JOURNAL OF VIROLOGY, Apr. 1978, p. 143-152
0022-538X/78/0026-0143$02.00/0
Copyright © 1978 American Society for Microbiology

Vol. 26, No. 1

Printed in U.S.A.

T1 Oligonucleotide Maps of N-, B-, and B — NB-Tropic

Murine Leukemia Viruses Derived from BALB/c

DOUGLAS V. FALLER anp NANCY HOPKINS*

Department of Biology, Center for Cancer Research, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139
Received for publication 14 October 1977

We previously described and characterized RNase T1 RNA fingerprints of an
N-, a B-, and five B — NB-tropic murine leukemia viruses derived from BALB/c
mice (Faller and Hopkins, J. Virol. 23:188-195, 1977, and J. Virol. 24:609-617,
1977). These viruses share the majority of their large RNase T1-resistant oligo-
nucleotides, but each possesses some “unique” oligonucleotides relative to the
others. We have ordered the large T1-resistant oligonucleotides of the N-, the
B-, and one NB-tropic virus relative to the 3’ end of their genomes to obtain
oligonucleotide maps. These maps indicate that (i) the large T1 oligonucleotides
shared by the N-, B-, and NB-tropic viruses probably occupy the same relative
positions on their genomes; (ii) the 14 T1 oligonucleotides that differ between the
N- and B-tropic viruses are derived from regions scattered along the genomes;
and (iii) an oligonucleotide that is present in five NB-tropic viruses but not in
their B-tropic virus progenitors lies toward the 5 end of the NB-tropic virus

oligonucleotide map.

Both N- and B-tropic leukemia viruses can be
obtained from BALB/c mice. N-tropic virus can
be induced from cultured BALB/c fibroblasts
with BUdR (1) or can be obtained from extracts
of spleens of nondiseased mice (8, 9). B-tropic
virus can be obtained from extracts of spleens of
adult nondiseased mice and from spontaneous
or chemically induced tumors of BALB/c (9,
20). Genetic evidence combined with hybridiza-
tion studies indicates that a single locus specifies
the inducibility of N-tropic virus in the BALB/c
mouse and that this locus is probably integrated
proviral DNA (22, 26). On the basis of further
analysis of this type, Aaronson and Stephenson
and their collaborators have recently suggested
that the B-tropic virus of BALB/c may either
be specified by genes linked to the N virus-
inducing locus, or, alternatively, may be derived
from the N-tropic virus, perhaps by mutation,
recombination, etc. (22). Consistent with this
hypothesis, the genomes of N- and B-tropic vi-
ruses of BALB/c were found to be >90% ho-
mologous by hybridization analysis (2, 22), and
we have shown that fingerprints of the RNA of
an N- and a B-tropic isolate derived from the
spleen of an adult BALB/c mouse are very sim-
ilar: they share approximately 30 of 36 to 38
large T1-resistant oligonucleotides (6).

NB-tropic viruses can be derived from B-
tropic viruses by forced passage of the B-tropic
virus through nonpermissive Fv-1" mouse cells
in vitro (14, 18). We reported previously that

five NB-tropic viruses obtained by forced pas-
sage of B-tropic virus of BALB/c through NIH
Swiss fibroblasts are genetically very similar to
their B-tropic virus progenitors as determined
by RNA fingerprinting (5): the B- and NB-tropic
viruses share 33 to 34 out of 35 to 36 of their
large RNase T1-resistant oligonucleotides. How-
ever, these NB-tropic viruses possess a (com-
mon) new oligonucleotide relative to their B
virus progenitor and have all lost one (and the
same) B virus oligonucleotide. The possibility
existed that these changes might be related to
the genetically stable change from B- to NB-
tropism.

Our motivations in using RNA fingerprinting
to analyze the genomes of N-, B-, and NB-tropic
viruses of BALB/c have been twofold. (i) Our
first motive was to obtain physical markers for
the phenotypic and biochemically defined differ-
ences that have been demonstrated between
these viruses. The new oligonucleotide in NB-
tropic viruses is potentially one such marker for
NB-tropism. The particular N- and B-tropic iso-
lates studied, designated SP-N (11) and LP-B
(11, 15), respectively, differ in their tropism (9,
17, 21), XC plaque morphology (24), electropho-
retic mobility of three virion proteins (p15, p30,
and gp70) (25), and ability to induce the Gix
antigen (27) on infected cells (12, 19). Because
we have isolated recombinants between SP-N
and LP-B (6, 12, 14, 25), the oligonucleotides
that are unique to SP-N versus LP-B are poten-
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tially useful physical markers for these differ-
ences. (ii) Our second motive was to investigate
relationships between the genomes of endoge-
nous viruses.

For these purposes it is necessary to know as
precisely as possible the physical position on the
genomes of the oligonucleotides that differ be-
tween N-, B-, and NB-tropic viruses. As a first
step in this direction, we have ordered the large
RNase T1-resistant oligonucleotides of these vi-
ruses relative to the 3’ end of the viral RNA by
using methodology similar to that established
by Duesberg and his collaborators (28) and by
Coffin and Billeter (3) in analogous studies with
avian type C viruses. Here we present the oli-
gonucleotide maps obtained from these experi-
ments and consider these maps in terms of the
objectives outlined above.

