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ABSTRACT: We have examined proteins containing the DNA-binding domain of c-Myb with biophysical

methods.

This DNA-binding domain censists of three imperfect repeats (R1, R2, and R3) conserved

among many species. Our results indicate that the DNA-binding domain forms unspecific and specific
complexes with oligodeoxynucleotides. In the presence of R1, DNA sequences related to a canonical
¢c-Myb-binding site are better discriminated. Furthermore, although R2 and R3 are sufficient for sequence-
spe01f1c DNA binding, a structural change of the DNA-binding domain upon specific complex formation
is induced only when R1 is present. Therefore, R1 might serve as an important element required for
secondary structure alteration upon binding and its stabilization as well as for better discrimination between

specific and related DNA sequences.

The chicken c-myb protooncogene is the cellular progeni-
tor of the v-myb oncogene, first identified as the transforming
component of the two avian leukemia viruses AMV and E26
[for a review, see Liischer and Eisenman (1990)]. The
protooncogene c-myb encodes a DNA-binding protein of
approximately 75 kDa. C-Myb is expressed predominantly
in undifferentiated cells of the hematopoietic lineage (Westin,
1982). It was demonstrated that v-Myb and c-Myb proteins
recognize specifically the DNA sequence YAACKG (Bieden-
kapp et al., 1988) and activate transcription in mammalian
cells (Klempnauer et al., 1989; Nakagoshi et al., 1989). It
thus appears that they might function as sequence-specific
transcriptional regulatory proteins: mim-1, a gene identified
recently (Ness et al., 1989), which has three c-Myb-binding
sequences in the 5" promoter region, was shown to be directly
activated by c-Myb proteins. Myb homologs have been
identified in many species (Bender & Kuehl, 1986; Gerondakis
& Bishop, 1986; Rosson & Reddy, 1986; Katzen et al., 1985;
Paz-Ares et al., 1987); the main feature of all these homologs
is a high degree of conservation in a region required for
specific DNA binding. This region consists of 3 imperfect
repeats of ~51 amino acids. In each of these repeats, 3
tryptophans are spaced by 18 or 19 amino acids. Since the
spacing of the rare amino acid tryptophan is conserved
evolutionary, it was speculated that the DNA-binding domain
of ¢-Myb proteins is organized in a unique stereochemical
arrangement (Anton & Frampton, 1988). Mutation analysis
of this region revealed that the first repeat of the tripartite
region is dispensable for DNA binding, whereas the second
and third repeats are essential (Howe et al., 1990; Oehler et
al., 1990). Furthermore, it could be demonstrated that the
tryptophans play a major role in stabilizing the structure of
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the DNA-binding motif (Kanei-Ishii et al., 1990). Recently,
a model derived from NMR data was proposed for the
structure—function relationship of repeat 3 (Ogata et al.,
1992; Jamin et al., 1993). According to this model, the third
repeat harbors three a-helices, of which two are forming a
helix—turn—helix-related motif maintained by the conserved
tryptophans which form a hydrophobic core together with
other hydrophobic amino acids. In contrast, repeat 2 appears
to be more flexible, consisting of two a-helices; the flexible
part might alter its secondary structure upon binding to DNA
(Jamin et al., 1993; Sarai et al., 1993).

This suggestion is endorsed by a recent publication which
used fluorescence emission spectroscopy to study the quench
of the tryptophan signals upon binding of DNA to c-Myb
(Myrset et al.,, 1993). Furthermore, it was demonstrated
(Tanikawa et al., 1993) that repeat 3 recognizes the core
sequence AAC very specifically, whereas the second repeat
contacts the DNA only weakly and repeat 1 stabilizes the
c-Myb—DNA complex (Ording et al., 1994).

In order to study the interaction of c-Myb proteins with
DNA in detail, we have expressed different constructs
harboring the three repeats and the last two repeats of the
DNA-binding region of c¢-Myb in Escherichia coli and
characterized their binding properties with biophysical
methods. We report here that a structural change of the
DNA-binding domain (i.e., a 10% increase of o-helical
content) is detectable only when the entire DNA-binding
domain (including repeat 1) is bound to a canonical DNA
sequence.

