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The retroviral transforming gene v-myb encodes a 45,000-Mr nuclear transforming protein (p45v-mYb).
p45v-mYb is a truncated and mutated version of a 75,000-Mr protein encoded by the chicken c-myb gene
(p75c-mYb). Like its viral counterpart, p75c-myb is located in the cell nucleus. As a first step in identifying nuclear
targets involved in cellular transformation by v-myb and in c-myb function, we determined the subnuclear
locations of p45v-myb and p75c-mYb. Approximately 80 to 90% of the total p45v-mYb and p75c`mYb present in nuclei
was released from nuclei at low salt concentrations, exhibited DNA-binding activity, and was attached to
nucleoprotein particles when released from the nuclei after digestion with nuclease. A minor portion of
approximately 10 to 20% of the total p45v-mYb and p75c-mYb remained tightly associated with the nuclei even in
the presence of 2 M NaCI. These observations suggest that both proteins are associated with two nuclear
substructures tentatively identified as the chromatin and the nuclear matrix. The function of myb proteins may
therefore depend on interactions with several nuclear targets.

Avian myeloblastosis virus (AMV) is an acutely oncogenic
avian retrovirus that causes myeloblastic leukemia in chick-
ens and transforms cells of the myelomonocytic lineage in
vitro (31). The oncogenicity of AMV is attributed to a
transforming gene, termed v-myb, that resides at the 3' end
of the viral genome (17, 24, 26, 40). The product encoded by
v-myb has been identified as a 45,000-Mr protein, p45v-mvb,
that is located primarily in the nucleus of myeloblasts
transformed by AMV (10, 27, 28). The viral myb gene is a
partial copy of a normal cellular gene referred to as c-myb
(22, 26, 40). c-myb has been conserved during evolution and
is expressed primarily in immature hematopoietic cells (23,
39). In chickens, c-myb encodes a 75,000Mr protein,
p75C-flyb (27). Like its viral counterpart, p75Cc-fvb also is a
nuclear protein (28).

Retroviral transforming genes are commonly classified
into families of related oncogenes, based on the properties
of their protein products. Examples of such families are the
classes of oncogenes that encode GTP-binding and
-hydrolyzing molecules, protein kinases, and nuclear pro-
teins (8, 25). Because of their close association with the cell
nucleus, myb proteins are members of the group of nuclear
transforming proteins. In addition to v-myb, this family of
transforming genes includes the v-myc gene of avian
myelocytomatosis virus MC29 and of related viruses and the
v-fos gene of the FBR and FBJ strains of mouse osteo-
sarcoma viruses (1, 3, 15, 16). The existence of families of
functionally related transforming proteins supports the con-
cept that proliferation of cells is controlled by a number of
distinct regulatory events that appear to take place at various
locales within the cell. However, all regulatory mechanisms
that are involved in controlling cell proliferation must some-
how be linked to the cellular genome to regulate its replica-
tion. It is conceivable that retroviral oncogenes encoding
nuclear proteins participate in or interfere with regulatory
processes that directly involve the DNA. The analysis of the
function of nuclear transforming proteins may therefore
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provide insight into the molecular details of control of cell
proliferation on the level of the genome.
One important step in the analysis of oncogene function is

the identification and characterization of cellular targets that
interact with the transforming proteins. To identify targets of
the viral and cellular myb proteins we determined, as a first
step, the subnuclear location of p45v-myb and p75c-mYb. Our
results suggest that both proteins associate with two nuclear
substructures tentatively identified as the chromatin and the
nuclear matrix. The function of myb proteins may therefore
depend on interactions with several nuclear targets.

MATERIALS AND METHODS

Cells. Cells of the BM2 line of AMV-transformed chicken
myeloblasts (32) were obtained from C. Moscovici. Chicken
erythroblasts transformed by the ES-4 strain of avian
erythroblastosis virus (AEV) were provided by T. Graf.
Myeloblasts were propagated in RPMI 1640 medium
supplemented with 10% tryptose phosphate broth, 5% fetal
calf serum, and 5% chicken serum. Erythroblasts were
cultivated in RPMI 1640 medium supplemented with 8% fetal
calf serum and 2% chicken serum.