MATERIALS AND METHODS

Cells and viruses. The origin and methods of
propagation of the SP-N (11), LP-B (14, 15), and NB-
tropic (14, 5) viruses have been described. Briefly, SP-
N and LP-B are clonal isolates derived, respectively,
from N- and B-tropic viruses obtained from the spleen
of a single nondiseased adult BALB/c mouse. SP-N
virus used in these studies was obtained from chroni-
cally infected NIH/3T3 cells, LP-B and NB-tropic
(NB-ES-clone 745) viruses from chronically infected
BALB/3T3 cells. The particular cell line (NIH/3T3,
BALB/3T3, or Sc-1) used to obtain *P-labeled viral
RNA has not been found to affect the T1 fingerprint
of the N-, B-, or NB-tropic viral RNAs (5 and unpub-
lished data).

RNA preparation and fingerprinting. These
procedures have been described in detail previously,
as have the techniques used to identify and character-
ize the oligonucleotides (5). Quantitation of the radio-
activity in the excised gel disks containing the oligo-
nucleotides was determined by Cerenkov counting of
the disk or by scintillation counting of the disk after
addition of 5 ml of 89% toluene-based scintillation fluid
(Econofluor, New England Nuclear Corp.)-10% Pro-
tosol (New England Nuclear Corp.)-1% water and
heating to 60°C for 4 h.

Partial fragmentation of viral RNA. The pro-
cedure described by Coffin and Billeter (3) was used.
Briefly, RNA samples were adjusted to 400 pg of
RNA/ml of water with carrier RNA and heated to
50°C. NazCO; was added to 0.05 M, and the solution
was incubated at 50°C for the desired length of time.
The hydrolysis was stopped by the addition of Tris-
hydrochloride (pH 7.5) to 0.1 M. The solution was
then either precipitated with 2 volumes of ethanol or
layered directly on a 15 to 30% sucrose gradient as
described previously (5) and centrifuged in a Beckman
SWA41 rotor for 5 h at 36,000 rpm, 20°C. Fractions (0.4
ml) of the gradients were collected, and the appropri-
ate fractions were pooled. A 100-ug amount of carrier
RNA was added to each sample of pooled **P-labeled
RNA along with 2 volumes of ethanol, and the samples
were stored at —20°C.

Selection of poly(A)-containing fragments. For
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selection of polyadenylic acid [poly(A)]-containing
fragments, chromatography on polyuridylic acid
[poly(U)]-Sephadex was performed essentially as de-
scribed by Coffin et al. (4). Briefly, columns of 0.2-ml
bed volume were equilibrated with NaCl-Tris-sodium
dodecyl sulfate (SDS) buffer (0.5 M NaCl-10 mM
Tris-hydrochloride [pH 7.5]-0.2% SDS). RNA samples
were dissolved in 250 ul of a buffer containing 20 mM
Tris-hydrochloride (pH 7.5)-5 mM EDTA-0.2% SDS,
heated in a boiling-water bath for 30 s, cooled, and
adjusted to 0.5 M NaCl. The sample was allowed to
flow into the column, and the column was washed with
2 ml of NaCl-Tris-SDS buffer. A 1-ml amount of 90%
formamide-50 mM Tris-hydrochloride (pH 5.5)-0.5%
SDS was used to elute the bound RNA. This bound
fraction was precipitated by the addition of 100 ug of
carrier RNA, EDTA to 50 mM, and 2 volumes of
ethanol.

Ordering of the oligonucleotides. The technique
used to order the oligonucleotides with respect to each
other and to the [poly(A)-containing] 3’ terminus of
the genome is essentially the same as described by
Wang et al. (28). 32P-labeled 35S viral RNA was de-
graded into fragments of various sizes by treatment
with alkali, or the natural radioactive decay of the 3P
was allowed to fragment the RNA. The poly(A)-con-
taining fraction of this fragmented RNA is enriched
for those oligonucleotides that lie closer to the 3,
poly(A)-containing terminus. The radioactivity of
each oligonucleotide was quantitated (see above) in
fingerprints of fragmented poly(A)-terminated RNA,
and oligonucleotides were ordered by plotting them
according to their increasing relative molar yields as
a function of increasing distance from the 5’ end of the
map.

We found, however, that the slope of such a plot
using fragmented RNA of a large heterogeneous size
distribution was often too shallow to effectively order
the oligonucleotides. More accuracy and steeper slopes
were achieved by selecting smaller size distributions
of the fragmented RNA by velocity sedimentation
before poly(A) selection and fingerprinting each of
these more homogeneous fractions separately.

Before determination of molar yield, the radioactiv-
ity of each oligonucleotide was normalized to correct
for the effect of the oligonucleotide chain length on
the total radioactivity present. By using a fingerprint
prepared from 70S RNA, the normalization factor for
each oligonucleotide was established by determining
the ratio of the radioactivity in that oligonucleotide to
the radioactivity in a “reference” oligonucleotide (usu-
ally oligonucleotide 14, see Fig. 1 and 6) that was
known to lie near the 3’ terminus of the genome. The
molar yield of each oligonucleotide from each finger-
print of size-selected, poly(A)-containing RNA was
then determined by expressing the ratio of radioactiv-
ity in that oligonucleotide to the radioactivity of the
reference oligonucleotide (which should always be
present in molar amount) and dividing by the normal-
ization factor. The molar yield was expressed as a
percentage of one molar yield.

