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The highly conserved amino-terminal region of the protein encoded
by the v-myb oncogene functions as a DNA-binding domain
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The retroviral oncogene v-myb encodes a 45 000 Mr nuclear
protein (p45V-mYf) that is predominantly associated with the
chromatin of transformed cells. It has previously been shown
that p45v-mYb, when released from chromatin by salt-
treatment, binds to DNA. To analyse the biochemical pro-
perties of p45v-myb in more detail we have expressed the
v-myb coding region in Escherichia coli. Our results
demonstrate that bacterially expressed myb protein has an
intrinsic DNA-binding activity. Using two alternative
strategies, (i) inhibition of DNA-binding by monoclonal anti-
bodies and (ii) analysis of DNA-binding activities of partially
deleted forms of the bacterial myb protein, we show that the
DNA-binding domain is located in the amino-terminal region
of the v-myb protein. This region has been highly conserved
between myb genes of different species. Our results are
therefore consistent with the hypothesis that DNA-binding is
an important aspect of myb protein function.
Key words: v-myb/nuclear oncogenes/bacterial expression/DNA-
binding domain

Introduction
The oncogene v-myb of avian myeloblastosis virus (AMV), an
acutely oncogenic chicken retrovirus, encodes a 45 000-dalton
nuclear protein (p45v-myb) that has been implicated in the ability
to AMV to transform cells of the myelomonocytic lineage both
in vivo and in vitro (Souza et al., 1980; Gonda et al., 1981;
Moscovici and Gazzolo, 1982; Rushlow et al., 1982; Boyle et
al., 1983; Klempnauer et al., 1983; Moscovici and Moscovici,
1983). p45V-myb is a truncated and mutated version of the
75 000-dalton protein (p75c-mYb) encoded by the chicken c-myb
gene (Klempnauer et al., 1982, 1983, 1984). c-myb expression
has been detected primarly in immature hematopoietic cells and
in growth-arrested fibroblasts following serum stimulation (Gonda
et al., 1982; Thompson et al., 1986). c-myb has been conserved
during evolution as homologous genes have been detected in man,
mouse, chicken and the fruit-fly Drosophila melanogaster (Gonda
and Bishop, 1983; Leprince et al., 1983; Gonda et al., 1985;
Katzen et al., 1985; Slamon et al., 1986). Comparison of the
nucleotide sequences of these genes has shown that a short region
close to the amino terminus of the myb proteins has been con-
served to a higher degree than the rest of the protein (Gonda
et al., 1985; Katzen et al., 1985). This highly conserved do-
main is rich in positively or negatively charged amino acids and
consists of three imperfect direct repeats of 50 amino acids each
(Ralston and Bishop, 1983; Gonda et al., 1985; Rosson and Red-
dy, 1986). Because of its high degree of conservation this do-
main is presumed to play an important role in myb protein
function, although the nature of that function, at the moment,

is not known. The conserved domain is also present at the amino
terminus of the viral myb protein, however, part of the first of
the three repeats has been lost during retroviral transduction and
truncation of the v-myb gene. Biochemical analysis of proteins
encoded by v-myb and c-myb has shown that they predominant-
ly are associated with the chromatin (Boyle et al., 1985; Klemp-
nauer and Sippel, 1986; Klempnauer et al., 1986). When released
from chromatin by salt treatment myb proteins readily bind to
DNA suggesting that they are DNA-binding proteins (Moelling
et al., 1985; Klempnauer and Sippel, 1986; Klempnauer et al.,
1986). However, it is not clear whether myb protein DNA-
binding is mediated by other cellular proteins or whether DNA-
binding is sequence specific. To facilitate a detailed analysis of
the DNA-binding properties of myb proteins we have inserted
the v-myb coding region into a plasmid vector that allows ex-
pression of foreign gene products in Escherichia coli. We here
show that bacterially synthesized viral myb protein has an in-
trinsic general DNA-binding activity. Since no myb target gene
that might contain a myb-specific binding site is known, it is
presently not possible to analyse whether myb protein DNA-
binding is sequence specific. As an alternative approach to analyse
the role of DNA-binding in myb protein function we have map-
ped the general DNA-binding domain within the v-myb protein.
Using two different experimental procedures, inhibition of DNA-
binding by myb-specific monoclonal antibodies and analysis of
DNA-binding activities of partially deleted versions of the v-myb
protein, we have localized the DNA-binding domain within the
amino-terminal region of the v-myb protein. Since this region
has been highly conserved during evolution we propose that
DNA-binding is important for myb protein function.