EXPERIMENTAL PROCEDURES

Oligodeoxynucleotides. All synthetic oligodeoxynucle-
otides and cloning linkers were synthesized on a Milligen
Cyclone DNA synthesizer. The reagents were purchased
from MWG-Biotech, Ebersberg, and the acetonitrile was
from AMBIX, Miinchen.

Construction of c-Myb Expression Vectors. For the
construction of the vectors pR123, pR123AS5, and pR23,
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containing the DNA-binding repeats 1—3 and 2—3, respec-
tively, fused to the glutathione S-transferase, the c-myb gene
(Rosson & Reddy, 1986) was digested with Nofl and BspMII
and cloned with BamHI linkers d(GATCCCCGGCGGO),
d(GGGCCGCCGCCGG), d(CCGGAATTCAGCTGAAT-
GAATGAATGAGQG), and (TTAAGTCGACTTACTTACTC-
CTG), into the pGex2T vector (Pharmacia) to yield p-Myb.
Starting from this full-length clone, pR123, spanning mainly
the DNA-binding domain, was constructed by digesting
p-Myb with PsfI and incubating with T7 DNA polymerase
to generate blunt ends. This preparation was digested with
BamH]I; the fragment was isolated and recloned into a
BamHI/Smal-digested pGex2T plasmid. Plasmid pR123AS5,
which expresses a protein lacking the last five amino acids
of the third repeat, was derived from p-Myb by digestion
with EcoRI and ligation. Plasmid pR23 contains repeats 2
and 3 of the DNA-binding domain and was prepared by PCR
cloning using the oligodeoxynucleotides d(GGGGGATC-
CCTTATCAAAGGTCCATGGACTAA) and d(CCCAGA-
TCTCTTCCGGCGCTGGTGGAATTCCA) as primers and
p-Myb as a template. The PCR product was digested with
BamHI and Bgl/Il and inserted into the BamHI site of
pGex2T. All constructs were sequenced using a modified
dideoxy sequencing protocol (Geiger et al., 1989).

Preparation of Proteins. Overnight cultures of pR123,
pR23, or pR123AS5 in E. coli strain LK 111 (1) (Zabeau &
Stanley, 1982) were diluted 1:20 in 8 L of Luria Bertani
medium and grown to a turbidity of A%® = 1 at 37 °C. At
this stage, expression was induced by adding IPTG to a final
concentration of 0.1 mM for 4 h. The cells were harvested,
resuspended in 400 mL of PBS (10 mM sodium phosphate,
pH 7.5, and 130 mM NacCl), and stored at —20 °C. The
frozen cells were thawed and sonified twice in a Branson
sonifier for 5 min; 1% Triton X-100 was added, and the
lysates were centrifuged for 30 min at 13000g. Five
milliliters of GSH—Sepharose 4B (Pharmacia), gel volume,
equilibrated with PBS, was added to the clear supernatant
and incubated for 1 h with gentle shaking at room tempera-
ture. The solution was centrifuged at 2000g for 2 min, the
supernatant decanted, and the pellet washed twice with TBS
(10 mM Tris-HC], pH 7.5, | mM EDTA, and 150 mM
NaCl). After equilibrating with cleavage buffer (TBS/3 mM
CaCl,), the fusion protein was cleaved with 100 units of
thrombin (Sigma) overnight at 4 °C in a total volume of 15
mL of cleavage buffer. The slurry was filtered and washed
with 15 mL of PBS. The cleaved-off c-Myb protein was
bound on a DNA—cellulose (Litman, 1968) column (gel bed
volume 10 mL, linear gradient of 0.5 x PBS, 75 mM—1.5
M NaCl) to remove DNA associated with it. The protein
eluted at approximately 600 mM NaCl; fractions were
pooled, concentrated in Centricon microconcentrators, and
stored in PEDL [30 mM KP;, pH 7.2, 1 mM EDTA, 10 mM
DTT, and 0.01% (w/v) Lubrol].

This procedure yielded about 1—2 mg of protein which
was estimated to be about 98% pure as judged by SDS—
polyacrylamide gel electrophoresis. The concentration was
determined by UV absorption spectroscopy. The extinction
coefficients at 280 nm, €(R123) = 55500 L mol™! cm™!
and €(R23) = 34 400 L mol~! cm™!, empirically determined
(Levine & Federici, 1982), were used for the calculation.
We took special care that the reducing agent DTT was
present in at least 0.1 mM concentration in all steps of the
protein purification as well as in all biophysical experiments,
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to prevent oxidation of Cys130, which was shown to play
an important role in DNA binding (Guehmann et al., 1992;
Myrset et al., 1993).