Limitations of the methods of T1 RNA finger-
printing and oligonucleotide mapping in these
studies. T1 RNA fingerprinting has the disadvantage
that the large RNase Tl-resistant oligonucleotides
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appearing in a fingerprint represent only a small frac-
tion (approximately 5%) of the viral genome. Thus,
considerable differences in sequence between viruses
may go undetected, and it is quite possible that one
may not have T1 oligonucleotide markers for biologi-
cal properties of interest.

When considering the implications of the oligonu-
cleotide maps presented here, the following limitations
of the method of mapping employed should be kept in
mind. (i) Comparison of the results obtained in inde-
pendent experiments indicates that in general the
relative positions of adjacent oligonucleotides should
only be considered accurate to within +1 to 2 oligo-
nucleotides and that, as expected, the inaccuracy of
oligonucleotide positions is greater for oligonucleotides
located toward the 5’ end of the genome (2 to 3
oligonucleotides). (ii) An oligonucleotide map does not
necessarily reflect physical distances accurately: only
if the oligonucleotides were distributed perfectly
evenly along the genome would numbers of oligonu-
cleotides accurately reflect lengths of RNA. However,
it should be noted that experiments designed to detect
extreme divergence from a random, even distribution
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of T1-resistant oligonucleotides along the genome (un-
published data; 27; and Coffin, personal communica-
tion) indicate that extreme deviations may not be
common and that approximate physical positions of
oligonucleotides based on the assumption of an even
distribution are not, in general, misleading.

RESULTS

Background. For the purpose of this discus-
sion, we have reproduced the (previously pub-
lished) fingerprints of SP-N, LP-B, and an NB-
tropic virus derived from the B-tropic virus of
BALB/c in Fig. 1 and 2 (5, 6). The diagrams of
the fingerprints of SP-N and LP-B are drawn so
as to indicate which oligonucleotides are shared
by these two closely related viruses (open circles,
Fig. 1C and D), which are present in SP-N but
not LP-B (black circles, Fig. 1C) and which are
present in LP-B but not SP-N (cross-hatched
circles, Fig. 1D). Note that spot 12 of SP-N is
represented as a half-black, half-open circle in

LP-B

Fi1G. 1. Autoradiograms (fingerprints) of RNase T1-resistant products from 3*P-labeled 70S RNA of SP-N
and LP-B after two-dimensional gel electrophoresis. T1 RNA fingerprints of (A) SP-N and (B) LP-B viral
RNAs and diagrams of the fingerprints of (C) SP-N and (D) LP-B (6). Large T1-resistant oligonucleotides
that are present in molar amount (except spots 12 of SP-N and 35 of LP-B, which are present in twice molar
amount) are numbered in the diagrams (as in reference 6). Open circles represent oligonucleotides that are
present in fingerprints of both SP-N and LP-B. Black circles in C represent oligonucleotides present in SP-N
but not LP-B; cross-hatched circles in D represent oligonucleotides that are present in LP-B but not SP-N.
See text for explanation of symbols representing spots 12 of SP-N and 35 of LP-B. Arrows in C and D indicate
direction of migration in first and second dimensions of the gel electrophoresis. “XC” and “B” indicate
positions of dye markers xylene cyanol FF and bromophenol blue, respectively.
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B

[ NB-tropic virus
I

Fic. 2. T1 RNA fingerprint of an NB-tropic virus derived from the B-tropic virus of BALB/c. Open circles
in the diagram (B) of the fingerprint (A) represent oligonucleotides that are shared by the NB-tropic virus
and LP-B virus. The black circle represents an oligonucleotide found in five NB-tropic viruses but not in their
B-tropic virus progenitors (5). Arrows, XC, and B as in Fig. 1.

Fig. 1C, and spot 35 of LP-B is represented by a  LP-B and one of which is found only in the virus
half-open, half-cross-hatched circle. Each of possessing the “doublet” spot. (Thus, spot 12 of
these spots consists of two oligonucleotides that SP-N contains two oligonucleotides designated
comigrate, one of which is common to SP-N and 12 and N-12, and spot 12 of LP-B contains only
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oligonucleotide 12. Spot 35 of LP-B contains
oligonucletoides 35 and B-35, and spot 35 of SP-
N contains only oligonucleotide 35.)

The diagram of the NB-tropic virus is drawn
so as to emphasize which oligonucleotides are
shared with the B-tropic progenitor of this virus
(open circles, Fig. 2B) and which oligonucleotide
is new in the NB virus (black circle, Fig. 2B).
(Note that the NB-tropic virus possesses oligo-
nucleotide 35 but lacks B-35 [5].)

Results of a typical experiment used to
construct an oligonucleotide map. Oligo-
nucleotide maps of SP-N, LP-B, and an NB-
tropic virus. The technique used to order the
oligonucleotides with respect to one another and
to the poly(A)-containing 3’ terminus of the
genome is essentially the same as that described
by Wang et al. (28) with the modifications de-
scribed in detail above. The procedure is illus-
trated by the results of a typical experiment.