Results
Expression of v-myb in bacteria
In an effort to obtain large quantities of the protein encoded by
the v-myb oncogene ofAMV we have inserted the v-myb coding
region into a plasmid vector designed to express foreign gene
products in E. coli. Figure IA outlines the contructions of the
pVM2028 v-myb expression vector; details are described in
Materials and methods. pVM2028 encodes an almost full-length
myb protein that differs from authentic p45v-mYb only at the
amino terminus. In the bacterial protein the first seven amino
acid residues (the first six of which are encoded by nucleotide
sequences derived from the viral gag gene) are replaced by 13
amino acid residues derived from the tryptophan operon of E.
coli. Bacteria that carry the pVM2028 expression plasmid syn-
thesized a novel 45 000-dalton protein, referred to as bp45--b',
when transcription starting at the trp promoter was induced by
j3-indolacrylic acid (IAA). The identity of bp45vmYb was sub-
stantiated by several observations. (i) bp45v-myb reacted with
several different myb-specific monoclonal antibodies (Evan et al.,
1984; Klempnauer et al., 1986). A western blot analysis using
the myb2-32 monoclonal antibody is shown in Figure lB (lane
7) as an example. (ii) When the pVM2028 v-myb expression
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Fig. 1. Expression of v-myb in bacteria. (A) Construction of the pVM2028 myb expression vector. Details of the construction of plasmid pVM2028 are
described in Materials and methods. The thick lines represent the v-myb gene. H marks a Hinfl restriction site, GAATC, located at the 5' boundary of the v-
myb coding region. The first nucleotide, G, of this site is identical with the last nucleotide of a TAG translational stop codon that precedes the v-myb coding
region. The following three nucleotides of the Hinfl site, AAT, comprise the first codon of the v-myb coding sequence. Other restriction sites marked are: E;
EcoRI, B; BamHI, K; KpnI, Sm; SnaI, S; Sall, X; XhoI, Bg; Bgfll. trp marks the position of the tryptophan promoter; the direction of transcription is
indicated by an arrow. pBR322 refers to sequences derived from pBR322. The partial nucleotide sequence and deduced amino acid sequence of pVM2028 is
shown at the bottom. The sequence starts at the translational start codon of the trp-myb fusion protein encoded by pVM2028. The junction between
sequences derived from the tryptophan operon and from v-myb is marked by arrows. The first codon of the v-myb coding region, AAT, is not present in
pVM2028. The last codon shown, CGG, is identical with the second codon of the v-myb coding region. (B) Analysis of bacterial protein. Total protein from
bacteria that carried various plasmids was fractionated in SDS-polyacrylamide gels and stained with Coomassie brilliant blue (1-6) or blotted onto
nitrocellulose and stained with the myb-specific monoclonal antibody myb2-32 (7). Insoluble protein prepared from bacteria that carried the pVM2028 myb
expression plasmid was fractionated in a SDS-polyacrylamide gel and stained with Coomassie brilliant blue (8,9). Each lane shows protein from bacteria
contained in 50 ul (1-7) or 100 1l (8,9) of the original culture. - and + mark lanes that represent protein from bacteria grown in the absence or presence
of IAA. The plasmids carried by the bacteria are indicated below the lanes. Sizes are indicated in kds.

plasmid was modified in order to produce truncated versions of
bp45v-mYb (as described in Materials and methods) bacteria that
carried the modified expression plasmids no longer synthesized
bp45v-iYb; instead smaller proteins of the expected sizes were
detected (see Figure 5A). (iii) Antiserum raised against one of
the truncated v-myb proteins immunoprecipitated authentic p45V-
mYband p75c-mYb (Klempnauer et al., 1986). bp45'Ybwas highly
insoluble when bacteria expressing it were treated with lysozyme
and extracted with buffers containing non-ionic detergent Nonidet
P-40 (NP-40) and 0.4 M NaCl (see Figure iB, lanes 8 and 9).
The insolubility of bp45v'mYb enabled us to separate it from most
of the E. coli proteins as described in Materials and methods.
Most of the experiments described here were performed using

bacterially expressed myb protein partially purified in this manner.

DNA-binding of bacterially expressed v-myb protein

Subnuclear localization experiments have shown that myb pro-
teins are associated mainly with the chromatin and, when released
from nuclei by salt treatment, bind to DNA cellulose (Boyle et
al., 1985; Klempnauer and Sippel, 1986; Klempnauer et al.,

1986). It is not clear, however, whether DNA binding is mediated
by other cellular factors or whether myb proteins themselves have
intrinsic DNA-binding activities. To determine whether bacterial-
ly expressed v-myb protein binds to DNA we performed the
DNA -cellulose chromatography experiment shown in Figure
2. Insoluble, partially purified bp45v`mYb was first solubilized by
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Fig. 2. DNA -cellulose chromatography of myb proteins. Protein extracted
by 0.4 M NaCl from 108 nuclei of [35S]methionine-labeled BM2 cells
was mixed with -2 Ag of soluble bacterially expressed myb protein,
obtained from a 1 ml culture of bacteria carrying pVM2028, and
chromatographed on native calf thymus DNA-cellulose. Samples represent-

ing one quarter of the total protein applied to the column were removed
before mixing and were analysed individually. Panel A: the distribution of
radiolabeled p45v-myb was determined by immunoprecipitates with polyclonal
myb-specific rabbit antiserum followed by electrophoresis of the immuno-
precipitation in an SDS-polyacrylamide gel and autoradiography. Lane a

shows the sample containing p45v-mYb, lane b shows the sample containing
bacterially expressed myb protein, prior to mixing. Lane c represents the
flow through and lanes d and e represent the pooled wash fractions, respec-

tively. Numbered lanes mark individual fractions of a NaCl gradient. The
NaCl concentration in fraction 7 is 300 mM. Panel B: fractions were

electrophoresed in a 10% SDS-polyacrylamide gel, blotted onto

nitrocellulose and myb protein was visualized by indirect immunostaining
using the myb-specific monoclonal antibody myb2-32. Lanes a and b are

reversed relative to panel A-lane a (of panel B) shows the sample con-

taining only bacterially expressed myb protein, lane b shows the sample
containing radiolabeled p45v.mYb. All other lanes are as in panel A. The
arrows indicate the positions of p45v-myb (panel A) and bp45-myb (panel B).