Antisera. Immunoprecipitations were performed with
polyclonal rabbit antiserum raised against bacterially ex-
pressed v-myb protein as described previously (27). Immu-
noblotting was performed with culture supernatant of the
myb2-37 hybridoma line prepared as described previously
(19).

Labeling of cells. Cells to be radioactively labeled with
[35S]methionine were pelleted from growth medium and
washed twice with prewarmed serum-free Eagle minimal
essential medium lacking methionine. Cells (5 x 106 to
107/ml) were then incubated in methionine-free minimal
essential medium without serum for 30 min. Radioactive
labeling was started by adding [35SJmethionine (specific
activity, >600 Ci/mmol; Amersham Corp., Arlington
Heights, Ill.) to a final concentration of 250 ,uCi/ml. Labeling
was continued for 1 h and was stopped by pelleting the cells
and washing them twice with ice-cold phosphate-buffered
saline.
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Preparation and fractionation of nuclei. To prepare nuclei,
cells were pelleted and washed twice in ice-cold hypotonic
buffer containing 10 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) (pH 8.0); 5 mM KCl,
and 2 mM MgCl2. They were then incubated in hypotonic
buffer for 5 to 10 min on ice and disrupted in a Dounce
homogenizer with a tightly fitting pestle until virtually all
cells were broken (usually 25 strokes). The extent of break-
age of cells was monitored microscopically. Nuclei were

then separated from the cytoplasmic fraction by sedimenta-
tion at 1,000 x g for 5 min and washed twice with ice-cold
hypotonic buffer. The nuclei were then suspended in ice-cold
hypotonic buffer and kept on ice. All fractionation experi-
ments were performed with freshly prepared nuclei at a

concentration of 108 nuclei per ml. In salt extraction exper-

iments a solution containing 5 M NaCl was used to adjust the
suspension of nuclei to the desired salt concentration. When
extraction in the presence of 2 M NaCl was required, the
nuclei were suspended directly in hypotonic buffer supple-
mented with 2 M NaCI. In nuclease digestion experiments
appropriate amounts of a solution containing 2 mg of DNaseI
per ml were added to the nuclei to obtain the desired
concentration of nuclease. All extractions were performed
for 10 min at 0°C. Nuclease treatment was terminated by
adding EDTA to a final concentration of 5 mM followed by
an additional incubation for 10 min on ice. Nuclear superna-

tants and residual nuclei were separated by centrifugation.
Fractions to be analyzed by immunoblotting were mixed
with an equal volume of twofold-concentrated sample buffer
(29) and boiled before loading onto gels. Fractions to be
analyzed by agarose gel electrophoresis were adjusted to
0.5% sodium dodecyl sulfate (SDS), incubated with 100 ,ug
of proteinase K per ml at 37°C for 30 min, and electropho-
resed in 1.2% agarose gels. DNA was visualized by staining
with ethidium bromide. Fractions obtained by sequential
extraction of nuclei were precipitated with 5 volumes of
acetone for 12 h at -20°C. Fractions containing 2 M NaCl
were diluted fivefold with water before acetone precipita-
tion. Precipitated proteins to be analyzed by immunoprecip-
itation were dissolved by boiling in 1% SDS. Samples were

then diluted 10-fold with buffer containing 10 mM Tris
hydrochloride (pH 7.5), 50 mM NaCI, 0.5% sodium deoxy-
cholate, and 0.5% Nonidet P-40 before addition of anti-
serum. Precipitated proteins to be analyzed by immunoblot-
ting were dissolved by boiling directly in sample buffer (29).

Velocity gradient sedimentation. Samples containing
nucleoprotein complexes isolated from nuclease-treated nu-

clei were sedimented through linear 5 to 30% sucrose gradi-
ents made in 10 mM HEPES (pH 8.0)-i mM EDTA (low
salt) or 10 mM HEPES (pH 8.0)-i mM EDTA-500 mM NaCl
(high salt). Centrifugation was performed for 2.5 h at 4°C and
45,000 rpm in an SW60 rotor. Samples of each fraction were

mixed with an equal volume of twofold-concentrated sample
buffer (29), boiled, and analyzed by immunoblotting. Alter-
natively samples of gradient fractions were adjusted to 0.5%
SDS, incubated with 100 ,ug of proteinase K per ml at 37°C
for 30 min, and then analyzed by electrophoresis in 1.2%
agarose gels.

