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The mouse mammary tumor virus (MTV) was one of the first tumorigenic viruses
found in mammals.1' 2 Nevertheless, little progress has been made on the elucida-
tion of the molecular structure of the virus.3 The absence of a rapid bioassay has
hindered progress in virus purification, and the difficulty in growing the virus in
tissue culture has made use of radioisotopes impractical.4 MTV is normally trans-
mitted thrQugh the mother's milk. This establishes a lifelong infection, and virus
can be recovered from tissue or milk at any time. The ultimate development of a
mammary tumor in an infected female is dependent not only upon the presence of
the virus but also upon genetic and hormonal factors.

Previous chemical studies have shown that MTV contains 30 per cent lipid and
its nucleic acid is RNA.5 Electron micrographs indicate2 6, 7 that its size and
structure are similar to the other large, lipid-containing RNA viruses such as the
avian tumor viruses, the mouse leukemia viruses, and the myxoviruses. The puri-
fication of virus and isolation of-high-molecular-weight RNA from other RNA tu-
mor viruses such as Rous sarcoma and Rous-associated virus (RSV + RAV),8
avian myeloblastosis virus (AMV),9 and the Rauscher mouse leukemia virus
(MLV),10' 11 as well as the recent development of a fast serological assay for MTV,12
suggested that virus purification and RNA isolation could be accomplished with
MTV. This report describes such a study. A high-molecular-weight single-
stranded RNA similar to that obtained from other RNA tumor viruses was found
and its properties were studied.

Materials and Methods.-Virus: P82 or H3-labeled virus was used in all experiments. The
virus was obtained from mouse milk which is a rich source of virus.13 Milk was collected from
lactating female A/Crgl or BALB/cfC3HCrgl mice approximately 1 week post partum; this milk
contains infective MTV.14 In a control study of milk from mice not infected with MITV, milk was
obtained from BALB/cCrgl females. Twenty-four hr before milking, each mouse was injected
with 1.5-2.5 me carrier-free P3204 or 1.5 me H3-orotic acid (0.23 mc//AM) in 0.2-0.4 ml Tris bluffer
pH 7.4 containing 0.1 M NaCl. The females were not permitted to suckle their young for 12
hr prior to milking. Each mouse received 0.1 ml of Pitocin (Parke-Davis Co.) intraperitoneally
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10 min before milking. Milking was accomplished with a pulsating suction device;15 the yield
was approximately 0.5-1.0 ml per mouse. The collection chamber of the milking machine was
kept in crushed ice during the milking procedure.

Virus purification: The virus was purified in two steps, both carried out in the cold (0-40C).
Tris buffer pH 7.4 containing 0.01 Al Tris HC1, 0.1 M NaCl, and 0.001 M EDTA was used unless
otherwise specified.
Milk was diluted with 3 vol of the standard Tris buffer and then sufficient 0.5 M EDTA solu-

tion pH 7.4 was added to make a final concentration of 0.03 M EDTA.' This solution was incu-
bated at 0C for 15 min and then centrifuged for 10 min at 10,000 rpm in a Servall centrifuge.
Most of the surface lipid layer on the top of the centrifuge tube and the small pellet were dis-
carded. Virus was then isolated from 5 to 20 ml of clarified supernatant by the following pro-
cedure:

(1) Centrifugation to a density interface: A sucrose solution with a density of approximately 1.32
gm per ml containing 65% (w/v) sucrose, 0.01 M Tris HCO pH 7.4, 0.1 M NaCl, and 0.001 M
EDTA was prepared in D20. About 0.35 ml of this solution was placed at the bottom of a 5.4-ml
tube for the Spinco SW50 rotor and overlaid with 1.5 ml of a 15% (w/v) sucrose-H20 solution
containing the same buffer. The remainder of the tube was then filled with the virus solution
and it was centrifuged for 30 min at 50,000 rpm. After centrifugation a visible band was seen on
the top of the sucrose-D20 solution. This band was found to contain viral antigenicity. The
tube was then punctured at the bottom and the band collected in approximately 0.3 ml. If more
than one tube was used, the resulting bands were pooled, diluted with Tris buffer, and concen-
trated again by the same centrifugation step, to a single band.