dissolving it in 6 M urea and diluting the resulting solution
50-fold, as described for several other proteins (Hager and
Burgess, 1980). After dilution, bacterially expressed v-myb pro-

tein remained soluble and was co-chromatographed on native calf
thymus DNA-cellulose together with authentic p45v-myb salt-
extracted from nuclei of [35S]methionine-labeled AMV-
transformed myeloblasts. Radiolabeled p45v-mYb was detected by
immunoprecipitation and autoradiography, whereas bacterially
expressed bp45'-my was visualized by immunoblotting using the
myb-specific monoclonal antibody myb2-32. Control experiments
showed that the amount of p45vmYb extracted from myeloblasts
is very low compared with the amount of bacterially expressed
myb protein used in this experiment (compare lanes a and b of
Figure 2B); immunoblotting therefore primarily revealed the
bacterial protein. Figure 2A illustrates that authentic v-myb pro-
tein binds to DNA-cellulose and is eluted from the column at

300 mM NaCl, as we have demonstrated before (Klempnauer
and Sippel, 1986). Bacterially expressed myb protein showed
essentially the same behavior, both in the presence (as shown
in Figure 2B) and in the absence of nuclear extract (data not
shown). This suggested (i) that the v-myb protein itself has an

intrinsic DNA-binding activity and (ii) that replacement of seven

Fig. 3. Bacterially expressed myb protein binds to DNA. Panels A-C:
insoluble protein, prepared from bacteria that carried the plasmids pVM2028
(2,3) or ptrp9 (4) and were grown in the presence (2,4) or absence (3) of
1AA, was analysed by electrophoresis in SDS-polyacrylamide gels. Lane 1
shows a set of different proteins used as mol. wt markers, namely (from
top): phosphorylase B; bovine serum albumin; ovalbumin; carbonic
anhydrase and soybean trypsin inhibitor. Proteins were visualized by staining
with Coomassie brilliant blue (A). An identical gel was blotted onto
nitrocellulose and the blot was incubated with 32P end-labeled DNA
fragments and analysed by autroradiography (B). The same blot was then
analysed by indirect immunostaining using the myb-specific monoclonal
antibody myb2-32 (C). The arrow marks the position of bp45v-mYb. The two
intense bands visible in lane 4 of panel A are the trpD (upper band) and
the trpE (lower band) gene products. Panel D: total bacterial protein (from
50 Al of culture) was fractionated in a SDS-polyacrylamide gel and stained
with Coomassie brilliant blue (1) or blotted onto nitrocellulose, incubated
with 32p labeled DNA fragments and analysed by autoradiography (2). Sizes
are indicated in kds.

amino-terminal amino acids of p45V-mYb by 15 amino acids deriv-
ed from the E. coli trp operon does not grossly affect DNA-
binding of the protein.
To substantiate our conclusion that the v-myb protein has an

intrinsic DNA-binding activity, partially purified bp45v-mYb was
electrophoresed in a SDS -polyacrylamide gel, blotted onto
nitrocellulose and incubated with radiolabeled DNA. As shown
in Figure 3, bp45v-mYb, but not any of the other proteins presents
on the blot, bound DNA. Note that one of these proteins, the
25 000-dalton trpE protein, has the same amino-terminus as

bp45v-myb, yet it is inactive in DNA binding. It is therefore un-

likely that we have artificially linked a DNA-binding domain to v-

myb sequences by joining the v-myb-coding region to the start
of the trpE gene. Binding of DNA to bp45V4O in this assay was

strongly dependent on the salt concentration. Binding was

decreased -4-fold at 150 mM NaCl and was virtually undetect-
able when the NaCl concentration was raised above 300 mM
(data not shown). To illustrate the specificity of this DNA-binding
assay we analysed total bacterial protein by this procedure (Figure
3D). Our results show that only a few of the E. coli proteins
bind DNA under these conditions.

Mapping the DNA-binding domain of viral myb protein
To address the role of DNA-binding in myb protein function we
intended, as a first step, to map the location of the DNA-binding
domain within the v-myb protein, especially with respect to amino
acid sequences at the amino terminus of the protein that have
been highly conserved throughout evolution. We first salt-

extracted p45v-mYb from nuclei of [35S]methionine-labeled AMV-
transformed myeloblasts and incubated it with myb-specific
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Fig. 4. Inhibition of DNA-binding of p45v-myb by monoclonal antibodies.
Proteins extracted from -5 x

0 nuclei of [35S]methionine-labeled BM2
cells by 0.4 M NaCl were incubated with 10 /Ag of the monoclonal antibody
myb2-2 (1-3) or CBIOO-18 (4-6) before they were analysed by
DNA-cellulose chromatography. p45v'mYb present in the original nuclear
extract (1,4), not bound to DNA cellulose (2,5) or eluted from
DNA-cellulose by 0.5 M NaCl (3,6) was visualized by immuno-
precipitation with polyclonal myb-specific rabbit antiserum followed by
electrophoresis in a SDS-polyacrylamide gel and autoradiography. Lanes 7
and 8: immunoprecipitation of p45v-mYb from nuclear extract of 4 x i07

[35S]methionine-labeled BM2 cells by monoclonal antibody CBIOO-18 (7) or

myb2-2 (8). The arrow marks the position of p45v-mYb.