Immunoprecipitation. Immunoprecipitation of myb pro-

teins with polyclonal myb-specific rabbit serum has been
described previously (27).

Immunoblotting. Protein samples to be analyzed by immu-
noblotting were fractionated in 10% SDS-polyacrylamide
gels (29). Gels were blotted onto nitrocellulose (BA85;
Schleicher & Schuell, Inc., Keene, N.H.) as described
previously (43). All further manipulations were performed at

room temperature. The blots were rinsed briefly with TBS
(144 mM NaCI, 10 mM Tris hydrochloride, pH 7.8) and then
incubated for 2 h in TBS containing 1% bovine serum
albumin. Subsequently, the blots were incubated in culture
supernatant of the myb2-37 hybridoma line (19) supple-
mented with 1% bovine serum albumin. The blots were then
washed three times (15 min each wash) with buffer contain-
ing 10 mM Tris hydrochloride (pH 7.8), 50 mM NaCl, 0.5%
sodium deoxycholate, 0.5% Nonidet P-40, and 0.1% SDS
and then incubated in swine anti-mouse immunoglobulin G
coupled to horseradish peroxidase (Dako) at a dilution of
1:500 in TBS containing 1% bovine serum albumin. The
incubation was continued for 1 h and terminated by three
washes (10 min per wash) with TBS supplemented with 0.5%
Nonidet P40. The blots were then rinsed briefly with TBS
and stained with a solution containing 25 mg of di-
aminobenzidine, 30 ,ul of H202, and 1.5 ml of 1% CoCI2 per
50 ml of TBS. Staining was stopped by washing the blots
with water and drying them.

DNA-cellulose chromatography. All manipulations were
performed on ice or at 4°C. Nuclei were prepared from
radioactively labeled cells as described above. Proteins were
extracted by incubating the nuclei at a concentration of 108
nuclei per ml in buffer containing 10 mM HEPES (pH 8.0), 1
mM EDTA, and 0.4 M NaCl for 30 min on ice. The nuclei
were then pelleted by centrifugation at 10,000 x g for 30 min.
The supernatant was diluted 10-fold with ice-cold buffer
containing 10 mM HEPES (pH 8.0) and 1 mM EDTA and
clarified again (10,000 x g, 20 min). The supernatant was
then loaded at a flow rate of 4 ml/h onto a column of native
calf thymus DNA-cellulose (bed volume approximately 1 ml;
Sigma Chemical Co., St. Louis, Mo.) equilibrated with
buffer containing 10 mM HEPES (pH 8.0), 1 mM EDTA, and
40 mM NaCl. The column was then washed with approxi-
mately 10 bed volumes of equilibration buffer at a flow rate
of 4 ml/h to remove any unbound protein. Bound protein was
then eluted with a linear gradient of 50 mM to 1 M NaCl in
buffer containing 10 mM HEPES (pH 8.0) and 1 mM EDTA
at a flow rate of 2 ml/h. The total volume of the gradient was
10 ml. Samples of the loaded material and the flowthrough,
wash, and gradient fractions were analyzed by immunopre-
cipitation.