Approximately 20 X 10° cpm of 3?P-labeled
70S viral RNA was prepared from NIH/3T3
cells chronically infected with SP-N virus. One
portion of RNA was retained for T1 digestion
without further treatment. Remaining portions
were denatured and then either layered on a
sucrose gradient or subjected to alkaline hydrol-
ysis and layered on gradients. Figure 3 shows
typical sedimentation profiles of heat-denatured
untreated (Fig. 3A) and alkali-treated (Fig. 3B)
32P.labeled RNA. The regions of the gradients
designated fractions I, II, and III were pooled.
Poly(A)-terminated RNA in each fraction was
bound to a poly(U)-Sephadex column, eluted,
and digested with RNase T1, and a fingerprint
was prepared. Figure 4A, C, and D shows finger-
prints of poly(A)-selected RNA from fractions I,
II, and III, respectively. (Figure 4B is a finger-
print obtained from an independent mapping
experiment. See legend to Fig. 4.) Figure 5A
through C shows a plot of the relative molar
yields of the oligonucleotides in the fingerprints
of RNA obtained from fractions I, II, and IIIL It
is apparent from Fig. 5 that only those oligonu-
cleotides that fall on a steep gradient of molar
yield (regions denoted by bars in Fig. 5) can be
ordered relative to one another from this one
experiment. (This includes most of the oligonu-
cleotides between positions 1 and 6 in fraction I
[Fig. 5A], 14 through 24 in fraction II [Fig. 5B],
and 28 through 31 in fraction III [Fig. 5C].) If
one repeats this experiment using different ex-
tents of alkaline hydrolysis and selects different
size classes (sucrose gradient fractions) of RNA,
then one can obtain a steep gradient of molar
yield over nearly all regions of the genome and,
thus, arrive at an oligonucleotide map. Data
from four experiments were pooled to obtain the
oligonucleotide map of SP-N (Fig. 6A). The
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F1G. 3. Velocity sedimentation profiles on sucrose
gradients of untreated and alkali-degraded **P-la-
beled heat-denatured SP-N RNA. **P-labeled 70S
RNA of SP-N virus was heat-denatured and divided
into portions. One portion was layered on a sucrose
gradient (A), and one was subjected to alkali-frag-
mentation (2.5 min, conditions as described in the
text) and layered on a gradient (B). *H-labeled cel-
lular RNA species were used as markers. Fractions
of 0.4 ml were collected from the bottom of the gra-
dients, and their radioactivity was quantitated by
Cerenkov counting. Indicated fractions were pooled
to yield fraction I (A) and fractions II and III (B).
Poly(A)-terminated RNA in fractions I, II, and III
was selected by chromatography over poly(U)-Seph-
adex. The percentage of radioactivity in fractions I,
II, and III that bound to poly(U)-Sephadex is indi-
cated.

same technique was used to establish an oligo-
nucleotide map of NB-tropic virus (six experi-
ments, three different hydrolysis times [Fig.
6B]). Because two independent experiments in-
dicated that the oligonucleotides shared by the
NB-tropic virus and LP-B lie in the same rela-
tive positions on the genomes of these viruses,
we did not attempt to construct an accurate map
of LP-B using multiple alkali fragmentation
times for the RNA. The “crude” map of LP-B
obtained from two experiments is shown in Fig.
6C.

We draw the following conclusions from Fig.
6; (i) oligonucleotides that are shared by the N-,
B-, and NB-tropic viruses lie in the same posi-
tions on the genomes of these viruses; (ii) the
new NB-oligonucleotide, NB-34, lies towards the
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Fic. 4. T1 RNA fingerprints of fragmented poly(A)-containing SP-N RNA. (A), (C), and (D) are fingerprints
of poly(A)-containing SP-N RNA obtained from the fractions I, II, and III, respectively, indicated in Fig. 3A
and B. The fingerprint in B was obtained in a different experiment from RNA whose average size was
intermediate between that of fractions I and II. It is included to show how use of different size classes of RNA
allows oligonucleotide mapping over different regions of the genome. Oligonucleotides that lie further from
the 3 end of the genome can be seen to fade in intensity in fingerprints of smaller size classes of poly(A)-
selected RNA: oligonucleotide 27 is relatively near the 5' end of the oligonucleotide map and has faded in (A)
and disappeared in (B); oligonucleotide 14 is very near the 3 end of the oligonucleotide map and persists in
D. Quantitation of the radioactivity present in each oligonucleotide of each fingerprint (see text) is necessary
for accurate ordering of oligonucleotides but is in agreement with cruder visual estimations. (Note that when
making visual estimations it is necessary to recall that oligonucleotides near the bottom of a fingerprint are
larger and, thus, their spots are darker than those of oligonucleotides present in equal amount that lie near
the top of the fingerprint,) Note that the fingerprint of poly(A)-selected fraction I RNA (A) appears almost
indistinguishable from the fingerprint of 70S RNA of SP-N virus (Fig. 1A); however, careful visual observation
and quantitation reveal that several spots have faded in this fingerprint. We noted previously the (variable)
presence in fingerprints of 70S viral RNAs of spots that are not present in molar amount relative to the
oligonucleotides presumed to be derived from the viral genome (6). One such spot can be seen in several of
these fingerprints [see arrow in (A)]. The origin of these “contaminant” spots is unknown (6).

5 end of the genome; and (iii) oligonucleotides
unique to SP-N versus LP-B are derived from
regions scattered along the length of the genome
of these viruses.