Fig. 5. DNA-binding activities of truncated myb proteins. Insoluble proteins

prepared from bacteria that carried the plasmids pVM2028 (1), pVM2001

(2), pVM2O16 (3), pVM2022 (4), pVM2O13 (5) or pVM2062 (6) and were

grown in the presence of IAA, were fractionated in an

SDS-polyacrylamide gel and stained with Coomassie brilliant blue (A).

Identical gels were blotted onto nitrocellulose and incubated With 32P-labeled

nick-translated pUC18 DNA (B), or stained with the myb-specific
monoclonal antibody CBIOO-18 (C). Lane M of panel A shows a set of

proteins used as mol. wt markers. Sizes are indicated in kds.

monoclonal antibodies binding to different parts of the v-m,yb pro-

tein. The epitope of the CB100-18 antibody lies close to the amino

terminus of p45v-myb, whereas the myb2-2 epitope is located in

the middle of the protein (see Figure 7). p45v-myb-antibody
complexes were then analysed by DNA -cellulose chromato-

graphy. Antibody myb2-2 did not interfere with binding of the

v-myb protein to DNA, whereas CBIOO-18 antibodies substan-

tially inhibited binding of the protein to DNA (Figure 4). A con-

trol experiment showed that both antibodies reacted efficiently
with the v-myb protein (lanes 7 and 8 of Figure 4). One possible

explanation of this experiment is that amino acid sequences that

are involved in DNA binding lie close to the amino terminus of

the v-myb protein. Alternatively, it is also possible that the

CBIOO-18 epitope is actually far away from the DNA-binding
site and that CBIOO-18 antibodies interfere with DNA binding
by causing a conformational change over some distance in the
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Fig. 6. The conserved amino-terminal domain of viral myb protein is
sufficient for DNA binding. Insoluble proteins prepared from bacteria that
carried the plasmid pVM2074 and were grown in the absence (1) or
presence (2) of IAA, were fractionated in a SDS-polyacrylamide gel and
stained with Coomassie brilliant blue (A). An identical gel was blotted onto
nitrocellulose and incubated with 32P-labeled nick-translated pUC18 DNA
(B). Sizes are indicated in kds.

v-myb protein resulting in inefficient DNA binding. Therefore,
we mapped the location of the DNA-binding domain more
precisely by analysing DNA-binding activities of partially deleted
versions of bacterially expressed v-myb protein. Figure 5A shows
a set of bacterially expressed v-myb proteins deleted from the
amino terminus (lanes 2-5) or from the carboxy terminus (lane
6). The construction of the deletions is described in Materials
and methods and the exact extent of the deletions is shown in
Figure 7. The proteins were partially purified as insoluble
material and analysed by the DNA-binding assay described in
Figure 3. The result of this assay (Figure SB) indicated that
removal of up to 45 amino acids from the amino terminus does
not interfere with DNA-binding of the v-myb protein. Deleting
68 amino acids, however, completely abolished the DNA-binding
activity of the protein. By contrast, deletion of a large portion
from the carboxy terminus did not destroy the DNA-binding ac-
tivity. A Western blotting experiment of the same set of bacterial
proteins using CB100-18 antibodies for immunostaining show-
ed that only the full-length and the largest of the amino-terminally
deleted proteins react well with the antibody (Figure SC). This
result supports our conclusion that the CB100-18 epitope lies very
close to the DNA-binding site and suggests that sequences from
the amino-terminal region of p45V-mY' are critical for DNA bin-
ding. To determine how extensive these sequences are we created
a large carboxy-terminal deletion by removing approximately two
thirds of the amino acid sequence of p45V`m. The construction
of the pVM2074 expression vector encoding the deleted protein
is described in Materials and methods and the extent of the dele-
tion is shown in Figure 7. This plasmid differs from the other
expression vectors described here in that transcription starting
at the trp promoter is directed towards the ampicillin resistance
gene present on the plasmid. This clone was chosen because,
in this orientation, the open reading frame present on the inserted
DNA fragment (which itself does not contain an in-frame transla-
tional stop codon) is terminated three nucleotides beyond the end
of the v-myb-coding sequence. A single amino acid residue is
therefore fused to the amino-terminal domain of p45MvmYb; this
residue is identical to the amino acid that, in p45v-myb, resides
at that position. Because IAA-induced transcription in the clone
pVM2074 is directed towards the ampicillin resistance gene, ex-

pression of f-lactamase encoded by that gene is also induced by

II B

93--
-67
-43

-30-

-2"5-

- i44 -
I.