RESULTS
Release of p45v-myb from nuclease-treated nuclei of AMV-

transformed myeloblasts. To analyze the role of DNA in
nuclear association of the viral myb protein, we incubated
nuclei prepared from AMV-transformed myeloblasts in the
presence of increasing amounts of DNaseI. The release of
p45v-myb from the nuclei was monitored by immunoblotting
with the myb-specific monoclonal antibody myb2-37 (19). In
addition to recognizing p45v-m b, the myb2-37 antibody re-
acts with another nuclear protein with an apparent molecular
weight of 37,000 (referred to as p37) present in AMV-
transformed myeloblasts. p37 is not a proteolytic cleavage
product of p45v-myb since the smaller protein is present in a
large variety of avian and mammalian cell lines not express-
ing p45v-myb (19). Although p37 has not been characterized
further and its relationship to other nuclear proteins is not
known, we use it in some experiments as an internal control.
Figure 1A illustrates that whereas p45v-myb was completely
retained by the nuclei after an incubation in the absence of
nuclease, even very mild nuclease digestion of cellular DNA
released approximately 80 to 90% of the total p45v-myb from
the nuclei. Under these conditions most of the DNA was still
present as fragments that were, on the average, several
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FIG. 1. Release of p45v-myb from nuclei of AMV-transformed myeloblasts by DNase I. Nuclei (5 x 106) isolated from BM2 cells were

digested with DNaseI at concentrations ranging from 0 to 100 ,ug/ml for 10 min at 0°C. Numbers appearing in parentheses above the lanes
indicate the concentrations of DNaseI used. (A) Nuclear supernatants (lanes 1 to 4) and residual nuclei (lanes 5 to 8) were analyzed by
immunoblotting as described in Materials and Methods. The positions of p45v-myb and p37 are marked. (B) DNA fragments released from
nuclei (lanes 1 to 3) or retained by nuclei (lanes 4 to 6) after incubation with DNaseI were analyzed by agarose gel electrophoresis. The
numbers at the side refer to the sizes (in kilobase pairs) and positions of DNA size markers.

kilobase pairs in length (Fig. 1B). Approximately 10 to 20%
of the total p45v-m"b remained associated with the nuclei
during nuclease treatment. The size of this fraction appeared
not to depend on the extent of nucleolytic cleavage of the
cellular DNA. The experiment shown in Fig. 1 was not
designed to achieve complete digestion of cellular DNA.
Quantitation of the amount ofDNA released and retained by
the nuclei indicated that about 5% of the total DNA re-
mained associated with the nuclei after nuclease treatment.
At physiological salt concentrations DNA released from

nuclease-treated nuclei is contained in nucleoprotein com-

plexes that exhibit characteristic features of chromatin
structure such as nucleosomal organization or histone Hi-
dependent higher levels of chromatin organization (see ref-
erence 45 for a recent example). To determine whether
p45v-myb is attached to nucleoprotein fragments, we sedi-
mented the material released from nuclease-treated nuclei
through sucrose gradients (Fig. 2). The distribution of
p45v-myb throughout the gradient, as determined by immuno-
blotting with the myb2-37 antibody, followed a heteroge-
neous pattern similar to that observed for DNA or histones
(panels A to C). In the presence of 0.5 M NaCl all the
p45v-myb sedimented in the upper fractions of the gradient,
suggesting that the protein was released from fast-
sedimenting particles (panel D). At the same time the sedi-
mentation profile of DNA or histones was shifted only,
slightly (approximately by one fraction) toward the top of the
gradient (data not shown). To further demonstrate that
p45vmYb is bound to chromatin fragments, we sedimented
material that had been released from nuclei by incubation at
different concentrations of nuclease through sucrose gradi-
ents (Fig. 3). We found that, as the extent of nucleolytic
cleavage of cellular DNA increased, particles containing
DNA and histones as well as p45v-myb sedimented more
slowly. We also observed that the broad peak of viral myb
protein was shifted slightly toward the top of the gradient
relative to the distribution of histones or DNA fragments
(compare, for example, panels C and D of Fig. 3).

Release of p45v-mYb from salt-treated nuclei of AMV-
transformed myeloblasts. The attachment of p45v-myb to

nucleoprotein fragments and the release of the protein from
these fragments by salt suggests a salt-labile association of
the transforming protein with cellular chromatin. We there-
fore investigated whether p45v-myb can be released from
intact nuclei by salt treatment. The experiment illustrated in
Fig. 4 shows that whereas very little p45v-myb was released
from nuclei during an incubation in buffer to which no salt
had been added, a concentration of 300 mM NaCl was