(2) Sucrose density gradient: The virus-containing band from the first step of purification was
diluted with the standard- buffer to a final volume of approximately 1.0 ml to reduce the solution
density. This was layered on top of a linear sucrose and D20 gradient'6 (65% sucrose in 100%
D20 to 16% sucrose in approximately 20% D20) in Tris buffer pH 7.4, and centrifuged in a
Spinco SW50 rotor at 50,000 rpm for 2 hr. A band containing the viral antigen could be seen or
detected by radioactivity at about the middle of the gradient. In addition, a diffuse, light-scat-
tering band appeared between the virus band and the top of the gradient. The gradient was frac-
tionated by puncturing the tube from the bottom and collecting 5-6 drops per fraction.

Isolation of the RNA: The appropriate fractions from the final sucrose density gradient step
of the virus purification were pooled, combined with viruses containing the desired known RNA
markers such as tobacco mosaic virus (TMV), RAV + RSV, and MLV; the RNA was then
extracted by the phenol-SDS method as previously described.'6
Assay of MTV antigenicity: The various gradient fractions were analyzed for the presence of

MTV-associated antigenicity by the recently developed immunodiffusion assay.'2 Agar plates
were prepared with 0.6% Noble agar, 0.85% NaCi, and 1:10,000 Merthiolate in distilled water,
pH 7. Wells were cut in the agar with a 3-mm diameter cork borer. Each gradient fraction was
diluted with the standard Tris buffer and added to the antigen wells of the agar plate on days 1,
2, and 3. Standard rabbit antisera, individual, undiluted, and unabsorbed, were added to the
antiserum wells on day 2. The plates were maintained at room temperature. Precipitate lines
were visible within 4-5 days, but the plates were routinely examined for a period of 2 weeks.

All fractions of several density gradient preparations were tested several times in the immuno-
diffusion assay. Each fraction was tested against different standard rabbit antisera, both from
rabbits immunized with MTV-infected tissue extracts, and from rabbits immunized with MTV-
free tissue extracts (the controls). Most of these antisera were among those described previously."
Such antisera produce several precipitate lines when reacted in immunodiffusion with antigen
preparations of MTV-infected tissue. Most of these precipitate lines result from the interaction
of specific rabbit antibodies with mouse tissue antigens. One characteristic precipitate line, how-
ever, is formed only when antiserum from rabbits immunized with MTV is used;" aggregations of
type B virus particles have been found in this precipitate line.'7
Assay of MTV infectivity: Fractions of two different density gradient preparations of A/Crgl

milk diluted with 2 vol of Tris buffer were inoculated into 3-week- and S-week-old female BALB/
cCrgl mice. These mice are not infected with MTV, and after infection hyperplastic alveolar
nodules and tumors develop in their mammary glands."8 Each mouse received an amount of
material equivalent to that obtained from either 0.1 ml or 0.01 ml of fresh milk.
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FIG.L-Eqilibiumdensity (r1-E-o) gradient centrifugations of purified milk-MTV
(A-C) and a control experiment using the milk of uninfected mice (D). One aliquot of each frac-
tion was counted in a Tri-Carb spectrophotometer using Bray's scintillation fluid. Another aliquot
was diluted with buffer to determine the optical density, viral antigenicity, or infectivity. (A)
shows the distribution of radioactivity and absorbancy at 260 mra (o-o-O) after purification of
2.5 ml H3-orotic acid-( A- A- *)-labeled milk of the A/Crgl strain of mice; (B) shows the result ob-
tained in an analogous experiment using P3204-( A-A-A)-labeled milk for virus purification; (C)
and (D) are the distributions of radioactivity and absorbancy at 260 mMA (0-0-0) after the puri-
fication of 2.5 ml H2-orotic acid-( A- A- o)-labeled milk of MTV-infected (C) and uninfected (D)
BALB/c mice.