Protein Sequencing. Aliquots (30 uL) of peak fractions
from DNA—cellulose chromatography were applied to poly-
brene-coated glass—fiber filters and sequenced by Edman
degradation on an Applied Biosystems 477 A sequenator.
The phenylthichydantoin amino acids were analyzed on-line
with an Applied Biosystems 120 A narrow-bore HPLC
system.

Electrophoretic Mobility Shift Assay (EMSA). The oli-
godeoxynucleotides listed in Table 1 were labeled with T4
polynucleotide kinase and [y-3PJATP (Amersham) according
to standard procedures, annealed at 75 °C by mixing
equimolar amounts of the complementary strands, and slowly
cooled to room temperature. The oligodeoxynucleotides or
the 418 bp PCR product was incubated with R123 or R23.
in EMSA-binding buffer [10 mM Tris-HC], pH 7.6, 10 mM
DTT, ! mM EDTA, 5§ mM MgCl,, 100 mM NaCl, and 10%
glycerol (v/v)] for at least 30 min at room temperature.
EMSA was carried out on 20 x 20 cm, 6% polyacrylamide
gels in a 0.5 x TBE (50 mM Tris—borate, pH 8.0, and 2
mM EDTA) gel at room temperature at 100 V. The gels
were dried and scanned with a Fuji BAS 1000 Mac Bas
Phospho-Imager. The binding isotherms were analyzed with
a computer program (TITRAT; Dr. C. Urbanke, unpublished
results) using a multistep predictor/corrector method (Curth
et al., 1993).

PCR Shift Template. A double-stranded oligodeoxynucle-
otide containing a c-Myb-binding sequence, d(GATCA-
GAGTTAACGGTTTTTC), was ligated into the BamHI site
of pAT153 (Twigg & Sherrat, 1980). Polymerase chain
reaction (PCR) was carried out in a TPS 5.4 Thermocycler
(Landgraf) with the primers d(TGCGGGATATCGTCCAT-
TCCGACAGCATCGCCAGT) and d(GGTAGAGGAACG-
TACGTGGTAAGGA). PCR reaction conditions were as
follows: 4 nM template DNA, 400 nM of each primer, 0.2
mM dNTP, 10 uCi of [a-3?P]dATP, 5 uL of 10 x Taq buffer,
and 2 units of Tag polymerase (Amersham) in a reaction
volume of 50 u4L; cycle 1 (1x) 390 s at 92 °C; cycle 2 (30x)
90 s at 92 °C, 90 s at 54 °C, 210 s at 72 °C; cycle 3 (1x)
360 s at 72 °C. The labeled product was separated on a 20
x 20 cm, 6% polyacrylamide gel in 0.5 x TBE, radioactive
bands were excised, and the 418 bp fragments were eluted
with water.

Circular Dichroism Experiments. Circular dichroism (CD)
spectra were recorded in PEDL at room temperature in 0.01
cm cuvettes in a Jobin Yvon Dichrograph R. J. Mark III at
a concentration of 10 uM. Complexes of c-Myb proteins
and oligodeoxynucleotides were preincubated for 5 min at
room temperature. Ten independent measurements were
performed, and the data were accumulated using the program
AKKUPROG (kindly provided by B. Kindler, MHH). The
spectra were analyzed using the program CIRCULAR (kindly
provided by Dr. F. Peters and Dr. J. Greipel, MHH).

Analytical Ultracentrifugation. Sedimentation velocity
runs were carried out in PEDL buffer at 60 000 rpm at 25
°C in a Spinco Model E analytical ultracentrifuge (Beckman),
equipped with electronic speed control, a high-intensity
ultraviolet illumination system, a photoelectric scanner, and
an electronic multiplexer. Sedimentation profiles were
recorded at 280 nm. Band positions were determined by
second-moment analysis (Schachman, 1959; Fujita, 1975)
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FIGURE 1: Schematic view of the first 200 amino acids of ¢c-Myb.
The positions of the tryptophans are marked by the single-letter
symbol “W", while the repeats are represented by three white
rectangular boxes and the basic region and helix—turn—helix motif
by shaded boxes. The constructs used in this study are depicted
as solid bars.

using the program UZAUS (Dr. C. Urbanke, unpublished
results). The different samples were run in an An F-Ti-Rotor
in parallel at a concentration of 5 uM.