effective in extracting 80 to 90% of the total p45v-myb from the
nuclei. Increasing the salt concentration to 400 mM NaCl did
not release more p45v-myb. A small fraction of approximately
10 to 20% of the total p45v-myb was retained by the nuclei. We
noted that p37 was extracted quantitatively under these
conditions.
To investigate the relationship between the fractions of

p45v-myb that were released from nuclei by either salt treat-
ment or nucleolytic digestion of DNA and the fraction that
remained stably associated with the nuclei, we extracted
nuclei from AMV-transformed myeloblasts sequentially with
hypotonic buffer, 0.4 M NaCl, DNaseI, and 2 M NaCl (Fig.
5A). This experiment demonstrated that after an initial
extraction of p45v-myb by 0.4 M NaCl further treatment of
nuclei with DNaseI did not result in the release of any
additional p45v-mb, whereas the residual fraction of viral
myb protein remaining associated with the nuclei was not
decreased relative to the experiment shown in Fig. 4. In
another series of extractions, we reversed the order of the
0.4 M NaCl and nuclease extraction steps (Fig. SB). In this
case, nuclease treatment led to release of most of the
p45v-myb from the nuclei, whereas further incubation in the
presence of 0.4 M NaCl solubilized little additional p45vmYb
and apparently did not affect the size of the residual fraction
of transforming protein that remained associated with the
nucleus. We conclude that a major portion (80 to 90%) of
p45v-myb is released from nuclei by treatment with either 0.4
M NaCl or after nuclease digestion. A smaller fraction (10 to
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T 1 2 3 4 5 6 7 8 9 1011 12 Binding of p45s.mYb to DNA. To investigate whether the
interaction of p45v-flYb with chromatin might be the result of
binding of the viral inyb protein to DNA, we subjected the

_941 salt-extractable fraction of p45v-f'llY to chromatography on
DNA-cellulose (Fig. 6). Virtually all the salt-extracted
p45v1?zVb bound to DNA-cellulose at a salt concentration of
40 mM NaCl and was released from the column at an NaCl

.,20 concentration of approximately 300 mM. Binding of p45v-t"'l
-5.2 to the column could be blocked by adding unbound compet-
-,3.4 itor DNA to the salt-extracted protein. This suggests that

p45VnINb binds to the DNA attached to the cellulose matrix
and not to the matrix itself (data not shown).

-2.0 Subnuclear localization and DNA binding of p75c-mYb. To
-1.4 determine whether the protein encoded by c-mvb, p75c-,,,,b,

shows a similar association with different nuclear substruc-
tures as p45vtllYb we repeated some of the experiments
described above using nuclei prepared from AEV-trans-
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FIG. 2. Velocity gradient sedimentation of nucleoprotein com-
plexes released from nuclei of AMV-transformed myeloblasts by
nuclease. Nuclei (4 x 107) from BM2 cells were digested in the
presence of 10 ,ug of DNase I per ml. The material released after
treatment of the nuclei with EDTA was divided into two samples of
200 ,ul each. The salt concentration in one sample was adjusted to
0.5 M NaCl. One-third of each sample was analyzed directly (lane
T), and the remaining material was subjected to velocity gradient
sedimentation as described in Materials and Methods. Numbered
lanes refer to individual gradient fractions; sedimentation was from
left to right (top fraction is lane 1). A shows an immunoblot analysis
of the low-salt gradient; D shows an immunoblot analysis of the
gradient containing 0.5 M NaCl. Only the relevant portions of the
immunoblots are shown. The arrows indicate the position of
p45v-mvb. B shows the size distribution of DNA fragments through-
out the low-salt gradient as determined by agarose gel electropho-
resis. The numbers at the side indicate the sizes (in kilobase pairs)
and positions of DNA size markers. C shows the distribution of
proteins throughtout the low-salt gradient as determined by electro-
phoresis in a 14% SDS-polyacrylamide gel. The positions of the
core histones are marked. Lane T of panel C shows protein size
markers with the following molecular weights (x 101; from top): 93,
66, 43, 31, 21.5, 14.4.