Determining approximate oligonucleo-
tide map positions for oligonucleotides N-
12 and B-35. Because oligonucleotide mapping
relies on accurate quantitation of the radioactiv-
ity present in each oligonucleotide, in general
only oligonucleotides that appear as well-sepa-
rated spots in a fingerprint are amenable to
being ordered. However, because several lines of
evidence have indicated that oligonucleotides N-
12 and B-35 are associated with the phenotypes
N-tropism and B-tropism (5, 7), it became of
interest to attempt to map these oligonucleo-
tides, each of which, as noted above, comigrates

with a second oligonucleotide (designated 12 and
35, respectively) that is common to SP-N and
LP-B. (The association of oligonucleotide B-35
with B-tropism is suggested by the facts that [i]
B-35 is missing in fingerprints of NB-tropic vi-
ruses derived from the B-tropic virus of BALB/c
[5] and [ii] B-35 was not present in fingerprints
of 16 N-tropic recombinants between SP-N and
LP-B [7]. The association of N-12 with N-tro-
pism is suggested by the fact that N-12 was
present in all the N-tropic recombinants be-
tween SP-N and LP-B [7].)This objective was
feasible for two reasons. (i) The common oligo-
nucleotides 12 and 35 can be mapped in the virus
that possesses oligonucleotide 12 but not N-12
(LP-B or NB-tropic virus) or possesses 35 but
not B-35 (SP-N or NB-tropic virus) (Fig. 6).
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FiG. 5. Relative molar yields of T1-resistant oli-
gonucleotides in fingerprints of fragmented poly(A)-
containing SP-N RNA. Relative molar yields of the
large unique T1-resistant oligonucleotides in finger-
prints of fragmented poly(A)-selected RNA of differ-
ent size classes were calculated as described in the
text and plotted in increasing amount from left (5’
end) to right (3 end). (A), (B), and (C) show the data
obtained in this way from the fingerprints shown in
Fig. 4A, C, and D, respectively, and thus from the size
classes of RNA designated fractions I, II, and III in
Fig. 3A and B. The region of each graph indicated
by a bar contains a relatively steep gradient of molar
yields, and most oligonucleotides lying within these
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(ii) The products of pancreatic RNase digestion
of oligonucleotide N-12 differ from those of oli-
gonucleotide 12, and similarly, the digestion
products of B-35 differ from those of 35. [The
oligonucleotide represented by spot 12 of LP-B
consists of U, 4C, 3(AC), (A;U), and (A4G), and
spot 12 of SP-N consists of 2U, 7C, 6(AC), (AU),
(AqU), (AsG), and (A4G) (5, 6). This suggests
that oligonucleotide 12 is common to SP-N and
LP-B but that SP-N possesses in addition an
oligonucleotide N-12 that comigrates with oli-
gonucleotide 12 and has the inferred composi-
tion U, 3C, 3(AC), (AU), and (AsG). The oligo-
nucleotide at spot 35 of SP-N or of the NB-
tropic virus yields the secondary digestion prod-
ucts 3U, 6C, 2(A2C), and (AG), whereas spot 35
of LP-B consists of 4-6U, 7C, 4-6(AC), (AU),
2(A2C), and 2(AG) (5, 6). The greater intensity
(counts per minute) of spot 35 in fingerprints of
LP-B and the presence in this spot of secondary
digestion products not found in spot 35 of SP-N
or the NB-tropic viruses implies that spot 35 of
LP-B contains two oligonucleotides, 35 and B-
35, that comigrate. Because of the presence of
only one type of G-containing digestion product
in spot 35 of LP-B and because of our inability
to physically separate oligonucleotide 35 from
the postulated B-35, the existence of B-35 had
remained tentative (6). However, the experi-
ment described below in which the (AC)-rich
component of spot 35 of LP-B was enriched in
non-poly(A)-containing RNA while the second-

regions can be ordered with respect to one another.
“Oligonucleotide number” is that assigned to each
oligonucleotide in Fig. 1C (6).

5 A}
POSITION

12 3 45 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

N N N NN

A | SP-N (2 36 32)21 (27 15) 516 13 7 37 (1 34)(4 24X23 28)25 17
“ N12 >

N N

6 29 11 10 (3 9)12 22 19(18 35)33 26 14 31

27 15)(5 1613 7
€ B35 >

NB B B B B B

B |B-»NB (2 21 34)27 15 516 13 7 (8 4)24(23 28)25 17 11 6 29 32 10 3 9 12 1 22(19 18 35)33 26 14 31
B B B

C| LP-B (2 21 8) (4 2423 28 25(17 11 6(29 32 10)(3 9 12 1X22 19 18)35(33 26 14 31)

Fic. 6. T1 oligonucleotide maps of SP-N, LP-B, and B — NB-tropic viruses. Relative order of the T1
oligonucleotides of (A) SP-N, (B) B— NB, and (C) LP-B viruses with respect to each other and to the 3 end
of the genome. “N,” “B,” and “NB” indicate oligonucleotides unique to SP-N, LP-B, and the NB-tropic virus,
respectively (see Fig. 1 and 2). Those groups of oligonucleotides enclosed within parentheses could not be
unambiguously ordered with respect to one another. The positions of oligonucleotides N12 [in (A)] and B35
[in (C)] could not be accurately determined, but data indicate that they lie within the regions enclosed by the
arrows (see text). Because mapping experiments indicated that the order of T1 oligonucleotides of LP-B virus
was the same as that of the corresponding oligonucleotides of the NB-tropic virus (or SP-N virus), we did not
attempt to construct an accurate map of LP-B (see text). Thus, many of the oligonucleotides in (C) are enclosed
within parentheses. Oligonucleotides shared by the N-, B-, and NB-tropic viruses were assigned the same
map position number because they lie in the same relative order (+ 2 to 3 oligonucleotides) on the genomes of

these viruses.
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ary digestion products identical to those of the
single oligonucleotide 35 were enriched in
poly(A)-containing RNA would seem to provide
good evidence for the existence of B-35 as well
as for the presence of the common oligonucleo-
tide 35 in spot 35 of LP-B.]