Results and Discussion.-Properties of purified virus: Figures 1A, B, and C
show the results of three experiments comparing the final sucrose density gradient
step of the purification of p32- and H3-orotic acid-labeled i\ITV. The virus in each
case was isolated from about 2 to 3 ml milk obtained from one of two different
strains of MTV-infected mice that had been injected with the radioactive precursors
24 hr previously (see Methods). An easily visible band appeared in the middle of
the gradients followed by a light-scattering zone up to the density of 1.15 gm/ml.
Using H3-orotic acid as a specific RNA precursor, the absorbancy peak at 260 m~u
and radioactivity peak were found to coincide (Figs. 1A and C). Viral antigenicity
(see below) was found in fractions 4 and 5 (in Fig. 1A) in the order of intensity 5 > 4.
Thus the maxima of viral antigenicity, RNA-specific radioactivity, and absorbancy
at 260 mlu coincide at fraction 5 in Figure 1A. The observed density of approxi-
mately 1.22 gm/ml at fraction 5 (Fig. 1A) and at fraction 7 (Fig. 10) is in agree-
ment with the previously reported density of M\TV in a RbCl density gradient.7
When P3204 was used to label the virus, the radioactivity peak was in a position

of lower density in the gradient than the optical density peak (Fig. 1B). This dis-
placement of radioactivity and optical density may be accounted for by the presence
of p32 in nonviral phospholipid material. The result of a control purification of
2.5 ml H3-orotic acid-labeled milk of uninfected BALB/c mice, as shown in Figure
1D, supports this explanation. It can be seen that this milk also contains some fast-
sedimenting material which appears in a relatively wide density range in the final
sucrose gradient. Although it is unknown whether the milk of MTV-infected mice
contains the same relative proportion of this material, its presence may account for
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FIG. 2.-Assay for MTV antigen in two fractions of a sucrose density gradient. On days 1, 2,
and 3, well 8 of the agar plate was filled with gradient fraction 8, and well 11 was filled with gradient
fraction 11. On day 2, well 2 was filled with antiserum from a rabbit immunized with an
MTV preparation from a C3H/Crgl mammary tumor, and well 5 was filled with antiserum, from
a rabbit immunized with an MTV preparation from a DBA/Crgl mammary tumor. Also at
day 2, wells 4 and 6 were filled with antiserum from a rabbit immunized with an MTV-free prepara-
tion of BALB/cCrgl mammary tissue. This antiserum, served as a negative control. Wells
1 and 3 were left empty. The precipitate line characteristic of MTV has appeared between
well 8 and wells 2 and 5, indicating the presence of MTV antigen in fraction 8. No precipitate
line has formed where fraction 8 was tested against control antiserum lacking antibodies against
MTV (well 4). No MTV-specific precipitate line has been formed by fraction 11. However, an-
other precipitate line can be observed between well 11 and all three wells containing rabbit antisera.
This line represents a mouse tissue antigen.

most of the absorbancy in the virus peaks shown in Figures 1A, B, and C. The
RNA-specific radioactivity of the UV-absorbing material in Figure iD (isolated
from the milk of uninfected mice) is much lower than in the comparable virus peaks,
Figures 1A, B, and C. No MTV-antigen and no 70 S2o,,, MTV-RNA (see below)
were found in the gradient (Fig. iD). Therefore, the described MTV purification
is incomplete but sufficient for the experiments reported in this study.
The sucrose gradient purification technique was used in the present experiments

because previous studies with several related viruses have shown that infectivity is
not significantly reduced by this method.'0 16Purification by RbCl density
gradient, on the other hand, both affects the morphological integrity of the virus
particles as indicated in electron micrographs' and reduces viral antigenicity, i al-
though the material is still infectious.5' 19 In contrast, the preparations obtained
by sucrose density gradient showed antigenic integrity, as indicated by the forma-
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FIG. 3.-Distribution of H3 FIG. 4.-(A) Distribution of H3 ( a0- e) P32 (A-A-A)
(-X X ), P32 (A-A), and and absorbancy at 260 rn/A (0-0-0) of H3-labeled RSV +
absorbancy at 260 mgs (o-0-o) RAV-RNA, P32-labeled MTV-RNA derived from A/Crgl
after velocity sedimentation of H3- mice, and carrier TMV-RNA.
labeled MLV-RNA, P32-labeled (B) Distribution of H3 (.-e-e), P32(A-A-A), andab-
MTV-RNA, and carrier TMV- sorbancy at 260 m1A (0-0-0) of H3-labeled MTV-RNA de-
RNA. TheRNA'sdissolvedinO.15 rived from BALB/cfC3H mice, P32-labdled RSV + RAV-
ml buffer containing 0.01 M Tris RNA, and carrier TMV-RNA.
HC1 pH 7.4, 0.1 M NaCl, and 0.001 Centrifugation was for 75 min as described for Fig. 3.
M EDTA, were layered on top of a The RNA was precipitated with 200 ttg yeast RNA by
5.2-ml linear sucrose gradient 5-20% the addition of a '/lo vol of 50% TCA, collected on Milli-
(w/v) in the same buffer and centri- pore filters, and counted in toluene-based scintillation fluid.
fuged for 65 min at 50,000 rpm in a
Spinco SW50 rotor at 50C. Frac-
tions were diluted to determine the
optical density and then counted di-
rectly in Bray's scintillation fluid.