Nitrocellulose Filter Binding Assav. Nitrocellulose filter
binding experiments were performed as described (Ausubel
et al., 1993) using a Bio-dot apparatus (Bio-Rad). Protein—
DNA complexes were preformed in a total volume of 160
uL in binding buffer (10 mM Tris-HCI, pH 7.6, 1 mM DTT,
I mM EDTA, 5 mM MgCl,, and 100 mM NaCl) for 30 min
at room temperature. Filters (Schleicher & Schiill BA 85
nitrocellulose) were prewetted and rinsed with binding buffer.
The concentrations of the proteins were varied from 0 to 13
(M, the concentration of the oligodeoxynucleotides from 20
to 4500 nM. The complexes were applied to the filtration
apparatus and washed once with 200 uL of binding buffer.
The radioactivity retained on the NC filter was determined
by scintillation counting. The binding isotherms were
evaluated with the TITRAT computer program (Dr. C.
Urbanke, unpublished results) using a multistep predictor/
corrector method (Curth et al., 1993).

Trypsin Digestion Assay. R23 protein (buffer: 25 mM
Tris-HCI, pH 8.0, 50 mM KCI, 10 mM CaCl,, 10 mM
MgCls, and 0.5 mM DTT) was incubated on ice for 30 min
at a concentration of 5 uM with a 2-fold molar excess of
oligodeoxynucleotide in a reaction volume of 20 uL. Two
micrograms of trypsin (Sigma) was added, and the mixture
was incubated at 25 °C for 30 min. The reaction was stopped
with 10 4L of SDS—PAGE sample buffer [S0 mM Tris-
HCI, pH 6.8, 2% sodium dodecyl sulfate (w/v), 10% glycerol
(v/v), 0.1% bromphenol blue, and 100 mM [S-mercapto-
ethanol]; 20 uL of each sample was subjected to SDS—
PAGE analysis.

RESULTS

Analysis of DNA—Protein Complexes. The proteins
utilized in our study were expressed as GST fusion proteins;
the GST segment was cleaved off with thrombin in the
purification procedure. The constructs are represented
schematically in Figure 1. Our preparations were at least
98% pure as judged by SDS—polyacrylamide gel electro-
phoresis. No DNA contaminations can be detected by UV
spectroscopy (Figure 2). Due to the high tryptophan content
(nine tryptophans in the binding region), the UV spectrum
of the protein solution exhibits a pronounced shoulder at 290
nm. Although the DNA sequence of pR123AS had been
verified to code for the three DNA-binding repeats of the
¢-Myb protein, the purification scheme outlined under
Experimental Procedures always yielded a protein of apparent
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FIGURE 2: UV spectrum of a purified R213 protein. The arrow
points to the shoulder of the tryptophan signal at 290 nm. With
UV spectroscopy, no DNA is detectable at 260 nm.

Table 1:  Oligodeoxynucleotide Sequences

AACATTATAACGGTTTTTTAAT
AACATTATTTCGGTTTTTTAAT
AACATTATTTGGCTTTTTTAAT

canonical sequence
GTT motif sequence
unspecific sequence

molecular mass of only 18 kDa. Protein sequencing revealed
that in this construct a cryptic thrombin cleavage site (PK)
at amino acid position 31 was used. Apparently, the deletion
of five C-terminal amino acids in the third repeat changes
dramatically the secondary structure of the GST—c-Myb
fusion protein and renders a cryptic thrombin site accessible
to proteolytic cleavage. Although this protein covers repeats
1—3 except for the last five amino acids, it is completely
devoid of DNA-binding activity. This is consistent with the
results of Howe (Howe et al., 1990), who used an analogous
construct in their assays.

In order to study the complexes of the isolated ¢c-Myb-
binding domain with oligodeoxynucleotides containing a
canonical c-Myb-binding site, a minimal GTT motif, and
an unspecific sequence (Table 1), we used the nitrocellulose
filter binding assay (NC) and electrophoretic mobility shift
assay (EMSA). All assays were performed at least in
triplicate. The individual constants of the various complexes
were used to calculate the ratios of the canonical vs GTT
motif binding constants. The results are summarized in Table

2.