We first determined that oligonucleotides N-
12 and B-35 lie considerably to the 5 side of
oligonucleotides 12 and 35 in the oligonucleotide
maps of SP-N and LP-B by showing that the
products of pancreatic RNase digestion of N-12
and B-35 were enriched relative to those of 12
and 35 in fingerprints of non-poly(A)-terminated
RNA (5’ enriched) versus poly(A)-terminated
RNA (3’ enriched) of SP-N and LP-B, respec-
tively (see above). More accurate placement of
oligonucleotides N-12 and B-35 could then be
obtained by analyzing fingerprints of frag-
mented, poly(A)-terminated RNA in which
spots 12 (of SP-N) and 35 (of LP-B) approach
the intensity (counts per minute) expected if
only the single oligonucleotides 12 and 35 are
still present in the RNA. At this point, N-12 and
B-35 must have disappeared from the doublets
and thus be located to the 5’ side of the most 5’
oligonucleotides still retained in this size class of
RNA. This analysis (data not shown) indicates
that N-12 and B-35 lie within the 5’ third of the
oligonucleotide maps of SP-N and LP-B, respec-
tively. Recently (23a) it has become possible to
infer the “accurate” oligonucleotide map posi-
tion of oligonucleotide N-12. The N-tropic eco-
tropic viruses, Akv-1 and Akv-2, obtained from
NIH Swiss mice inheriting either the Akv-1 or
Akv-2 virus-inducing locus of the AKR mouse,
yield identical T1 RNA fingerprints and share a
majority of their large RNase T1-resistant oli-
gonucleotides with the N- and B-tropic viruses
of BALB/c (23). In particular, they appear to
possess both oligonucleotides 12 and N-12 of SP-
N. An N-tropic MCF virus (10), apparently a
recombinant between Akv-1 or -2 and an as yet
unidentified, presumably xenotropic-like virus,
has lost oligonucleotide 12 (perhaps via a recom-
bination event) but retains N-12. N-12 lies in the
5’ third of the oligonucleotide map of this MCF
virus at a point corresponding to position 5 (+3
oligonucleotides) on the oligonucleotide map of
SP-N shown in Fig. 6. This result is in agreement
with the approximate position of N-12 deter-
mined as described above.

DISCUSSION

Consideration of the NB-tropic virus oli-
gonucleotide map. The previous observation
that five NB-tropic viruses independently de-
rived from the B-tropic virus of BALB/c acquire
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a common T1-resistant oligonucleotide, NB-34,
and lose the B-tropic virus oligonucleotide,
B-35, had raised the possibility that these
changes might be related to the genetically sta-
ble change from B- to NB-tropism (5). Further-
more, consideration of the products of pan-
creatic RNase digestion of oligonucleotides NB-
34 and B-35 suggested that the disappearance of
oligonucleotide B-35 might be related to the
appearance of NB-34 and that this conversion
could conceivably occur by a single base change
(5). Several lines of evidence, in conjunction,
with the oligonucleotide maps reported here,
support the apparent association of oligonucle-
otides B-35 and NB-34 with B- and NB-tropism
and are at least consistent with the possibility
that B-35 may give rise to NB-34.

(i) Oligonucleotide B-35 was not inherited by
any (of 16) N-tropic recombinants between SP-
N and LP-B and thus might be linked to a (the)
determinant of B-tropism (7). (We have not
isolated B-tropic recombinants.)

(ii) Oligonucleotide NB-34 has not been found
in fingerprints of N- or B-tropic viruses of
BALB/c or in recombinants between SP-N and
LP-B (25 different viruses examined in all) (5, 6,
and unpublished data).

(iii) Oligonucleotides B-35 and NB-34 both lie
within the 5’ third of the oligonucleotide maps
of B- and NB-tropic viruses, and, thus, it is
conceivable that these oligonucleotides are al-
leles.

Two interesting speculations relating this data
to biological observations can be made. (i) If one
assumes that B-35 gives rise to NB-34 and that
this change reflects the genetic alteration re-
sponsible for the change from B- to NB-tropism,
then the fact that conversion of B-35 to NB-34
might be accounted for by a single base change
could explain the ease with which B-tropic vi-
ruses of BALB/c give rise to NB-tropic viruses
in vitro after forced passage through Fv-1" cells
(13, 18). (It should be noted that our data do not
rule out a recombinational origin of NB-tropic
viruses.) (ii) The results of Kashmiri et al. (16)
suggest that NB-tropic viruses lack determi-
nants of N- or B-tropism. The concomitant loss
of oligonucleotide B-35 and the acquisition of
NB-34 in fingerprints of NB-tropic viruses might
be consistent with this observation if B-35 and
NB-34 are associated with B- and NB-tropism,
respectively.

The five NB-tropic viruses whose RNA fin-
gerprints have been examined, as well as three
other NB-tropic viruses derived from clones of
WN1802B by forced passage through NIH/3T3
cells, all possess a p30 with altered electropho-
retic mobility determined by SDS-polyacryl-
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amide gel electrophoresis relative to the p30 of
their B-tropic virus progenitors (13). Although
it is possible that the new oligonucleotide NB-
34 and/or the loss of B-35 reflect an alteration
in the genome that results (directly or indirectly)
in an altered p30 protein, because RNA finger-
printing reveals such a small percentage of the
viral genome it is quite possible that the genetic
changes responsible for the altered p30’s of these
NB-tropic viruses are not revealed in their large
RNase T1-resistant oligonucleotides. (Evidence
for such hidden alterations is provided by the
finding that two NB-tropic viruses with identical
RNA fingerprints possess p15 proteins with dif-
ferent electrophoretic mobilities [5].)