tion of a very sharp and strong MTV precipitate line when reacted in immuno-
diffusion with known rabbit antisera. Infectivity studies of the sucrose density
gradient purified material are in progress.

Antigenicity of purified virus: Figure 2 shows a typical immunodiffusion plate
from the assay of an MTV density gradient preparation of A/Crgl milk, which was
collected in 16 fractions. MTV antigen was found by immunodiffusion (see
Methods) in fractions 8 through 10. Most of the viral antigenicity was associated
with fraction 8, which had the highest absorbancy at 260 m1A and a solution density
of approximately 1.22 gm/ml. The decrease in viral antigenicity paralleled the
decrease in optical density in each fraction 8 > 9 > 10. In fractions of lower den-
sity, as demonstrated by fraction 11 in Figure 2, only mouse tissue antigen was
detected.

In the preparation diagramed in Figure 1A, the precipitate line characteristic of
MTV antigen was formed by fractions 4 and 5. More viral antigen, as measured
grossly by time of appearance and intensity of the precipitate line, was observed in
fraction 5 than in fraction 4. Viral antigenicity was not detected in other fractions
of this preparation, either because it was absent, or else in low concentration. Pre-
cipitate lines characteristic of mouse antigens were observed in fractions 5 through
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10, which probably represent most of the optical density and radioactivity in frac-
tions 6 through 10.
As a control, the density gradient fractions of milk obtained from M\TV-free

BALB/c mice were also examined in the immunodiffusion assay; as expected, no
precipitate line characteristic of MTV was observed.

Properties of the MTV-RNA: The sucrose gradient fractions in the density range
from approximately 1.24 gm/ml to 1.18 gm/ml containing the p32- or H3-labeled pu-
rified virus (as shown in Fig. 1) were pooled, and the nucleic acid was isolated as de-
scribed, using TMV-RNA as carrier. The nucleic acid was then fractionated by
sucrose gradient centrifugation in the presence of different RNA's of known sedi-
mentation constants. The results shown in Figures 3 and 4 were obtained by
centrifuging the RNA solutions in linear sucrose gradients containing 0.1 M NaCl.

It can be seen in Figures 3 and 4 that there are two major radioactively labeled
components in each of the described fractionations. One sediments rapidly near
the bottom of the gradient. The other sediments much more slowly and is near the
top of the gradient. A minor peak or shoulder of radioactive material can be seen
to sediment exactly with TMV-RNA in these experiments. All three radioactive
components are rendered completely TCA-soluble by pancreatic ribonuclease in

300 FIG. 5.-Distribution of H3
70 (.--,), p32 (A-AA) and absorb-

Az 05 ancy at 260 mjs (.o-O) after velocity
60 8 1 \ sedimentation of P32-labeled RSV +
50 -200 0.4 RAV-RNA, H3-labeled MTV-RNA

- (derived from BALB/cfC3H mice),
40 E 3 and TMV-RNA in low ionic strength.EQ. / j \ The RNA's dissolved in 0.15 ml stand-
30 _ / ard buffer were layered on top of a 5.2-

100 v 0.2 ml linear sucrose gradient 5-20%
20 (w/v) containing 0.001 M Tris HCL pH

_0
0.° -° l7.4, 0.00025 M EDTA, and centrifuged

01for 150 min at 50,000 rpm in a Spinco0 o 4 8 12 16 20 24 SW50 rotor at 50C. Counting was as
Fraction number described in Fig. 4.