20%) of p45v-,lvb is not extracted by these procedures and
remains in the nucleus. The association of this fraction of
p45VrnYb with the nucleus is very tight as it is maintained
even in the presence of 2 M NaCl. This interaction, how-
ever, is sensitive to treatment with detergent. Incubation of
nuclei in the presence of 0.1% SDS resulted in complete
solubilization of p45v-h (Fig. SC).

E

F _

FIG. 3. Sedimentation of nucleoprotein complexes released by
different concentrations of nuclease. Approximately 4 x 107 nuclei
from BM2 cells were digested by 10 (A and B). 30 (C and D), or 100
(E and F) ,ug of DNase I per ml. One-third of the material released
after treatment of the nuclei with EDTA was analyzed directly (lane
T of panels A, C, and E). The remaining material was subjected to
velocity gradient sedimentation in low salt. The numbering of lanes
and the direction of sedimentation are the same as in Fig. 2. Samples
of the resulting gradient fractions were electrophoresed in 10%
(panels A, C, and E) or 14% (panels B, D, and F) SDS-
polyacrylamide gels and analyzed by immunoblotting (panels A, C,
and E) or by staining (panels B, D, and F). Only the relevant
portions of the resulting blots and gels (encompassing p45V-"n)b and
the core histones. respectively) are shown. In panels B, D, and F.
lane T shows lysozyme used as a size marker (14.4 kilodaltons).
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FIG. 4. Salt extraction of p45Vt"'fl from nuclei of AMV-
transformed myeloblasts. Nuclei (3 x 106) isolated from BM2 cells
were incubated in the presence of NaCI at concentrations ranging
from 0 to 400 mM. Incubations were performed for 10 min at 0°C.
Samples containing nuclear supernatants (A) or residual nuclei (B)
were analyzed by immunoblotting. The numbers above the lanes
indicate the concentrations of NaCl used. The positions of p45V-,mYb
and p37 are indicated.

formed erythroblasts. These cells express relatively high
levels of c-myb protein as shown previously (22, 23, 27). The
intracellular levels of this protein are too low, however, to
permit detection of p75c-mYb by immunoblotting with the
myb2-37 monoclonal antibody. We therefore metabolically
labeled AEV-transformed erythroblasts with [35S]methio-
nine for 1 h before isolating nuclei. Experiments not de-

1 2 31 56
A B

scribed here have shown that p75c-nb iS turned over rapidly
with an estimated half-life of less than 1 h (unpublished
observations). Labeling the cells for 1 h should therefore
permit detection of all major species of p75c-mvb present in
the cell. The distribution of p75cmyb among different
subnuclear fractions was determined by immunoprecipita-
tion with polyclonal myb-specific antiserum prepared as
described previously (27). This antiserum does not react
with p37 although this protein is present in AEV-
transformed erythroblasts (19).
The results of sequential extractions (Fig. 7) can be

summarized as follows. (i) About 80 to 90% of the total
p75c-myb was released from nuclei in the presence of 0.4 M
NaCI (lane 3) or after digestion with DNaseI (lane 8). (ii)
When nuclei were extracted with 0.4 M NaCl, no additional
p75c-m b was released by nuclease treatment (lane 4). When
nuclei were first incubated in the presence of nuclease, little
additional p75c-myb was released in the presence of 0.4 M
NaCI (lane 9). (iii) A small fraction of approximately 10 to
20% of the total p75c-mYb remained associated tightly with the
residual nuclei even in the presence of 2 M NaCl (lanes 6 and
11). We conclude that the association of p75c-myb with
different nuclear substructures is very similar to the associ-
ation of p45v-mYb with the nucleus.
To determine whether p75c-myb is able to bind to DNA, we