I-
..- I" --'i P"

... i...



v-myb DNA-binding domain

pVM2028

pVM2001

pVM2016

pVM2022

pVM201 3

p4 5V-myb

MKAIFVLKGSLDS

MKAIFVLKGSLDRDR

MKAIFVLKGSLDRDP

MKAIFVLKGSLDS

MKAIFVLKGSLDRDHr- pVM2001 pVM2016

CB100-18 ~~~~60pVM20j2 pVM2013 CB100-18 pV2074

ERWHNHLNPEVKKTSWTEEEDRI IYQAHKRLGNRWAEIAKLLPGRTDNAVKNHWNSTi4RR
120

KVEQEGYPQESSKAGPPSATTGFQKSSHI.YAFAHNPPAGPLPGAGQAPLGSDYPYYHIAE
180

pVM2062

PQNVPGQIPYPVALHINI INVPQPAAAAIQRHYTDEDPEKEKRIKELELLLMSTENELKG

myb2-2 240

QQALPTQNHTANYPGWHSTTVADNTRTSGDNAPVSCLGEHHHCTPSPPVDHGCLPEESAS

300

PARCMIVHQSNILDNVKNLLEFAETLQLIDSFLNTSSNHENLNLDNPALTSTPVCGHKMS

360
pVM2062 pVM2074

VTTPFHKDQTFTEYRKMHGGAV

pVM2028

pJM2001

pVM2016

pVM2022

pVM2013

DNA-binding1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I0:::::1
a:::::

pVM2062 la

pVM2074 E I

+

Fig. 7. The structure of bacterially expressed v-myb proteins. The deduced
amino acid sequence of p45v-myb (Klempnauer et al., 1982) is shown in the
single-letter amino acid code at the top. The numbering starts at the first
amino acid encoded by the v-myb open reading frame In p45v-mYb, this
amino acid is preceded by six amino acid residues encoded by the viral gag
gene (Schwartz et al., 1983). In bacterially expressed v-myb proteins the
first seven amino acid residues of p45V-myb are replaced by the sequences
shown above. The amino-terminal deletions start after the seventh residue of
p45v-mYb, as indicated by an arrow. In the carboxy-terminal deletions
pVM2062 and pVM2074 the amino-terminal sequence is the same as in
pVM2028. The extent of individual deletions is indicated by arrows pointing
towards the deleted sequence. The lines indicate the approximate locations
of epitopes of monoclonal antibodies. The position of the CB10-18 epitope
was deduced from the results shown in Figure 5c. The leftward boundary of
the region encompassing the myb2-2 epitope was inferred from the
observation that a carboxy-terminal deletion extending to this position
resulted in loss of the myb2-2 epitope (the construction of this deletion,
pVM2060, has been described by Klempnauer et al., 1986). The rightward
boundary of the myb2-2 epitope is defined by clone pVM2062, which has
not deleted this epitope (data not shown). The structure of bacterially
expressed myb proteins and their DNA-binding activities are summarized
schematically below. Amino acid sequences derived from ptrp9 or v-myb
are shown as hatched or open boxes, respectively. Sequences not present in
partially deleted proteins are shown by broken boxes. The black bar shows
the highly conserved region at the amino terminus of p45v-mYb and the
arrows represent directly repeated sequence motifs in that region. Only part
of the first repeat is present in the v-myb protein.

IAA, leading to the appearance of additional protein species
(-30 000 daltons) in preparations of insoluble protein from
bacteria that carry the pVM2074 plasmid (see Figure 6A). The
15 000-dalton protein visible in lane 2 of Figure 6 is the exten-
sively truncated myb protein since it has the expected size and
reacts with the myb-specific monoclonal antibody CB100-18 (data
not shown). The DNA-binding assay (Figure 6B) showed that
the 15 000-dalton protein still has retained the ability to bind to
DNA, suggesting that the DNA-binding domain is confined to
a region of - 120 amino acids at the amino terminus of the v-

myb protein. Figure 7 summarizes our results with respect to
the amino acid sequence of p45v-myb.

In an attempt to define more precisely the sequences within
the DNA-binding region that are necessary for DNA-binding we
constructed a set of internal deletions of v-myb removing various
amounts of sequence from the carboxy-terminal side of the DNA-
binding region. We chose to construct internal deletions (with
an identical piece from the carboxy terminus of p45v-myb retain-
ed in each deletion) in order to increase the size of the deleted
proteins and thus avoid possible problems in the DNA-binding
assay caused by background bands in the low mol. wt region
of the gel. However, various attempts to express such internally
deleted proteins in sufficient quantities failed, becaused these pro-
teins are not stable in our E. coli expression system (data not
shown, see Materials and methods for details).

Discussion
We have used a bacterial expression system to obtain large
amounts of a protein encoded by the v-myb oncogene of AMV.
The experiments described here demonstrate that the myb pro-
tein synthesized in bacteria binds to DNA. In this protein the
first seven amino acids of authentic p45v-mYb (the first six of
which are encoded by the gag gene of AMV) have been replac-
ed by 13 amino acid residues derived from the E. coli tryptophan
operon. It is unlikely that this replacement grossly affects the
DNA-binding activity of the v-myb protein, because, in
DNA- cellulose chromatography experiments, bacterially ex-
pressed and authentic v-myb proteins behave identically [both pro-
teins are released from the column at a salt concentration
(-300 mM NaCl) which also releases the majority of DNA-
binding proteins present in nuclear extracts of eucaryotic cells
(data not shown)]. Furthermore, the v-myb gene of avian
leukemia virus E26 lacks 27 nucleotides that are present at the
5' end of the v-myb gene of AMV (and has replaced them by
other sequences derived from the retroviral gag gene), yet the
E26-myb protein binds to DNA (Nunn et al., 1984; Moelling
et al., 1985). This suggests that the first nine amino acid residues
encoded by the v-myb gene of AMV are dispensable for DNA-
binding. This conclusion is extended by our observation that up
to 45 amino acids can be removed from the amino terminus of
the v-myb protein without abolishing its DNA-binding activity.
Bacterially expressed v-myb protein is essentially pure with
respect to other eucaryotic proteins; our results therefore strongly
suggest that the DNA-binding activity is intrinsic to v-myb and
does not require association with other proteins. This does not
exclude the possibility that the v-myb protein interacts with other
proteins and that such association may influence the ability of
the protein to bind to DNA.

