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ABSTRACT: The DNA-binding domain of the ¢c-myb protooncogene product consists of three homologous
tandem repeats of 51-52 amino acids (denoted as R1, R2, and R3 from the N-terminal side). In order
toanalyze conformational and thermodynamic characteristics of the homologous repeats, we have examined
the DNA-binding domain by circular dichroism (CD) and differential scanning calorimetry (DSC). The
CD spectra for the three individual repeats are significantly different in the fine profiles, indicating subtle
differences in their conformations. The melting analyses for the fragments show that the thermal stability
of each fragment is different from one another, with the following order of stability: R1(T, = 61 °C) =
R3(57 °C) » R2(43 °C), where R2 is much less stable than the other repeats. The denaturing process
for the whole DN A-binding domain, measured by DSC, is characterized by a very broad transition ranging
from 30 to 80 °C. The denaturation curve can be fit well by a three-state transition with one intermediate
state. The transition temperature for the native-to-intermediate transition coincides with the melting
temperature of R2, indicating that the intermediate state corresponds to the unfolding of unstable R2. The
CD spectrum of the whole domain is almost identical to the sum of the individual spectra. Thus, these
results suggest that the individual repeats in the whole DNA-binding domain behave independently in terms
of conformation and stability. The addition of DNA to the DNA-binding fragment drastically changed
the melting profile, in which the broad transition curve was replaced by a sharp peak at 58 °C. The stability
of the binding domain is apparently increased by DNA, and the transition becomes cooperative. On the
other hand, simultaneous measurements by CD have indicated that the secondary structure of the domain
is not changed by the presence of DNA. We discuss the implications of these results on the role of each
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repeat in the DNA binding and sequence recognition by Myb.

The protooncogene c-myb codes for the nuclear protein
which binds to DNA in a sequence-specific manner (Bieden-
kappet al., 1988; Nakagoshi et al., 1990). The c-Myb protein
can function as an activator or repressor of transcription
{Nishina et al., 1989; Weston & Bishop, 1989; Nakagoshi et
al., 1989; Ness et al., 1989). The DNA-binding domain of
c-Myb consists of three homologous tandem repeats of 51-52
amino acids (Gonda et al., 1985; Klempnauer & Sippel, 1987;
Sakura et al., 1989). Each repeat has three conserved
tryptophans spaced 18-19 amino acids apart. The solution
structure of the third repeat (R3) has been determined by
NMR analysis (Ogata et al., 1992). The analysis showed
that the conserved tryptophans form a hydrophobic core, as
predicted from sequence and mutagenesis analyses (Kanei-
Ishii et al., 1990; Saikumar et al., 1990), and that a-helices
fold into a conformation similar to a helix—turn~helix (HTH)
motif. R3 is supposed to recognize the core AAC sequence
in the consensus Myb binding sites, 5’-(C/Pu)(Py/A)-
PyAACPyPu-3, with one of the helices interacting directly
with base pairs. On the other hand, the role of the first and
second repeats in DNA binding is unknown. The first repeat
(R1) can be deleted without significant loss of DNA-binding
activity (Sakura et al., 1989; Howe et al., 1990). The second
repeat (R2) has been suggested to take on an HTH-related
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motif on the basis of the experimental result that mutations
of corresponding amino acids in R2 and R3 affected specific
DNA-binding activity in the same way (Gabrielsen et al.,
1991). However, this has not yet been proven by structural
analyses.

When the sequences of the three repeats are aligned, those
amino acids which are found to form a hydrophobic core in
R3 are not perfectly conserved in R1 and R2. Thus, each
repeat may take a different conformation or exhibit different
intrinsic stability. Such different characteristics may be
related to the functional role of each repeat in the specific
recognition of DNA. Inorder toanalyze conformational and
thermodynamic characteristics of the homologous repeats,
we have examined the DNA-binding domain of Myb by
circular dichroism (CD) and differential scanning calorimetry
(DSCQC).

MATERIALS AND METHODS

The fragment containing three repeats (R123) was prepared
asfollows. Bacteria BL21(DE3) carrying pAR2156mybR123
were grown, and the expression of the c-MybR 123 was induced
by the addition of isopropyl 8-D-thiogalactopyranoside. R123
was recovered in the soluble fraction of the bacterial extract
and purified by DEAE—cellulose and phosphocellulose column
chromatography. R123 waseluted from the DEAE—cellulose
column with 0.4 M NaCl and from the phosphate column
with 0.6 M NaCl. The purity of R123 was determined to be
about 95% by SDS—polyacrylamide gel electrophoresis as
described (Kanei-Ishii et al., 1990). The purified R123 was
dialyzed against 50 mM potassium phosphate buffer (pH 7.5)
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containing 50 mM KCl. The synthetic R1, R2, and R3
fragments are kind gifts from Dr. Aimoto (Hojo & Aimoto,
1991).