0.2 M salt,8 indicating that they consist of single-stranded RNA. The fast-sedi-
menting component is considered to be intact M\TV-RNA. The small peak or
shoulder of radioactivity sedimenting with TMV-RNA probably represents as-
sociation of labeled RNA with the carrier TMV-RNA as previously described for
MLV-RNA,10 rather than a separate component of MTV-RNA. The slowly sedi-
menting component is probably degraded viral RNA as previously described in the
cases of RAV + RSV,8 NDV,'6 AMV,9 and MLV;10 however, RNA from other
sources could also be present.

Sedimentation velocity: The sedimentation properties of MTV-RNA were de-
termined by comparison with the known RNA's of RSV + RAV and MLV. The
RNA's of MTV, RSV + RAV (Figs. 4 and 5), or 1\ILV (Fig. 3) were isolated and
fractionated simultaneously in a sucrose gradient. TMV-RNA was added as car-
rier and as a 32 S20,w, RNA-sedimentation marker.
The experiment shown in Figure 3 demonstrates that MTV-RNA has a lower

sedimentation constant than MLV-RNA, which has a sedimentation constant 74
S20, under the same conditions.'0 Figures 4A and B compare the sedimentation



1496 BIOCHEMISTRY: DUESBERG AND BLAIR PROC. N. A. S.

velocity of MITV-RNA isolated from the viruses of two different strains of mice
with that of RSV + RAV-RNA, which has a sedimentation constant of 71 S20 0.9
It can be seen in these experiments that both ATITV-RNA's move at the same rates
during centrifugation, as compared to the respective RNA markers. The i\ITV-
RNA peak in both cases is only slightly displaced to the right of the RSV + RAV-
RNA peak indicating that the sedimentation constant of intact M\ITV-RNA is
only a little less than 71 S20,20. Thus, a sedimentation constant of approximately
70 S20,to may be estimated for MITV-RNA in 0.1 M salt.

Since dependence of the sedimentation constant on ionic strength has been shown
to be characteristic of single-stranded RNA,20, 21 a sedimentation experiment with
H3-labeled M\1TV-RNA, P32-labeled RSV + RAV-RNA, and carrier TYIV-RNA
in 0.001 M salt was carried out. All RNA's show (Fig. 5) a strong reduction in
their sedimentation constant in low salt. MTV-RNA, however, exhibits a consider-
ably lower sedimentation constant than RSV + RAV-RNA (27 S20, under these
conditions),9 although these two RNA's have almost the same sedimentation con-
stant in 0.1 M salt (Fig. 4). A parallel sedimentation experiment in low salt com-
paring MTV-RNA from a different strain of mice (A/Crgl) with RSV + RAV and
Ti\IV-RNA confirmed the results shown in Figure 5. Thus, i\ITV-RNA is prob-
ably single-stranded and probably different from RSV + RAV-RNA in secondary
structure. But 1\ITV-RNA's obtained from viruses of different strains of mice have
proved to be of similar, maybe identical, structure.

If it is assumed that the viral RNA is single-stranded, as suggested by the sus-
ceptibility to ribonuclease and the dependence of the sedimentation constant on salt
concentration, an estimate of its molecular weight can be made with the empirical
relation mol wt = 1550 (S20o,)2.l determined by Spirin22 for T:\MV-RNA in 0.1 M
NaCl, 0.01 Il EDTA. A single-stranded RNA with S20,, = 70 in 0.1 A11 NaCl
would have a molecular weight of 12 X 106. This value, however, must be con-
sidered an estimate for reasons that have been discussed previously.8-10 16 A
more detailed chemical characterization of M\ITV-RNA was not possible in the pres-
ent study because of the extremely low labeling efficiency of the virus in mice.
One ml mouse milk, from mice which had been previously labeled with 2.5 me
P3204 each (see Methods), contained only enough intact 70 820,w viral RNA for one
sedimentation experiment such as those described in Figures 3-5.