Inhibition of DNA binding of p45V-mYb by myb-specific
monoclonal antibodies and deletion analysis of bacterially express-
ed myb protein has enabled us to map the DNA-binding domain
to a region of - 120 amino acid residues at the amino terminus
of the v-myb protein. The observation that this region, even when
expressed independently of other v-myb sequences, is active in
DNA binding, supports the notion that it represents a relatively
self-contained structural domain within the v-myb protein. The
repetitive structure of the amino-terminal region of the v-myb
protein superficially resembles the composite DNA-binding do-
main of the Xenopus laevis transcription factor TFIHA (Miller
et al., 1985). Although there are structural differences between
the DNA-binding regions of myb proteins and TFLIA, such as
the size of the repeated unit (50 amino acids in myb proteins and
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30 amino acids in TFLIA) and the absence, in myb proteins, of
characteristic histidine and cysteine residues implicated in zinc-
dependent stabilization of the TFUIA DNA-binding domain, the
interesting question is raised of whether both of the two com-
plete repeats present in the v-myb protein represent distinct DNA-
binding sites possibly acting in concert. The results presented
here provide no clear answer. Our observations show that (i)
monoclonal antibodies CB100-18 inhibit DNA binding although
they bind to only one of the repeats and (ii) DNA-binding ac-
tivity is lost as the first of the two repeats present in the protein
is deleted (This results in a protein, encoded by pVM2022, that
still contains the second of the two repeats but no longer binds
DNA). While this clearly indicates that the first of the two repeats
present in the v-myb protein is essential for DNA binding, we
cannot rule out the possibility that the second repeat also interacts
with DNA. If the two repeats would bind independently to DNA
and one is removed (or blocked by an antibody) then the associa-
tion constant will drop and no binding might be detected. This
would be even more so if the two domains were involved in
cooperative binding. We attempted to determine whether the
second complete repeat of v-myb also contributes to DNA bind-
ing of the v-myb protein by constructing proteins that have deleted
all or part of the second repeat but retain the first repeat. These
attempts failed, however, because no stable protein was obtain-
ed in our expression system whenever sequences of the second
complete repeat of v-myb were deleted (see Materials and
methods).
The amino-terminal region of the v-myb protein has been highly

conserved between myb genes of different species. In an extreme
case, in the myb gene of Drosophila melanogaster, this region
appears to be the only part of the gene that shows detectable
homology to vertebrate myb genes (Katzen et al., 1985). The
observation that the DNA-binding domain lies within this highly
conserved region predicts that the ability of myb proteins to bind
to DNA also has been conserved throughout evolution. This
seems to be the case, as we have recently shown that the c-myb
proteins of chickens and humans bind to DNA (Klempnauer and
Sippel, 1986; Klempnauer et al., 1986). Furthermore, work not
presented here has shown that the region of the D. melanogaster
myb gene, which is homologous to vertebrate myb genes, also
encodes a DNA-binding domain (C.Peters, A.E.Sippel,
M.Vingron and K.-H.Klempnauer, in preparation). The obser-
vation that the DNA-binding domain of the v-myb protein is en-
coded by amino acid sequences that have been highly conserved
during evolution leads us to speculate that DNA binding may
be an important aspect of the molecular mechanism by which
myb proteins act. This speculation is supported by the observa-
tion that DNA binding of myb proteins encoded by temperature-
sensitive transformation-defective mutants of avian leukemia virus
E26 appears to be temperature sensitive (Moelling et al., 1985).
However, it is obvious that further work needs to be done in
order to understand the role ofDNA binding in myb protein func-
tion. In the case of the v-myb and the c-myb proteins of chickens
and humans the ability to bind to DNA is correlated with a
predominant association of the proteins with chromatin (Klemp-
nauer and Sippel, 1986; Klempnauer et al., 1986) suggesting that
in vivo myb proteins interact with cellular DNA and perhaps play
regulatory roles at specific sites in the genome. Such a specific
interaction possibly, but not necessarily, might be the result of
sequence-specific DNA binding by myb proteins themselves.
Because no genes or nucleotide sequences that might function
as direct targets for myb proteins and thus might contain m,yb-
specific binding sites are known, it is presently not possible to
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determine whether DNA binding by myb proteins is sequence
specific. Experiments not presented here show that bacterially
expressed v-myb protein does not bind equally well to any DNA
sequence (H.Biedenkapp, A.E.Sippel and K.-H.Klempnauer, in
preparation), suggesting that myb protein DNA binding exhibits
sequence preference. Alternatively, it is possible that specific in-
teraction of myb protein with cellular DNA results from associa-
tion with other, as yet unknown, cellular proteins conferring
specificity, or that myb protein function does not involve
sequence-specific interaction. In any case, our observation that
a DNA-binding domain has been conserved in myb proteins dur-
ing evolution strongly emphasizes the importance of
protein-DNA interaction in myb protein function. Finally, we
cannot rule out the possibility that other, as yet undefined,
biochemical activities, that are essential to myb protein function,
also map to the amino-terminal domain of the v-myb protein.
The existence of such activities, however, would not contradict
our conclusions.