The 22-mer oligo-DNA, d(CACCCTAACTGACACA-
CATTCT), which contains the Myb binding site in SV40
enhancer, MBS-I, and its complementary strand were syn-
thesized and purified by HPLC with a C18 reverse-phase
column (WAKO-SILDNA). Theoligo-DNA was suspended
in 1 X STE and annealed with a complementary strand to
yield double-stranded DNA. The purified DNA was dialyzed
against the same buffer as in Myb simultaneously.

Calorimetric measurements were carried out on an MC-2
(Microcal) differential scanning calorimeter. Data were
collected in the temperature range between 5 and 100 °C at
a heating rate of 0.75 °C/min, unless indicated otherwise.
Protein and DNA concentrations were 2.2 and 1.6 mg/mL,
respectively, to give an equimolar partition, unless indicated
otherwise. Heat capacity functions were analyzed by the
double deconvolution procedure (Kidokoro & Wada, 1987).
The initial parameter set obtained by the procedure was further
adjusted by a nonlinear least-squares fitting method (Kidokoro
etal., 1988),using the SALS program (Nagasawa & Oyanagi,
1980).

CD spectra in the range 190-290 nm were recorded on a
Jasco J600 spectropolarimeter using standard procedures.
Measurements were made using a cylindrical fused quartz
cell witha 0.02-cm path length. Melting curves were recorded
at 222 and 274 nm using the same cell with a circulating
water bath surrounding the cell. Data were collected in the
temperature range between 10 and 85 °C at a heating rate
of 0.75 °C/min.

RESULTS

Reversibility of Myb Denaturation. We first checked the
reversibility of the denaturation process of Myb DN A-binding
domains. Thermal melting of R1 and R123 was measured by
CD at different heating rates, 0.75 and 0.5 °C/min. The
melting curves were identical for the different heating rates.
Thus, we used 0.75 °C/min for the rest of the measurements.

Wealso checked whether the denaturation process depends
on the sample concentration. We measured the melting of
R123 by CD at two different sample concentrations, 2.2 and
1.1mg/mL. Themelting curves wereidentical for the different
concentrations. Thus, the denaturation process does not seem
to involve concentration-dependent phenomena such as pro-
tein—protein interaction and aggregation of unfolded proteins.

Conformation and Stability of Homologous Repeats: R1,
R2, and R3. Figure 1 shows the CD spectra of R1, R2, and
R3 fragments. As one can see from the spectra, they show
typical a-helical characteristics. The a-helix content of these
fragments estimated by the method of Chen et al. (1974) is
50-60%. On the other hand, individual spectral curves are
significantly different from one another in the wavelength
range between 210 and 230 nm. This difference in the CD
spectra indicates that there will be subtle differences in the
conformations of the repeat fragments.

Figure 2 shows the thermal denaturation of R1, R2, and
R3 fragments measured by CD. Itisapparent from thisresult
that R2 is much less stable than the others, characterized by
a broad transition curve. The differentiation of the melting
curve shows that Ty as defined by a peak is about 43 °C. The
denaturation curves of R1 and R3 are similar, in which both
start melting near 40 °C. The derivatives of the transition
curves indicate that R1 is slightly more stable than R3, with

. their T, values being 61 and 57 °C, respectively. Thus, the
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FIGURE 1: CD spectra of R1 (), R2 (~ - -} and R3 (~ -) fragments.
Protein concentration is 2.2 mg/mL in 50 mM potassium phosphate

buffer (pH 7.5) with 50 mM KCl. The vertical scale is normalized
by the mole concentrations.
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FIGURE 2: (a, Top) Melting curves of R1 (-), R2 (-+-), and R3
(- -) monitored at 222 nm. The derivatives for the corresponding
curves are shown in b (bottom). The curves were smoothed by
averaging over 15 points in a 0.93 °C window.

order of thermal stability of the three repeats in the Myb
DNA binding is R1 2 R3 > R2.