Comparison of the oligonucleotide maps
of SP-N and LP-B. SP-N possesses eight large
T1-resistant oligonucleotides not found in LP-B,
whereas LP-B possesses six T1 oligonucleotides
not found in SP-N. Figure 6 shows that these 14
oligonucleotides are derived from regions scat-
tered along the length of the oligonucleotide
maps (although there are insufficient data to
indicate whether oligonucleotide differences be-
tween the two viruses occur preferentially at
certain positions on the genome). We noted pre-
viously that SP-N and LP-B differ in a number
of biological and biochemically defined proper-
ties. These include tropism (17, 21), XC plaque
morphology (14, 24), the electrophoretic mobil-
ity of three virion proteins (p15, p30, and gp70)
(25), and the presence of Gix antigen on infected
cells (12, 19, 27). From analysis of the RNA
fingerprints of recombinants between SP-N and
LP-B for the inheritance of these 14 N- and B-
specific oligonucleotides, and from the oligonu-
cleotide maps reported here, it has been possible
to assign approximate oligonucleotide map po-
sitions to some of these phenotypic and bio-
chemically defined differences (7).

It is interesting to note the possibility that
some of the oligonucleotide differences between
SP-N and LP-B could be the result of single
base changes or other minor alterations that
occurred during the long tissue culture history
of these viruses. We noted previously that three
B-specific oligonucleotides, B8, B10, and B32,
might be related to three N-specific oligonucle-
otides, N1, N10, and N11, respectively (6). This
possibility was based on two observations. (i)
The products of pancreatic RNase digestion of
B8 and N1, of B10 and N 10, and of B32 and N11
are similar and related in such a way that single
base changes could conceivably cause B8, for
example, to disappear from a fingerprint and to
reappear as N1, etc. (i) The inheritance of B8
and N1, etc., is mutually exclusive among 16
recombinants between SP-N and LP-B. The
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possible relationship of these pairs of oligonucle-
otides receives further (essential) support from
the fact that the members of each pair lie at
similar, and thus potentially allelic, positions on
the oligonucleotide maps. We also noted previ-
ously that three other N-specific oligonucleo-
tides (N32, N34, and N36) were not present in
the RNA fingerprint of N-tropic virus induced
by BUdR from BALB/c cells in culture and,
thus, conceivably could have arisen during tissue
culture passage of SP-N (6). These considera-
tions suggest that RNA fingerprints of some N-
and B-tropic isolates from BALB/c might differ
by even fewer oligonucleotides than the finger-
prints of SP-N and LP-B.

Robbins et al. have obtained evidence that
suggests that B-tropic virus of BALB/c may
be derived from the BALB/c N-tropic virus (22).
A priori it might seem that consideration of the
data in Fig. 6 could rule out at least some mech-
anisms and possibly suggest mechanisms for how
the proposed conversion from N- to B-tropic
virus might occur. However, further considera-
tions, including, for example, those raised in the
previous paragraph, indicate the difficulties in
trying to draw conclusions concerning this hy-
pothesis from the data available to us at present.
Analysis of the RNA fingerprints of a number of
de novo independent isolates of N- and B-tropic
viruses of BALB/c would seem to be a minimum
requirement for such speculations. However, if
the proposal of Robbins et al. (22) is correct, our
data may impose one requirement on its mech-
anism. As noted above, we have obtained genetic
evidence that a (the) determinant(s) of N-tro-
pism resides in the 5’ third of the oligonucleotide
map of SP-N (7). Thus, a necessary and perhaps
sufficient requirement for conversion from N- to
B-tropism might be an alteration in the viral
genome at a position corresponding to this por-
tion of the map.

ACKNOWLEDGMENTS

We thank J. Rommelaere for interesting discussions.

This work was supported by Public Health Service grants
CA 19308 to N.H. and CA 14051 to S. E. Luria, both from the
National Cancer Institute.

LITERATURE CITED

1. Aaronson, S. A, G. J. Todaro, and E. M. Scolnick.
1971. Induction of murine C-type viruses from clonal
lines of virus-free BALB/3T3 cells. Science
174:157-159.

2. Callahan, R., R. E. Benveniste, M. M. Lieber, and G.
J. Todaro. 1974. Nucleic acid homology of murine
type-C viral genes. J. Virol. 14:1394-1403.

3. Coffin, J. M., and M. A. Billeter. 1976. A physical map
of the Rous sarcoma virus genome. J. Mol. Biol.
100:293-318.

4. Coffin, J. M., J. T. Parsons, L. Rymo, R. K. Haroz,
and C. Weissmann. 1974. A new approach to the



152

[

o

X

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

FALLER AND HOPKINS

isolation of RNA-DNA hybrids and its application to
the quantitative determination of labeled tumor virus
RNA. J. Mol. Biol. 86:373-396.

. Faller, D. V., and N. Hopkins. 1977. RNase T1-resistant

oligonucleotides of B-tropic murine leukemia virus from
BALB/c and five of its NB-tropic derivatives. J. Virol.
23:188-195.

Faller, D. V., and N. Hopkins. 1977. RNase T1-resistant
oligonucleotides of an N- and a B-tropic murine leuke-
mia virus of BALB/c: evidence for recombination be-
tween these viruses. J. Virol. 24:609-617.