subjected salt-extracted p75c-mYb to chromatography on
DNA-cellulose. p75c-mYb was bound quantitatively to DNA-
cellulose at a salt concentration of 40 mM NaCl and was
released by a concentration of approximately 300 mM NaCl
(Fig. 8). In cochromatography experiments with samples
containing both p45v-mvb and p75c-mvb, both proteins eluted at
identical positions in a salt gradient (data not shown). Thus,
on this level binding of p45v-mvb and p75c-mYb to DNA is
indistinguishable.
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FIG. 5. Sequential extraction of p45v-myb from nuclei of AMV-transformed myeloblasts. (A) Nuclei (3 x 106) from BM2 cells were analyzed
directly (lane 1) or were incubated sequentially in hypotonic buffer (lane 2) and hypotonic buffer supplemented with 0.4 M NaCl (lane 3) or
100 ,ug of DNase I per ml (lane 4) or 2 M NaCl (lane 5) to obtain a final pellet of residual nuclei (lane 6). All incubations were for 10 min at
0°C, except DNaseI treatment, which was performed at 37°C. All fractions were analyzed by immunoblotting. (B) Nuclei (5 x 106) from BM2
cells were analyzed directly (lane 1) or were extracted sequentially as in panel A, except that the order of the nuclease digestion (lane 3) and
the 0.4 M NaCI extraction (lane 4) steps was reversed relative to panel A. The other lanes are as in panel A. All incubations were for 10 min
at 0°C. (C) Nuclei (2 x 106) from BM2 cells were incubated in hypotonic buffer containing 0.1% SDS. The incubation was for 10 min at 0°C.
High-molecular-weight DNA released from the nuclei was sheared with a syringe before separating the supernatant (lane 1) from the pellet
(lane 2). The positions of p45v-mYb and p37 are marked in panels A and B. In panel C the closed arrow indicates the position of p45v-mYb, and
the open arrow marks the position of p37.
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FIG. 6. DNA-cellulose chromatography of p45vm1b. Nuclei from
approximately 107 [35S]methionine-labeled BM2 cells were incu-
bated in the presence of 0.4 M NaCl. One-quarter of the extracted
protein was analyzed directly by immunoprecipitation (lane T). The
remaining protein was chromatographed on native calf thymus
DNA-cellulose. ft and w mark flowthrough and wash fractions,
respectively. Numbers on top refer to individual fractions of an

NaCl gradient. The concentration of NaCl in fraction 6 is approxi-
mately 300 mM. The arrow marks the position of p45v-mib and the
numbers at the side refer to the sizes (in kilodaltons) and positions
of molecular size markers.

DISCUSSION

As a first step in the identification of nuclear targets
involved in transformation by v-myb and in c-myb function,
we determined the subnuclear location of viral and cellular
myb proteins. Our results show that these proteins appear to
interact with two distinct nuclear substructures. A large
portion (80 to 90%) of the p45v-myb present in nuclei of
AMV-transformed myeloblasts was bound to chromatin in a

salt-labile manner. By contrast, a minor fraction of 10 to 20%
of the nuclear p45v-m b presumably interacts with the nuclear
matrix since it is resistant to extraction by nuclease or high
salt concentrations (2 M NaCI) (5, 7, 11, 13, 18, 20, 42). We
reproducibly observed the existence of two fractions of
p45v-myb under a variety of experimental conditions, such as
fractionation of nuclei in the presence of a reducing agent
(dithioerythrol) or a nonionic detergent (Nonidet P-40) or in
the absence of magnesium ions (unpublished data).

p45v-myb appears to possess DNA-binding activity; it is
therefore possible that this activity is involved in the inter-
action of the myb protein with chromatin. We observed,
however, that p45v-m b is eluted from nuclei at slightly lower
salt concentrations than from DNA-cellulose. This observa-
tion might indicate that binding of p45v-mb to chromatin
involves interactions with other chromatin proteins as well.
We do not know whether binding of p45v-myb to the nuclear
matrix is mediated by DNA, since our crude nuclear matrix
preparations still contain small amounts (approximately 2 to
5%) of residual cellular DNA. However, it is quite clear that
if nonextractable p45v-myb is bound to the residual DNA, the
DNA-binding activity of the matrix fraction of the viral myb
protein must be much less dependent on the salt concentra-
tion than the DNA-binding activity of salt-extractable
p45v-myb and may be related to the tight DNA-binding
activity of certain nuclear matrix proteins (9, 35). Alterna-
tively, association of viral myb protein with the nuclear
matrix might be mediated by a domain of p45v-myb not
involved in DNA binding.

p45v-myb is a truncated and mutated version of the protein

encoded by c-myb (26, 27). Our results show that the
differences between p45v-rnvb and p75c-myb do not grossly
affect the subnuclear distribution of both proteins. Thus, the
domains involved in the interaction with chromatin and
nuclear matrix presumably are encoded by the portion of
c-myb that is represented in v-myb.