Figure 3 shows the binding isotherm of one of these assays.
We calculated a K, of 1.5 x 10° M™! (£28%) for the R23
protein bound to the specific oligodeoxynucleotide, which
is in the same order of magnitude reported by Tanikawa et
al. (1993).
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Table 2: Nitrocellulose Filter and Electrophoretic Mobility Shift
Assay Analysis of the Complexes

ratio of canonical vs GTT

method protein motif binding constants
NC filter R23 1
NC filter R123 8
EMSA R23 1.2
EMSA R123 3.6
90
80 <
70 -
3
-3 60
£
8
& 50
40 -
[,
30 ™ ~r
Qe+0 1e-8 2¢-8 3e-8

protein concentration  mol /1]

Ficure 3: Titration of the canonical 22 bp oligodeoxynucleotide
(0.2 nM) with R23 protein. The complexes were run on a 6%
polyacrylamide gel in 0.5 x TBE. The gels were analyzed with a
phospho-imager; the binding constant of 1.5 x 10° M™! (+28%)
was determined with the computer program TITRAT as described
under Experimental Procedures.

We then determined the relative DNA-binding activity of
protein R23 to a canonical sequence and an oligodeoxy-
nucleotide containing a GTT core. Within the error margin
of approximately +30%, both sequences are bound equally.
In contrast, there is a slight, but significant, difference for
the binding behavior of the whole binding domain R123 to
the two oligodeoxynucleotides: with both methods, the
canonical sequence is bound better than the minimal GTT
sequence. During the preparation of this paper, Ording et
al. (1994) reported that R123 yields a 5-fold higher binding
constant than R23, which is in accord with our result.

It was not possible to detect a complex between any of
the proteins and an oligodeoxynucleotide lacking a GTT
motif with the nitrocellulose filter binding assay or the
electrophoretic mobility shift assay. However, a preformed
complex can be competed with an excess of unspecific
oligodeoxynucleotide lacking a GTT motif: the addition of
a 200-fold molar excess of competitor to the preformed
specific complex caused an approximately 25% decrease of
the complex detected in an EMSA assay (data not shown).
From this result, we estimated that the affinity of the R123
protein to unspecific DNA is about 1000-fold lower than to
specific DNA. It can be expected that this difference is even
more pronounced if one takes into account that oligodeoxy-
nucleotides instead of synthetic poly(dl-dC) were used as
competitor in our experiment. Thus, our result is consistent
with the data of Myrset et al. (1993), who determined in the
presence of poly(dl-dC) a difference of 3—4 orders of
magnitude between the binding of R23 to specific and
unspecific oligodeoxynucleotides.

In binding experiments with protein R123 and the 418 bp
DNA fragment, which harbors six GTT motifs in addition
to one YAACKG site (Figure 4), we detected one band for
the complex at about equimolar concentrations of protein
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and DNA. With increasing amounts of protein, multiple
unspecific complexes are formed, indicating an only moder-
ate capability of the protein to distinguish between specific,
minimal, and unspecific sites. At 130-fold molar excess of
protein over DNA, one band with low mobility is detected,
presumably representing DNA fully occupied with protein.

Analytical Ultracentrifugation Experiments. We studied
the binding of protein R123 to specific and unspecific
oligodeoxynucleotides. All experiments were carried out at
a 5 uM concentration of R123 and DNA. The sedimentation
velocity profiles are represented in Figure 5; the sedimenta-
tion coefficients are summarized in Table 3.

Free R123 migrates at a sedimentation coefficient of 1.8
S, unbound oligodeoxynucleotide at 2.1 S. The ultracen-
trifugation sedimentation runs detect a R123 protein interact-
ing with an unspecific oligodeoxynucleotide at a sedimen-
tation coefficient of 3.8 S. An sy, value of 3.8 S is
compatible with a monomeric complex. The sedimentation
coefficient of the specific complex is 3.7 S. Apparently,
there is no difference in the Stoke’s radii between a ¢c-Myb
protein bound to an unspecific or specific oligodeoxynucle-
otide. This result is at variance with EMSA and NC fiiter
binding experiments, in which no binding to the unspecific
sequence could be detected. This discrepancy can be
explained by the fact that EMSA and NC filter assays are
heterophasic techniques where the equilibrium of the reaction
partners may be disturbed when free DNA and protein are
separated from the complex during the analysis. Different
from the assays described above, sedimentation velocity runs
in the analytical ultracentrifuge allow experiments to be
carried out in homogeneous solution where in the fast moving
zone both complex and free components are present.

