 5 20 25 30 with results obtained with Mo-MuLV. Some

04ml FRACTION small discrepancy in the order of these two
FIG. 2. Sedimentation of [32P]Mo-MuL VKi and viruses as deduced from present data was most

[3H]Mo MuLVRNA in sucrose density gradients. (A) likely due to experimental uncertainty; these
70S RNA. A confluent culture ofMo-MuL V3on mink oligonucleotides are included within each
cells in a 150-cm2 Falcon flask was labeled with 12 bracket shown in Fig. 7. In Fig. 1, there were a
ml ofphosphate-free medium supplemented with 1.5 total of 51 to 53 large Ti oligonucleotides in size
Ci of [32P]orthophosphate per ml. Mo-MuLV on SC- range between the two dye markers, which rep-
1 cells was labeled with 12 ml of complete medium resented approximately 10% of total RNA se-
with 0.1 Ci of [5-3H]uridine (28 Ci/mmol) per ml for quences. In view of the relatively large number
20 h. A 6-mlportion of[2P]Mo-MuLV83medium and of marker Ti oligonucleotides resolved in the
1 ml of f3H]Mo-MuLV medium were combined, and fingerprints, it is quite reasonable to assume that
viruses were pelleted at 29,000 rpm with a Spinco no marpr ligouleotides asse at30 rotor for 3 h (4°C) through 20%o sucrose in TNE these marker oligonucleotides represent a ran-
buffer (0.01 M Tris, pH 7.4-0.1 M NaCI-1 mM ethyl- dom sampling of the viral genome. There were
enediamine-tetraacetic acid [EDTA]). The virus pel- 10 Ti oligonucleotides immediately adjacent to
let was lysed in 1 ml of 1% sodium dodecyl sulfate the 3' poly(A) termini before any unique spots
and 0.2%o (vol/vol) diethylpyrocarbonate in the TNE became evident; these oligonucleotides repre-
buffer. It was then layered on the 15 to 30% sucrose sented a stretch of approximately 2 kb (10/52
gradient in TNE buffer in an SW41 centrifuge tube. x 10.5) of common nucleotide sequences be-
Centrifugation was at 39,000 rpm for 2.5 h at 20°C. tween these two viruses. In Mo-MuLV83, the
Fractions of 0.4 ml were collected from the bottom of mmon regithe tubes, and 3H or 3P radioactivity was counted noncommonA3 on ranged from oligonucleo-
after precipitation of the RNA with 25% trichloroa- tides A3 to A26 in the map (Fig. 7) and repre-
cetic acid. (B) Subunit RNA. Mo-MuL V8,3 was labeled sented 1.6 kb (8/52 x 10.5) of the genomic RNA.
with 32P]orthophosphate, Mo-MuLV was labeled Similarly, the noncommon region appeared to
with [3H]uridine, and 60 to 70S viral RNA was pre- be approximately 2.2 kb (11/52 x 10.5) in the
pared as in (A). The only exception was that cells Mo-MuLV genome. The calculation appeared to
were first prelabeled overnight and media were col- be more reasonable based on the total number
lected twice at a 4-h interval. [32P]Mo-MuL V&o (53,000 of 52 oligonucleotides seen in Fig. 1 than on the
cpm) and fHH]Mo-MuLV (57,00 cpm) RNA were then 36 to 38 oligonucleotides included in the Fig. 7
combined and heat denatured at 80°C for 2 min in
300 Ml1 of water. It was sedimented in a 15 to 30%o on the same rotor. Fractions of 0.45 ml were collected
sucrose gradient in TNE buffer in an SW41 rotor at from the bottom of the tubes, and 3H or 32P radioac-
39,000 rpm for 6.5 h at 15°C. The f3H]rRNA marker tivity was counted after precipitation with 25% tri-
(65,000 cpm) was sedimented in a parallel gradient chloroacetic acid.
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FIG. 3. Sedimentation profiles of gP]Mo-MuL V83 or [heP]Mo-MuLVRNA fragments from which poly(A)s
RNA has been selected 60 to 705viral RNA samples after heat dissociation at 950C for 30s were sediRented
in a 10 to 25% sucrose gradient (0.01 M Tris [pH 7.21-0.01 M NaCl-1 mM EDTA-0.1% sodium dodecyl sulfate)
at 39/000 rpm in SW41 rotor (200C) for 5.5 or 6.5 h. (A) J12P]Mo-MuL V830RNA (19 x 106 cpm), naturally
degraded. (B) [32P]Mo-MuL V83 RNA (19 X 10r6 cpm) further degraded by Na2CO3 treatment (0.05M at 50'C
for 6 mi). (C) tPJMo-MuLyV RNA (20 X 1O' cpm), naturally degraded. (D) pP]Mot-MuLdVRNA (40 x 10o
cpm) further degraded by Na2CO3 treatment (0.05 Mat 50'C, 2mm). The 3H]rRNA marker was sedimented
in a parallel gradient on the same rotor. RNA fractions were pooled as indicated in the figure and purified
by two cycles of oligo(dT)-cellulose chromatography (17, 23). The recovery of the poly(A)VRNA from the
column was as follows: 26S fr-action, 40%; 22S fr-action 26%; 17S fr-action, 22%; 10S fraction, 5%; and 4S
fraction, 5%.