Denaturation of the Whole DN A-Binding Domain of Myb.
Figure 3 shows the DSC curve of the R123 fragment. It is
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FIGURE 3: DSC curve of the Myb R123 fragment. Protein
concentration is 2.2 mg/mL in 50 mM potassium phosphate buffer
(pH 7.5) with 50 mM KCIL

characterized by a very broad transition, which starts around
30 °C and ends around 80 °C. It is also characterized by an
asymmetric shape with a shoulder at the high-temperature
side. A verysimilartransition was obtained by the CD melting.
Thus, the conformational change monitored by CD is in
parallel with the thermal denaturation process monitored by
DSC. From these results, it is apparent that the transition
cannot be fit by a simple two-state model with native and
denatured states. In fact, the ratio of calorimetric enthalpy,
AR, and van’t Hoff enthalpy, AH'H, at denaturation mid-
temperature (49.8 °C), estimated from the DSC curve, is
AH®=/AH'H = 3.1, indicating the presence of intermediate
states.

We have analyzed the transition by three-state and four-
state models. The fit by the three-state model is quite good,
asshownin Figure 4a. The four-state model slightly improved
the fitting in the low-temperature tail region. The RMSD
between the calculated and measured heat capacity curves
for the two-state model is 66.7 ucal/K, whereas those for the
three-state and four-state models are 6.7 and 4.5 ucal/K,
respectively. Since the precision or reproducibility of this
instrument is on the order of 25 ucal/K, we cannot distinguish
between the three-state model and the four-state model within
the instrumental precision. Figure 4b shows the calculated
mole fractions of each state from the heat capacity curve
based on the three-state model. One can see that the native
stateis transformed to the denatured state via an intermediate
state. The transition temperature, Ty, for the native-to-
intermediate transition, defined by the crossing point between
the native and intermediate mole fraction curves (fx and f7),
is 42.7 °C from Figure 4b, whereas the native-to-denatured
transition temperature, To2, is 51.2 °C. The intermediate-
to-denatured transition temperature, T2, which is defined by
the crossing point between f1 and fp, is 61 °C. 7Ty, coincides
with the T, of R2, whereas T'5 coincides with the T, of R1
(also close to that of R3). These results indicate that the
intermediate state corresponds to the unfolding of R2, and its
decay represents the denaturation of R3 and R1. Thus, this
result also suggests that the three repeats in R123 behave as
independent units in terms of stability.

Effect of DNA on the Conformation and Stability of the
Myb DNA-Binding Domain. Figure 5 shows the CD spectrum
of the Myb R123 fragment. The conditions of the sample are
the same as those in the DSC measurements, Compared with
the spectra of R1, R2, and R3 (Figure 1), the spectrum of
R123 is very close to the average of the three spectra. This
suggests that the structures of R1, R2, and R3 remain intact
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FIGURE 4: (2) Experimental (—) and calculated (- -) heat capacity
curves of the Myb R123 fragment. The calculated curve is based
on the three-state model with one intermediate state. For the sake
of comparison, fitting by the two-state model is also shown (- - -). (b)
Mole fractions of native (fx), intermediate (f;), and denatured (fp)
states for the Myb R123 fragment, estimated by the three-state model,

in the R123 fragment. Also shown in Figure 5 is a CD
spectrum of R123 in the presence of the MBS-I DNA
fragment. This spectrum was derived by subtracting the
spectrum of DNA alone (not shown) from the spectrum of a
mixture of R123 and DNA. One can see that this spectrum
is very similar to that for the protein alone. Thus, this result
indicates that the secondary structure of the Myb R123
fragment is not changed significantly by the presence of DNA,

Figure 6 shows the DSC curve of the 22-mer MBS-I DNA
fragment. It is characterized by a very sharp transition, with
a peak at 68 °C, and a small tail at the low-temperature side.
This transition corresponds to the thermal melting of a double
strand to single strands and, thus, represents a typical dimer—
monomer transition. The curve can be fit by a simple two-
state model with marginal differences in the low-temperature
tail, which may be due to the premelting of the terminal region.
The thermally induced melting of the MBS-I DNA fragment
monitored by CD at 274 nm yielded a transition curve similar
to the one obtained by the DSC measurement.