Circular Dichroism Experiments. The analysis of the CD
spectrum (Figure 6) of the c-Myb DNA-binding domain
R123 according to Chen (Chen et al., 1974) yielded an
o-helical content of 49%. To detect a structural change in
the protein by binding the DNA, oligodeoxynucleotides and
protein were allowed to form a complex at room temperature
at a concentration of 10 uM each. The CD spectrum of the
specific complex was recorded, and the CD spectrum of the
specific oligodeoxynucleotide was subtracted. The compos-
ite spectrum (Figure 6) is represented side-by-side with a
CD spectrum of free R123 protein. The comparative analysis
indicates that specific complex formation is accompanied by
an increase of about 10% a-helical content of the protein.
In contrast, no increase is observed when R123 is complexed
with an unspecific oligodeoxynucleotide. The results are
shown in Table 4. Interestingly, we did not record any
difference in the CD signals when we compared specific and
unspecific complexes of R23 and oligodeoxynucleotides at
the same concentration.

It is known [for a review, see van der Vliet and Verrijzer
(1993)] that protein binding to DNA may cause structural
changes in the DNA (unwinding, kinking, bending, etc.). In
order to rule out the possibility that the observed effect is
due to conformational changes in the oligodeoxynucleotide
structure induced by the interaction with the protein, we
recorded CD spectra of the DNA and the complex up to 350
nm. Changes in DNA helicity or base stacking should give
rise to a substantial change of the CD signal in the range of
250—350 nm. We do not detect structural changes of the
DNA in this range; however, this does not rule out the
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FiGure 4: Nonspecific binding of protein R23 to a 418 bp DNA fragment containing one YAACKG site. Protein R23 and DNA were
prepared as described under Experimental Procedures and run on a 6% polyacrylamide gel in 0.5 x TBE.
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FIGURE 5: Sedimentation velocity profiles of the ultracentrifugation
analysis. (Left) specific R123—oligodeoxynucleotide complex:
(right) unspecific R123—oligodeoxynucleotide complex. Total
sedimentation time was 7000 s. sy, values (cf. Table 3) were
determined from a In radius (cm) vs time plot.

possibility that other minor conformational changes, which
are not being recorded by CD spectroscopy, are induced upon
binding of the protein.

Trypsin Digestion Assay. Another approach to detect
conformational changes of the protein by binding to DNA
is to compare the time course of tryptic digestion of the
protein with or without DNA. During 30 min of incubation
under the conditions chosen. the free protein is totally
digested by the protease, as well as a protein bound to
unspecific oligodeoxynucleotide. However, proteins com-

Table 3: Sedimentation Coefficients of R123,
Oligodeoxynucleotide, and the Complexes

protein oligodeoxynucleotide Sa0.w (S)
R123 1.8
specific 2.1
RI123 specific 3.7
RI123 unspecific 38

plexed with a canonical or GTT motif-containing oligode-
oxynucleotide are protected from digestion (Figure 7).

DISCUSSION

Many transcription factors are known to exhibit a modular
organization with separate domains for DNA-binding and
protein—protein interaction. In “swapping experiments”,
these modular domains can be exchanged between homolo-
gous proteins without impairing the function of the proteins
(Brent & Ptashne, 1985). The ¢-Myb protein is considered
to act as a transcription factor with a DNA-binding domain
and a transactivation domain. In order to better understand
and characterize its DNA-binding activity, we performed a
detailed biophysical study of proteins carrying the c-Myb
DNA-binding domain. Our first goal was the characteriza-
tion of complexes between different isolated c-Myb DNA-
binding domains and 22 bp oligodeoxynucleotides. The
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FIGURE 6: RI23 changes its conformation in the presence of

specific DNA: CD spectrum of R123 (solid boxes) and R123 in a
specific complex (open boxes). The protein concentration is 10
#M in PEDL buffer. The a-helical content of the different
complexes is compiled in Table 4.