map, since most of the uncertain spots not in- kb accordengto the following formula: molecular
cluded were at the 5' half ofthe RNA molecules. weight = 1,550 - S2_1 (18, 23).
Figure 9 shows schematic structures of these two Hybridization of cDNASFFV to Mo-MuLV83
viral genomes. The common olgonucleotides RNA. In an attempt to relate the noncommon
such as no. 42 located within the substituted sequences detected in Mo-MuLV83 to the xeno-
region may represent some conserved sequences tropic sequences incorporated into the Friend
in this portion of viral genome among MuLV's. strain of the SFFV, [32p]Mo-MuLV8 RNA was
The lone noncommon oligonucleotides A5 and hybridized to cDNASFFV and subsequently
8 of Mo-MuLV83 located at the 5' part of viral treated with a combination of pancreatic RNase
RNA were most likely due to minor base varia- A and RNase Ti. The protected [32p]Mo_
tion between these two viruses, which were MuLV83 RNA was fingerprinted. Figure 8 shows
cloned from separate stocks of Mo-MuLV. the cDNASFFV-protected spots remaining in the
The location of noncommon sequences from fingerprint. By superimposition with a finger-

approximnately 2 to 3.6 or 4.2 kb away from the print of the total [32P]Mo-MuLV83 RNA ob-
3' end as deduced from distribution of marker tained in parallel, one of the most intense spots
oligonucleotides was in good agreement with the overlapped with no. All. A faint presence of
first concurrent appearance of these unique A25, A16, and A31 was also visible in the original
spots in the 17S or 20S poly(A)' RNA fraction. autoradiograph. In addition to these unique
The molecular length of the 18S RNA was 2.1 spots, some common oligonucleotides were also
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FIG. 4. Fingerprints of Mo-MuLV83 poly(A)+ RNA fragments of different sizes. Poly(A)+ RNA fragments
pooled andpurified by oligo(dT)-cellulose chromatography as shown in Fig. 3A andB were fingerprinted. (A)
Total RNA without oligo(dT)-cellulose selection, 700,000 cpm. (B) 26S fraction (Fig. 3A), 464,000 cpm. (C) 22S
fracticn (Fig. 3A), 460,000 cpm. (D) 1 7S fraction (Fig. 3A), 442,000 cpm. (E) 10S fraction (Fig. 3B), 192,000 cpm.
(F) 4S fraction (Fig. 3B), 149,000 cpm. Autoradiography was for 3 to 4 days. Oligonucleotides that were
strongly present in each fingerprint were numbered.

visible, probably due to contamination by helper poly(A)+ RNA fragments of Mo-MuLV83.
leukemia viral sequences in this cDNA prepa- cDNASFFv hybridized more rapidly to the 18S
ration used in the present hybridization experi- and 26S than to the 35S, 12S, and 4S RNA
ment. The lone noncommon spots A5 and 8, fractions. As seen above, the cDNASFFV-pro-which were located at the 5' half, were not tected unique spots all appeared concomitantly
among those protected by cDNASFFV. Thus, it is in the 17S poly(A)+ RNA of [32P]Mo-MuLV83
most likely that the clustered unique spots ex- RNA.
tending from A3 to A26 represent the sequences
complementary to cDNASFFv and are the por- DISCUSSIONtion of the xenotropic sequences recombined
with the Mo-MuLV RNA. The present obser- A detailed genetic map of mammalian RNA
vation agrees extremely well with earlier hybrid- tumor viruses is still lacking. In the present
ization studies of cDNAsFFV to various-size paper, we have exploited the broadened host
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FIG. 5. Fingerprints of Mo-MuLV poly(A)+ RNA fr-agments of different sizes. Poly(A)' RNA fr-agments
pooled andpurified by oligo(dT)-cellulose chromatography as shown in Fig. 3C and D were fingerprinted. (A)
Total RNA without oligo(dT) -cellulose selection (1.5 x PP' cpm). (B) 268 fraction (Fig. 3C), 400,000 cpm. (C)
238 fr-action (Fig. 3C), 300,000 cpm. (D) 208 fraction (Fig. 3D), 500,000 cpm. (E) 138 fraction (Fig. 3D), 500,000
cpm. (F) 68 fr-action (Fig. 3D), 250,000 cpm. Fingerprint of an 188 fraction (Fig. 3C) without Na2CO3 treatment
was very similar to that of the 208 fraction (Fig. 3D) degraded by Na2CO3 (data not shown). Autoradiography
was for 1 to 4 days. (0) Superimposition of fingerprints of the 138 Mo-MuLVRNA (this figure) and 108S MO-