. Faller, D. V., and N. Hopkins. 1978. T1 oligonucleotides

that segregate with tropism and with properties of gp70
in recombinants between N- and B-tropic murine leu-
kemia viruses. J. Virol. 26:153-158.

Hartley, J. W., W. P. Rowe, W. I. Capps, and R. J.
Huebner. 1969. Isolation of naturally occurring viruses
of the murine leukemia virus group in tissue culture. J.
Virol. 3:126-132.

. Hartley, J. W., W. P. Rowe, and R. J. Huebner. 1970.

Host-range restrictions of murine leukemia viruses in
mouse embryo cell cultures. J. Virol. 5:221-225.

Hartley, J. W., N. K. Wolford, L. J. Old, and W. P.
Rowe. 1977. A new class of murine leukemia virus
associated with development of spontaneous lympho-
mas. Proc. Natl. Acad. Sci. U.S.A. 74:789-792.

Hopkins, N., and P. Jolicoeur. 1975. Variants of N-
tropic leukemia virus derived from BALB/c mice. J.
Virol. 16:991-999.

Hopkins, N., J. Schindler, and P. D. Gottlieb. 1977.
Evidence for recombination between N- and B-tropic
murine leukemia viruses. J. Virol. 21:1074-1078.

Hopkins, N., J. Schindler, and R. Hynes. 1977. Six
NB-tropic murine leukemia viruses derived from a B-
tropic virus of BALB/c have altered p30. J. Virol.
21:309-318.

Hopkins, N., P. Traktman, and K. Whalen. 1976. N-
tropic variants obtained after co-infection with N- and
B-tropic murine leukemia viruses. J. Virol. 18:324-331.

Jolicoeur, P., and D. Baltimore. 1975. Effect of the Fv-
1 locus on the titration of murine leukemia viruses. J.
Virol. 16:1593-1598.

Kashmiri, S. V. S., A Rein, R. H. Bassin, B. I. Gerwin,
and S. Gisselbrecht. 1977. Donation of N- or B-tropic
phenotype to NB-tropic murine leukemia virus during
mixed infections. J. Virol. 22:627-633.

Lilly, F. 1967. Susceptibility of two strains of Friend
leukemia virus in mice. Science 155:461-462.

Lilly, F., and T. Pincus. 1973. Genetic control of murine
viral leukemogenesis. Adv. Cancer Res. 17:231-277.

O’Donnell, P. V., and E. Stockert. 1976. Induction of

J. VIROL.

Gix antigen and Gross cell surface antigen after infec-
tion by ecotropic and xenotropic murine leukemia vi-
ruses in vitro. J. Virol. 20:545-554.

20. Peters, R. L., G.J. Spahn, L. S. Rabstein, G. J. Kelloff,
and R. J. Heubner. 1973. Murine C-type RNA virus
from spontaneous neoplasms: in vitro host range and
oncogenic potential. Science 181:665-667.

21. Pincus, T., J. W. Hartley, and W. P. Rowe. 1971. A
major genetic locus affecting resistance to infection with
murine leukemia viruses. I. Tissue culture studies of
naturally  occurring viruses. J. Exp. Med.
133:1219-1233.

22. Robbins, K. C., C. D. Cabradilla, J. R. Stephenson,
and S. A. Aaronson, 1977. Segregation of genetic
information for a B-tropic leukemia virus with the
structural locus for BALB: virus-1. Proc. Natl. Acad.
Sci. U.S.A. 74:2953-2957.

23. Rommelaere J., D. V. Faller, and N. Hopkins. 1977.
RNase T1-resistant oligonucleotides of Akv-1 and Akv-
2 type C viruses of the AKR mouse. J. Virol. 24:690-694.

23a.Rommelaere, J., D. V. Faller, and N. Hopkins. 1978.
Characterization and mapping of RNase T1-resistant
oligonucleotides derived from the genomes of Akv and
MCF murine leukemia viruses. Proc. Natl. Acad. Sci.
U.S.A. 75:495-500.

24. Rowe, W. P, W. E. Pugh, and J. W. Hartley. 1970.
Plaque assay techniques for murine leukemia viruses.
Virology 42:1136-1139.

25. Schindler, J., R. Hynes, and N. Hopkins. 1977. Evi-
dence for recombination between N- and B-tropic mu-
rine leukemia viruses: analysis of three virion proteins
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. J. Virol. 23:700-707.

26. Stephenson, J. R., and S. A. Aaronson. 1972. A genetic
locus for inducibility of C-type virus in BALB/c cells:
the effect of a nonlinked regulatory gene on detection
of virus after chemical activation. Proc. Natl. Acad. Sci.
U.S.A. 69:2798-2801.

27. Stockert, E., L. J. Old, and E. A. Boyse. 1971. The Gix
system. A cell surface allo-antigen associated with mu-
rine leukemia virus: implications regarding chromo-
somal integration of the viral genome. J. Exp. Med.
133:1334-1355.

28. Wang, L.-H., P. Duesberg, K. Beemon, and P. K.
Vogt. 1975. Mapping RNase Ti-resistant oligonucleo-
tides of avian tumor virus RNAs: sarcoma-specific oli-
gonucleotides are near the poly(A) end and oligonucle-
otides common to sarcoma and transformation-defec-
tive viruses are at the poly(A) end. J. Virol
16:1051-1070.