Table 4:  a-Helix Content (%) of the Complexes

no DNA unspecific specific
R23 46 43 46
R123 49 48 60
oligoden1yruchotides
speclic  GTT mot  unspecfic no Protein fres R23

complex  complex  complex sliga

Trypsin —,
— 1RO
B —
R22protein —— |
— 07k
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FIGURE 7: Trypsin digestion assay of R23. The presence of a
specific oligodeoxynucleotide or a GTT motif containing oligode-
oxynucleotide protects R23 from proteolytic cleavage.

c-Myb-binding site YAACKG was first published by Bieden-
kapp (Biedenkapp et al., 1988); later Zobel (Zobel et al.,
1991) suggested the palindromic-binding site AACNGTT
while Weston (1992) specified YAACKGHH as the con-
sensus sequence in a PCR-site selection assay. All three
proposals share the mutual sequence AACNG. As repre-
sented in Table 1, we used three oligodeoxynucleotides: the
first oligodeoxynucleotide contained a TAACGGTT se-
quence, including the underlined palindromic sequence; in
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oligodeoxynucleotide 2. this sequence is shortened to a GTT
motif with the same flanking sequences, while oligodeoxy-
nucleotide 3 was an unspecific control.

As indicated in Table 2, the R23 protein does not
distinguish between oligodeoxynucleotides 1 and 2, although
oligodeoxynucleotide 2 diverges in three positions from the
YAACKG sequence and contains only one GTT motif of
the palindromic sequence proposed by Zobel et al. (1991).
Albeit the binding affinity of protein R123 was determined
to be of similar magnitude as compared to R23, the protein
R123 has the capacity to discriminate between an oligode-
oxynucleotide containing only one GTT motif from the
canonical binding sequence. Therefore, the ability to
distinguish must be contributed to repeat 1.

It must be emphasized that neither EMSA nor the NC filter
binding method could detect binding of the c-Myb proteins
to unspecific oligodeoxynucleotide. The fact that specific
complexes can be competed with an excess of unspecific
oligodeoxynucleotides (data not shown) illustrates that
unspecific binding must occur. This property is even more
apparent in regard to band shift assays using a 418 bp DNA
fragment: the results reveal a distinct pattern of unspecific
binding of the proteins. This finding is supported by the
sedimentation analysis where specific and unspecific com-
plexes are detected in solution. Furthermore, it was dem-
onstrated in a Southwestern blot experiment (Oehler et al.,
1990) that repeats 2 and 3 have the ability to retain unspecific
DNA.

Myrset et al. determined in their paper (Myrset el al., 1993)
a ratio of 3—4 orders of magnitude between unspecific and
specific binding of their ¢c-Myb constructs to DNA. As
pointed out under Results, these data are not conflicting with
our results.

For these reasons and with the caveat that the EMSA and
nitrocellulose filter binding methods examine equilibrium
binding constants in heterophasic systems under nonequi-
librium conditions, where the reaction partners are separated
during the analysis, we interpret the EMSA and nitrocellulose
filter binding assays only as an approach to determine relative
differences in the DNA-—protein interaction of various
complexes in parallel. Although we have measured in an
EMSA experiment a K, of 1.5 x 10 M~ (£28%) for the
specific complex, the absolute value of the affinity constants
can thermodynamically correctly only be determined under
homophasic equilibrium conditions. Fluorescence emission
spectroscopy titration experiments (manuscript in prepara-
tion) indicate that a K, of approximately 10 M "' can be
measured under homophasic conditions.

Since it is known that the conformation of DNA-binding
proteins can be affected by binding their target sequence
(Thompson et al.. 1993; Weiss et al.. 1993), we were
interested whether the interaction with DNA influences the
secondary structure of the c-Myb proteins.

The CD spectra of the DNA-binding region indicate a high
level of a-helical structure. Our finding of 46% (R23) and
49% (R123) a-helical content is in good agreement with
the results of Sarai (Sarai et al., 1993). Upon complex
formation with a specific oligodeoxynucleotide, we detect
an increase of approximately 10% of the a-helical signal of
R123. which is not observed with an unspecific oligode-
oxynucleotide. Interestingly. no effect is detectable when
R23 binds to specific or unspecific DNA. Apparently, the
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increase of the o-helical content is detectable only when
repeat 1, present in R123, is interacting with specific DNA.
In this respect, our results and those of Myrset et al. (1993),
who also detect an a-helical increase upon binding, diverge
from those of Sarai et al. (1993), who could not find a
significant alteration in the presence of DNA. However, the
experimental conditions are not strictly comparable: The
construct pR123 codes for the three DNA-binding repeats
plus 39 N-terminal amino acids, and, furthermore, we
employed a buffer system containing a reducing agent.