Materials and methods

Cell lines, radioactive labeling of cells and antisera
The BM2 line of AMV-transformed chicken myeloblasts was obtained from
C.Moscovici. Cells were radiolabeled with [ 5S]methionine as described
previously (Klempnauer et al., 1983). Polyclonal rabbit antiserum specific for
the carboxy-terminal region of p45v'mYb was prepared as described (Klempnauer
et al., 1983). The myb-specific mouse hybridoma lines myb2-2, myb2-32 and
CBIOO-18 have been described (Evan et al., 1984; Klempnauer et al., 1986).
Monoclonal antibodies were purified from supematants of overgrown cultures
by affinity chromatography using rabbit anti-mouse IgG antibodies coupled to
Sepharose. For immunostaining, culture supernatant was used directly.
Construction of myb expression vectors
All standard molecular cloning techniques were carried out according to published
procedures (Maniatis et al., 1982). The ptrp9 expression plasmid as derived by
minor modifications only affecting sequences flanking the tryptophan operon (K.-
H.Klempnauer, unpublished data) from the pVVI expression vector described
by Nichols and Yanofsky (1983). ptrp9 contains a deleted version of the E. coli
tryptophan operon in which the coding regions of the trp leader peptide and the
trpE gene product are fused. Upon induction of trp expression by growing the
bacteria in the presence of IAA the products of the fused leader-trpE gene and
the trpD gene are detected as abundant proteins in bacterial extracts (see Figure
IB, lanes 3 and 4). A 2.3-kbp Bgl/XwoI restriction fragment of plasmid pVM2
(Klempnauer et al., 1982) containing the complete v-myb gene flanked by viral
sequences was inserted into the ptrp9 expression vector, which had been digested
with Bgll and SalI, to obtain plasmid pVM2000 (see Figure 1). In order to fuse
the v-myb coding region to the open reading frame provided by the expression
vector we digested pVM2000 partially with Hinfl, filled in 5' overhanging restric-
tion ends and isolated full-length liner molecules by gel electrophoresis. Note
that there is a Hinfl restriction site precisely at the start of the v-myb coding region.
The DNA was then digested with Bgll, the 5' overhanging restriction ends were
trimmed with nuclease SI and the DNA molecules were ligated and transfected
into E. coli HB1O1. To identify plasmid molecules that direct expression of myb
proteins we plated individual colonies onto agar plates containing L-broth sup-
plemented with 50 Ag/ml ampicillin and 40 Ag/ml IAA. After 12 h at 370C the
colonies were transferred to nitrocellulose as described (Kemp et al., 1983) and
stained with monoclonal antibody myb2-32 as described (Klempnauer and Sip-
pel, 1986). Bacteria expressing myb proteins were then grown in liquid culture
in L-broth supplemented with 50 Ag/ml ampicillin and 40 jig/ml IAA for 12 h
at 37°C and the total bacterial protein was analysed by electrophoresis in
SDS-polyacrylamide gels, blotted onto nitrocellulose and stained with monoclonal
antibody myb2-32. Two colonies expressing myb proteins with molecular weights
of 45 000 and 40 000, respectively, were selected for further analysis. Plasmid
obtained from one of these colonies (pVM2028) was shown by DNA sequence
analysis to direct expression of an almost complete v-myb coding region (one
amino acid residue located at the 5' end of v-myb has been lost) fused to 15 amino-
terminal amino acids derived from the tip operon. The second plasmid, pVM2022,
encodes a partially deleted myb protein because the trp promoter was linked to
a Hinfl site within the v-myb coding region (see Figure 7). A set of plasmids
encoding amino-terminally truncated myb proteins was obtained by digesting
plasmid pVM2000 with KpnI, subsequent treatment with various amounts of
nuclease Bal31followed by digestion with BglI, filling-in of 5' overhanging restric-
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tion ends and ligation. Colonies expressing myb proteins of various sizes were
identified as described above. We selected three clones (pVM2001, pVM2013
and pVM2016) for further study. The extent of the amino-terminal deletion in
each clone was determined by nucleotide sequence analysis (see Figure 7). To
produce a carboxy-terminally truncated myb protein we digested pVM2028 with
Sall, filled in 5'-overhanging restriction ends and re-ligated the DNA to obtain
colonies which now expressed a 31 000-dalton protein upon induction by IAA.
The plasmid from one of these colonies is referred to as pVM2062. To produce
a second carboxy-terminally truncated myb protein we isolated the 0.5-kb EcoRI
fragment of pVM2028 (containing the trp promoter and the amino-terminal region
of v-myb) and cloned it into ptrp9 digested with EcoRI and Bgll. One of the
EcoRI sites of the insert fragment was linked to the Bglll site of the plasmid by
a short EcoRI/BamHI DNA fragment obtained from the polylinker region of
plasmid pUC18. We selected a plasmid (pVM2074) in which the direction of
transcription from the trp promoter is pointing towards the ampicillin resistance
gene of pBR322. In this clone translation of v-myb coding region is terminated
3 bp beyond the end of the inserted DNA fragment. To produce internal dele-
tions starting at various positions 5' to the EcoRI site in v-myb and ending at
the Sall site in v-myb (see Figure 1) pVM2028 DNA was first linearized with
SnaI, then digested with various amounts of nuclease Ba131 and finally cleaved
with PstI. The heterogenous set of fragments corresponding to the 3' portion
of the ampicillin resistance gene and the 5' portion of v-myb was isolated and
ligated to pVM2028 DNA cut with PstI and Sall. Ampicillin-resistant colonies
were expected to express v-myb proteins with internal deletions extending from
various positions in the N-terminal region of v-myb to the Sall site. These col-
onies were screened with monoclonal antibodies specific for amino-terminally
(CBIOO-18) or carboxy-terminally (myb2-37; Evan et al., 1984) located epitopes
and the sizes of the expressed proteins from colonies positive for both of the an-
tibodies were determined. The majority of colonies produced deleted proteins
at levels incompatible with performing the nitrocellulose DNA-binding assay.
Those few clones that produced sufficient amounts of protein turned out not to
have the expected deletions. A similar cloning experiment was performed in which
the internal deletions ended at a PstI site, located -80 bp upstream of the originally
used Sall site. The results were similar in that the correctly deleted clones pro-
duced too low levels of protein.