MuLV83 RNA (Fi~g. 4E). (H) Superimposition offingerprints of the 68 Mo-MuLVRNA athis figure) and the 48
Mo-MuL V83 RNA (Fig. 4F). Oligonucleotides that were strongly present in each fingerprint were numbered.
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FIG. 6. Relative recovery of Tl oligonucleotides in the second-dimension gels. The relative molar yield of
the major spots in the second-dimension gels was determined by the ratio of counts per minute ofgel disks (8
or 6 mm in diameter) of the gels of various poly(A)J RNA fragments relative to those ofgel disks excised from
corresponding spots of the control total RNA gels (Fig. 4A and 5A). The ratio of radioactivity (relative molar
yield) presented in this figure was not normalized to the absolute molar ratio. The order of Tl oligonucleotides
was arranged according to the decreasing relative molar yield. (A) IlOS Mo-MuL Vs3 RNA fraction (fingerprint,
see Fig. 4E). (B) 17S Mo-MuLVs3 RNA fraction (fingerprint, see Fig. 4D). (C) 13S Mo-MuLV RNA fraction
(fingerprint, see Fig. 5E). (D) 20S Mo-MuLVRNA fraction (fingerprint, see Fig. 5D).

TI Olinonuclcotide Map of Plo-MuLtg'n and Mo-NluLV RNAs

St

Mo-MuLV83 18 22a 13 1 14a(a)2 SOb 4 10r)37 9 1171 7 19 21 22b [301

Nlo-MuLV 18 22a 13 1 14a 2 SOb 4 10(D37 9 17 7 19 21 22b (301

| .9.. ) 42 06 I24] IS 46b 6 29 14b [27] 35 112] 18 - Poly(A)

*F1___1 ~~~~~~~~~~~~~~II II
(f 42 3) 39 8 24 15]46b16 29 14b 271 35 12 18 - Poly(A)

FIG. 7. Ti oligonucleotide map ofMo-MuL V83 and Mo-MuLV 70S RNA. The order of Ti oligonucleotides
in the map was deduced by a two-step procedure described in the text involving visual inspection of
fingerprints in Fig. 4 and 5 and determination ofthe relative molaryield of Ti oligonucleotides in the second-
dimension gels (Fig. 6). In Mo-MuL V83 RNA, the order was arranged as follows: no. 18 to 35 by the 4S RNA;
no. 27 to 46b by the 10S RNA; no. 15 to A26 by the 17S RNA; and no. 30 to 22a by the 22S RNA. The terminally
redundant no. 18 was by Coffin and Haseltine (unpublished data). The orderpresented wasprimarily deduced
from Mo-MuLV83 fingerprints, and the common oligonucleotides with slight variation in order found in Mo-
MuLV fingerprints are included in the brackets. The accuracy of the location of a few Mo-MuL V83 oligonu-
cleotides in brackets may be less than that of others due to impurities found in composition analysis (Table
1). All the unique oligonucleotides between these two viruses are circled.

range and changes in the env gene function of a oligonucleotides of Mo-MuLV83 and Mo-MuLV
recombinant virus between Mo-MuLV and a RNA, it became apparent that the genomic
xenotropic virus in an attempt to map the loca- RNA of these two viruses shared 42 out of 52 Ti
tion of env gene within the Mo-MuLV genome. oligonucleotides, indicating that approximately
By studying fingerprints of RNase Tl-resistant 80% of the viral genome is composed of the same
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FIG. 8. Hybridization of cDNAsFFv to 32PIMo-MuLVw3 RNA. 'H]cDNAsFFv (1 x lit cpm, ca. 0.1 jg) was
hybridized to 2P]Mo-MuLVs3RNA (2.4 x 1itcpm, ca. 1 Ag) in 50,1u of0.5M NaCI-0.05MTris-hydrochloride
(pH 7.2) at 65°C for 20 h. In addition, 22 pg of unlabeled F-MuLV RNA was included to suppress the
background hybridization of the helper leukemia viral sequences. At the end of incubation, the unhybridized
[32P]RNA was digested with a mixture of RNase A (5 pg) and RNase Tl (4 U) at 37°C for 30 min. After
inactivation ofRNase by 0.2% diethylpyrocarbonate, the digestedRNA was then removed bypassage through
a Sephadex G75 column. The protected P2P]Mo-MuLV83 RNA was pooled from the void fractions. The
f32P]-RNA-cDNA hybrid was extracted by phenol-chloroform (50:50) and was precipitated by 2.5 volumes of
ethanol. After dissolving the RNA hybrid in 150 td of water, it was dissociated by heating at 95°C for 30 s and
lyophilized. After further digestion with 10 Id of RNase Ti solution (11 U) at 35°C for 30 min, the protected
32P-labeled oligonucleotides were fingerprinted. The trichloroacetic acid-precipitable p2P]RNA remaining
after hybridization and digestion with RNase A and Tl was about 5% of the total input as deternined by a
2% portion of the sample. Autoradiography was for 17 days at 4°C.