From these results, it can be concluded that a structural
change of the DNA-binding domain takes place upon binding
to specific DNA sequences, which in our hands is stabilized
only in the presence of repeat 1.

In recent publications (Ogata et al., 1992; Jamin et al.,
1993; Myrset et al. 1993; Tanikawa et al., 1993), models
for the structure—function relationship of the c-Myb DNA-
binding domain were proposed. From the NMR data and
computer modeling of different constructs of the c-Myb
DNA-binding domain (Frampton et al., 1991), it was
suggested that three a-helices in repeat R3 are clustered
around a hydrophobic core formed by the conserved tryp-
tophans and hydrophobic amino acids. In this structure, helix
2 and helix 3 are arranged in a helix—turn—helix-related
motif. In contrast, repeat R2 covers two a-helices and a
flexible region homologous to the basic region of jun, fos,
and GCN4 (Carr & Mott, 1991). In this region, the
conserved cysteine residue 130 is located, which is believed
to play an essential role in the DNA-binding process
(Guehmann et al., 1992; Grisser et al., 1992; Myrset et al.,
1993). Although repeat 1 appears to possess the most stable
structure of the DNA-binding region (Sarai et al., 1993), it
is widely accepted that the first repeat of the DNA-binding
region is not required for specific DNA binding, since it can
be deleted without substantial loss of DNA-binding activity.
Ording et al. (1994) reported that the deletion of repeat 1
results in a 5-fold decrease of the affinity constant of the
DNA-binding domain toward a specific oligodeoxynucle-
otide.

However, we detect a conformational change of the c-Myb
DNA-binding region upon binding the specific oligodeoxy-
nucleotide only when repeat 1 is present. Repeat 3, on the
other hand, cannot be deleted without loss of DNA-binding
activity, because no DNA binding could be detected with
pR123AS5. In addition, it is not possible to obtain retarded
bands of specific oligodeoxynucleotides in EMSA experi-
ments with a protein consisting solely of repeats 1 and 2
(Howe et al., 1990). Furthermore, repeat 1 seems to be
responsible for discriminating a canonical sequence from a
binding site reduced to a GTT motif. This lends support to
a model, proposed by several authors (Sarai et al., 1993;
Tanikawa et al., 1993; Jamin et al., 1993; Myrset et al., 1993;
Ording et al., 1994), where repeat 3 might serve as an anchor
in contacting the DNA while repeat 2, which exhibits a
pronounced flexibility, alters its conformation and gains
stability only in the presence of repeat 1 once the target
sequence is recognized. In addition to the function of the
DNA-binding domain to recognize its specific target se-
quence, the domain is responsible for interaction with other
transcription factors such as C/EBPS (Burk et al., 1993; S.
Mink, personal communication). Although the contact
surface between C/EBPf and c-Myb has not been mapped
precisely (K. H. Klempnauer, personal communication), it
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is plausible that the R1-assisted structural change we have
observed in our CD experiments could play a crucial role in
regard to modulation of binding strength for specificity by
protein—protein interactions of the two transcription factors
and their cooperative transactivation of the mim-1 promoter
(Burk et al., 1993). The regulatory potential of R1 and the
additional N-terminal amino acids of the c-Myb DNA-
binding domain becomes even more apparent, if one takes
into account that serines 11 and 12, potential phosphorylation
sites of casein kinase II (Liischer et al., 1990), are deleted
during oncogenic activation of c-Myb. It is conceivable that
the deletion of the N-terminal amino acids and the majority
of R1 in the activated v-Myb results in the loss of the
secondary-structure alteration by sequence-specific binding
and cross-talk to other proteins.

In conclusion, although the presence of repeat 1 and the
N-terminal region of c-Myb does not substantially contribute
to an increase in DNA affinity, its deletion renders the protein
less specific and prevents a conformational change of the
protein.
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