Multiple interactions of transforming proteins with nuclear
components, suggesting the existence of multiple targets for
these proteins, have been described previously for the
simian virus 40 large T antigen (41). In that case only a minor
fraction of the transforming protein interacted with chroma-
tin. Viral myb protein, therefore, is the first example of a
nuclear transforming protein that predominantly interacts
with chromatin. Our results contrast with those of Eisenman
et al. (18) showing that the proteins encoded by viral or
cellular versions of the myc oncogene interact mainly with
the nuclear matrix. However, in a recent analysis, tight
interaction of myc proteins with the nuclear matrix was only
observed when cells or isolated nuclei were incubated at
elevated temperatures, suggesting that extensive interaction
of myc proteins with the nuclear matrix might be an artifact
(G. Evan, personal communication). Our own preliminary
results with AMV-transformed myeloblasts that have been
superinfected with MC29 virus suggest that p45v-myb as well
as p1109a9-mYc associate primarily with the chromatin in these
cells (unpublished data).
The possible functions of the subpopulations of myb

protein that are bound to different nuclear substructures
remain largely obscure. Both chromatin- and matrix-bound
forms of p45v mYb and p75c-myb turn over very rapidly with
half-lives of less than 1 h (unpublished data). This suggests
that these proteins have regulatory functions, for example,

1 2 3 4 5 6 7 8 9 10 11

* *~- ._ p75c-ffyb

FIG. 7. Sequential extraction of p75c-mYb from nuclei of AEV-
transformed erythroblasts. Nuclei (107) isolated from [35S]me-
thionine-labeled AEV-transformed erythroblasts were analyzed by
immunoprecipitation without fractionation (lane 1) or were incu-
bated sequentially as described in the legend to Fig. 5 in hypotonic
buffer (lane 2) and hypotonic buffer supplemented with 0.4 M NaCl
(lane 3) or 100 F±g of DNase I per ml (lane 4) or 2 M NaCl (lane 5) to
obtain a final pellet of residual nuclei (lane 6). In parallel, 107 nuclei
were extracted sequentially as before except that the order of the
nuclease digestion (lane 8) and the 0.4 M NaCl extraction (lane 9)
steps was reversed. The other lanes show extraction in hypotonic
buffer (lane 7) and in hypotonic buffer supplemented with 2 M NaCl
(lane 10). The final pellet of residual nuclei is analyzed in lane 11. All
fractions were analyzed by immunoprecipitation. The arrow marks
the position of p75c-myb.
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FIG. 8. DNA-cellulose chromatography of p75'~' Approxi-
mately 3 x 107 nuclei prepared from [35S]methionine-labeled AEV-
transformed erythroblasts were incubated in the presence of 0.4 M
NaCl. One-fifth of the extracted protein was analyzed directly by
immunoprecipitation (lane T), and the remaining protein was chro-
matographed on native calf thymus DNA-cellulose. ft and w refer to
the flowthrough and wash fractions, respectively. Numbers on top
mark individual fractions of an NaCI gradient. The concentration of
NaCl in fraction 6 is approximately 300 mM. The arrow marks the
position of p75C-"/", and the numbers at the side mark the sizes (in
kilodaltons) and positions of molecular size markers.

in processes that appear to be organized around the nuclear
matrix, such as the replication or the transcription of genes
(2, 4, 6, 12, 14, 30, 33, 36, 44). Interestingly, chromatin-
bound p45vnivb is attached to chromatin fragments that are
slightly smaller than fragments of bulk chromatin, suggesting
that p45v-"i'h is bound to chromatin regions that exhibit
enhanced nuclease sensitivity, such as transcribed or newly
replicated chromatin (21, 37, 38, 46). Finally, it is not clear
whether a transit of myb proteins occurs between different
nuclear substructures, as has been observed for the herpes-
virus ICP8 protein (34).
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