nucleotide sequences. The total length and com- slightly by ecotropic viruses (21). It is possible
plexity of these two viral RNAs also appeared that the env gene region includes part of the
to be the same. A cluster of 7 (in Mo-MuLV83) homologous region.
or 10 (in Mo-MuLV) unique Ti oligonucleotides There still is no direct evidence for the loca-
were mapped approximately 2 to 4 kb from the tion of other genetic functions of MuLV. How-
3' end of the viral RNA. Most likely, this is the ever, the observation that in vitro translation
location of the env gene region of the Mo-MuLV products of the intact viral RNA are predomi-
genome. However, with our present results we nantly of the gag gene products suggests the 5'
are unable to conclude whether this nonhomol- location ofthegag gene, assuming that the other
ogous region alone represents the env gene or internal initiation sites are silent (8, 14). This is
whether the gene border actually spans across also consistent with the faster hybridization ki-
this region and includes neighboring portions of netics of cDNAgg to the longest poly(A)-con-
the homologous sequences. The interference taining RNA fragments than with the hybridi-
pattern in virus infection shows that Mo- zation kinetics of cDNAsFFv or cDNA3', which
MuLV83 is interfered with by xenotropic and detects portions of the genome closer to the 3'
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FIG. 9. Comparison of the physical gene map of recombinant viruses derived from Mo-MuLV. The

molecular length ofMo-MuLVgenomic RNA of 10.5 kb including the poly(A) tract is as described by Hu et al.
(11). The blank blocks of Mo-MuLVs3 and Moloney sarcoma virus (Mo-MuSV) indicate the homologous
sequences of the parent Mo-MuLV retained in these derivatives, and the hatched blocks describe the new
sequences acquired by Mo-MuLV and Mo-MuS V. (- - - -) Parental regions deleted in Mo-MuSV. The location
of env gene is deduced from present results, and the location ofgag and pol is inferred from other evidence
discussed in the text. The Mo-MuSVmap is reproduced from the heteroduplex data by Hu et al. (11).

end (21). The Pr65 gag precursor (19) spans 2 cluster of unique spots of Mo-MuLVas. In an-
kb in the nucleotide map. The location of the other experiment, cDNASFFV hybridized more
pol gene immediately after the gag gene is sug- rapidly with the 18S and 26S fraction of poly(A)+
gested by the occasional readthrough of the gag RNA fragments of Mo-MuLVs3 than with the
gene resulting in a gag-pol precursor with an 35S, lOS, and 4S fractions. Most of the unique
approximate molecular weight of 200,000 (12). spots concurrently appeared in the fingerprints
The Pr75RT precursor (12) requires at least 2.2 in these fractions. These two observations
kb of coding capacity in the map. A tentative strongly indicate that the same homologous por-
genetic map of Mo-MuLV is depicted in Fig. 9, tion of the xenotropic virus genome has under-
with the gene order in the 5' to 3' direction of gone recombination with Friend type C helper
gag-pol-env-poly(A). It is of interest to compare virus in the formation of SFFV, or with Mo-
the present results with the heteroduplex map- MuLV in the formation of Mo-MuLV83, or with
ping data (11) of an S+L- Moloney sarcoma AKR MuLV in the formation of AKR-MCF
virus, which retains the gag gene product P30 virus. In other words, the recombination appears
but lacks complete polymerase and envelope to involve the same portion of the env gene
gp7O (15, 16). In the map, most of the pol and region, and cDNASFFV is a probe detecting the
env gene regions have been deleted. The substi- env gene region of xenotropic viruses. In AKR-
tuted sarc sequences could have been derived MCF virus, the envelope glycoproteins have
from the env gene region of a yet unidentified been shown to be recombinant molecules of
parental endogenous mouse virus. The genetic ecotropic and xenotropic origin (6).
map of Rous sarcoma virus as deduced by fin-
gerprint studies of the viral RNA is as follows: ACKNOWLEDGMENTS
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