It can be concluded from the present data that the RNA tumor viruses of mice,
namely, MTV and MLV, have RNA's of different sedimentation constants. In
this respect they are unlike the two avian tumor viruses RSV + RAV and AMV,
which have RNA's of identical sedimentation behavior9 and which are biologically
very closely related. AMYV is known to be a helper virus for RSV.
With the isolation of the RNA of MTV, an RNA from one representative of each

of the known groups of RNA tumor viruses have been described. These are:
RSV + RAV, which induces sarcomas in chickens; AMV, which induces leukemia
in chickens, both belonging to the avian leukosis group of viruses; and two mouse
tumor viruses-the Rauscher 1\iLV, which is a representative of the murine leu-
kemia virus group, and 1\ITV. These viruses contain single-stranded RNA of uni-
form size, larger than the known RNA's from other groups of viruses.
Summary.-A single-stranded 70 S20,,0 RNA was isolated from purified MTV

derived from two different strains of mice. The MTV-RNA is shown to be com-
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parable in size and structure to the RNA of the other known tumor viruses
RSV + RAV and MLV.

The authors wish to thank Dr. W. M. Stanley for encouragement and support, and Dr. W. S.
Robinson, in whose laboratory part of this study was undertaken, for ideas, critical review of the
manuscript, and the gift of tritium-labeled Rous sarcoma virus. The authors are indebted to Mrs.
Marie Stanley for excellent assistance with these experiments.

* This work was supported by U.S. Public Health Service research grants AI 01267 from the
National Cancer Institute of Allergy and Infectious Diseases and CA 05388 from the National
Cancer Institute, by research grant E-344 from the American Cancer Society, and by cancer
research funds of the University of California.

1 Bittner, J. J., Science, 84, 162 (1936).
2 Graff, S., D. H. Moore, W. M. Stanley, H. T. Randall, and C. H. Haagensen, Cancer, 2, 755

(1949).
3 Moore, D., in CIBA Foundation Symposium on Tumor Viruses of Murine Origin (Boston:

Little, Brown and Co., 1962), p. 107.
4 Blair, P. B., in Viruses Inducing Cancer-Implications for Therapy, ed. W. J. Burdette (Salt

Lake City: University of Utah Press, 1966), in press.
6 Lyons, M. J., and D. H. Moore, J. Natl. Cancer Inst., 35, 549 (1965).
6 Pitelka, D. R., H. A. Bern, K. B. DeOme, C. N. Schooley, and S. R. Wellings, J. Natl. Cancer

Inst., 20, 541 (1958).
7 Lyons, M. J., and D. H. Moore, Nature, 194, 1141 (1962).
8 Robinson, W. S., A. Pitkanen, and H. Rubin, these PROCEEDINGS, 54, 137 (1965).
9 Robinson, W. S., and M. A. Baluda, these PROCEEDINGS, 54, 1686 (1965).
10 Duesberg, P. H., and W. S. Robinson, these PROCEEDINGS, 55, 219 (1966).
11 Galibert, F., C. Bernard, P. Chenaille, and M. Boiron, Compt. Rend., 261, 1771 (1965);

Mora, P. T., V. M. McFarland, and S. W. Luborsky, these PROCEEDINGS, 55, 438 (1966).
12 Blair, P. B., Nature, 208, 165 (1965).
13 Graff, S., D. H. Moore, W. M. Stanley, H. T. Randall, and C. D. Haagensen, Cancer Res.,

7, 722 (1947).
14 Blair, P. B., Cancer Res., 20, 635 (1960).
16 Skyes, F. A., C. E. Grey, M. Sanpon, C. Young, and L. Dmochowski, Texas Rep. Biol. Med.,

22, 609 (1964).
16 Duesberg, P. H., and W. S. Robinson, these PROCEEDINGS, 54, 794 (1965).
17 Blair, P. B., D. W. Weiss, and D. R. Pitelka, J. Natl. Cancer Inst., in press.
18 Nandi, S., J. Natl. Cancer Inst., 31, 75 (1963).
19 Daniel, C. W., K. B. DeOme, D. R. Pitelka, and K. K. Sekhri, Proc. Am. Assoc. Cancer Res.,

6, 12 (1965).
20 Strauss, H. J., and R. Sinsheimer, J. Mol. Biol., 7, 43 (1963).
21 Boedtker, H., J. Mol. Biol., 2, 171 (1960).
22 Spirin, A. S., in Progress in Nucleic Acid Research, ed. J. N. Davidson and W. E. Cohn (New

York: Academic Press, 1963), vol. 1, p. 301.