Partial purification of bacterially expressed myb protein
Bacteria carrying myb expression vectors were grown overnight at 37°C in L-
broth in the presence or absence of 40 pg/ml IAA. Bacteria were pelleted and
suspended in one fifth of the original volume of 10 mM Tris-HCl, pH 7.8; 1 mM
EDTA; 50 mM NaCl and 0.5 mg/ml lysozyme, incubated on ice for 30-60 min,
freeze-thawed once and sonicated three times for 15 s each. Insoluble material
containing the myb protein was washed three times with 10 mM Tris-HCl, pH
7.8; 1 mM EDTA; 0.5 M NaCl; 0.5% NP40 and three times with 10 mM Tris-
HCI, pH 7.8; 1 mM EDTA; 0.5% NP40. All washes were performed at room
temperature. The final pellet was dissolved in sample buffer and analysed by
SDS-polyacrylamide gel electrophoresis. Usually 5-10 Ag of bacterial myb pro-
tein were obtained from a 5 ml culture. Full-length bacterial myb protein to be
used for DNA-cellulose chromatography was solubilized by dissolving the final
insoluble pellet in 6 M urea (usually 100 A1 for a pellet from a 5 ml culture) for
10 min at 37°C, clarifying and diluting it 50-fold with 10 mM Tris-HCl, pH
7.8; 1 mM EDTA; 50 mM NaCl; 0.5 mg/mi bovine serum albumin (BSA). This
solution was kept on ice for at least 12 h before performing DNA-cellulose
chromatography.
Immunoblotting and nitrocellulose DNA-binding assay
Immunoblotting was performed as described (Klempnauer and Sippel, 1986) ex-
cept that 5% (w/v) of non-fat dry milk powder was used as blocking agent. In-
cubation of blots with radiolabeled DNA followed the procedure described by
Bowen et al. (1980). The whole procedure was carried out at room temperature.
Blots were rinsed briefly with water and were then washed three times with 6 M
urea; 0.2% NP-40 (20 min each wash), followed by four washes (30 min each)
with DNA-binding buffer (10 mM Tris-HCI, pH 7.8; 1 mM EDTA; 50 mM
NaCl). The blots were then incubated for 30 min in DNA-binding buffer sup-
plemented with 32P-labeled DNA. In different experiments we used end-labeled
as well as nick-translated DNA to obtain identical results. End-labeled DNA,
usually Hinfl restriction fragments of pBR322 DNA labeled at the 3' end with
[a-32P]deoxynucleotides (Amersham, >3000 Ci/mmol) and Klenow fragment
of E. coli DNA polymerase I, were used at -40-80 ng/ml binding buffer. Nick-
translated DNA, usually pUC18 DNA labeled to a specific activity of
-5 x 107 c.p.m.4/g, was used at 10-20 ng/ml binding buffer. After incuba-
tion with DNA the blots were washed three times (10 min each) with DNA-binding
buffer lacking DNA and analysed by autoradiography.

Other procedures

precipitations were carried out as described (Klempnauer et al., 1983). The
immunoprecipitations shown in Figure 4, lanes 7 and 8, were performed by a
modified procedure, because CB100-18 antibodies do not bind to protein A of
Staphylococcus aureus. After incubation of nuclear extract with monoclonal anti-
bodies p45M-mYb-antibody complexes were precipitated by adding an excess of
rabbit anti-mouse IgG antibodies (Dako) prior to incubation with S. aureus cells.
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Preparation of nuclei from BM2 cells, salt extraction of proteins and analysis
of nuclear extract by DNA-cellulose chromatography were performed as describ-
ed previously (Klempnauer and Sippel, 1986; Klempnauer et al., 1986). Immuno-
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