Equimolar DNA and protein were mixed so as to yield the
same DNA and protein concentrations as in Figures 4 and 6,
and the mixture was analyzed by DSC. As shown in Figure
7, the denaturation of R123 shows a very different melting
profile in the presence of DNA. The broad transition of Myb
disappears, and instead a very sharp transition with a peak
near 58 °C appears. A peak corresponding to DNA melting
remains at the same position. Consequently, for the first
approximation, the thermal transition of the R123-DNA
complex involves stepwise transitions of DNA-bound R123
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FIGURE 5: CD spectra of free Myb R123 (—) and R123 in the
presence of MBS-1 DNA (- - -). The conditions of the sample are
the same as those in the DSC measurements. The spectrum of R123
in the presence of DNA was obtained by subtracting the spectrum
of MBS-I from that of the mixture of R123 and MBS-I. The vertical
scale is normalized by the mole concentrations.
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FIGURE 6: DSC curve of the MBS-I 22-mer DNA fragment. DNA

concentration is 1.6 mg/mL. Other conditions are the same as in
Figure 1.

and DNA. Because the shape and location of melting curve
of DNA in the Myb-DNA complex are similar to those of
free DNA, we subtract the DNA denaturation curve (Figure
6) from the present melting profile to obtain the denaturation
curveof Mybinthe presence of DNA. Thisresultsin asingle-
peak transition curve. We obtained a similar transition curve
by CD melting analysis for the Myb—-DNA complex. As the
curve was analyzed by a two-state model, the low-temperature
tail was not fit well (RMSD is 55 ucal/K). Analysis by the
three-state model suggests that there is a minor intermediate
state which decays along with the native state. The RMSD
for the three-state model (on the order of 30 ucal/K) is still
larger than the instrumental precision (25 ucal/K). This is
probably due to the simplified procedure for the estimation
of Myb denaturation in the presence of DNA, in which the
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FIGURE 7: DSC curve of the mixture of R123 and MBS-I DNA.
Protein and DNA concentrations are the same as in Figures 3 and

Table I: Thermodynamic Characteristics for the Thermal
Transition of the Myb DNA-Binding Domain and the MBS-I DNA
Fragment®

DNA (free)® Myb (free) Myb (complex)e
Native-to-Intermediate Transition

To (°C)¢ 67.8%£0.03¢ 427£0.3 52.5%£09

AHgy (keal/mol) 1414%£05 419+08 294%1.0

ACo; (kcal K-' mol-!) 0 0.84 £ 0.1 -1.0£0.2
Native-to-Denatured Transition

T2 (°C) 51.2%0.1 55.790.1

AHo (kcal/mol) 94.0% 1.1 132.1 %14

ACo; (kcal K-t mol1) 0.05 £ 0.01 1.03 £ 0.36

@ Calculations for free Myb and compiexed Myb were based on the
three-state model, and enthalpies and heat capacities relative to the native
state are shown. ¢ The heat capacity curve of MBS-I DNA in the Myb—
DNA complex is nearly identical to that of free DNA. ¢ The thermo-
dynamic quantities were estimated for the transition curve in which the
DNA denaturation curve (Figure 6) is subtracted from that of the Myb-
DNA complex (Figure 7). 4 The transition temperatures, To; and Toa,
are defined as the temperatures where the mole fraction of the native
state crosses with those of the intermediate state and the denatured state,
respectively (see Figure 4b). ¢ The values in this table were calculated
by the least-squares fitting procedure described in the text. The error
values represent the fitting error calculated by an error matrix during the
fitting, and they do not contain the error due to sample concentrations.

DSC curve of DNA is subtracted from that of the Myb-DNA
complex.

Table I summarizes the thermodynamic quantities derived
from the DSC analyses for DNA, Myb, and Myb bound to
DNA. The thermodynamic quantities for Myb and Myb
bound to DNA were calculated on the basis of the three-state
model. The transition enthalpy and heat capacity change
were estimated by the method described in the previous section.
The larger enthalpy change for the denaturation of Myb in
the presence of DNA will include the contribution from the
interaction between Myb and DNA.

DISCUSSION

The CD spectra of R1, R2, and R3 have indicated that
these repeats have subtle differences in their conformations.
Preliminary NMR analyses (K. Ogata et al., unpublished
results) have indicated that the conformations of R1 and R2
may be different from that of R3. The stability analyses of
the three individual repeats showed the differences in their
stabilities as well, with the following stability order: R1 Z R3
> R2, where R2 is much less stable than R1 and R3.

Figure 8 shows the alignment of the amino acid sequences
of R1, R2, and R3. Although the three tryptophans are
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Rl LGKTRWTREE DEKLKKLVEQ NGTDDWKVIA MYLeNRTDVQ COHRWOKVIN PE

68 78 88

R2 LIKGPHITKEE DORVIKLVOK [foPKRidsVIA KHLKGRIGKQ CRERWHNHLN PE

38 48 58
90 100 110
R3 VKKTSWITEEE DRII

120 130 140

R LG.NRWAEIA KLLPGRTDNA IKNHWNSTMR RK

142 152 162

171 181 191

FIGURE 8: Alignment of amino acid sequences of R1, R2, and R3. Aliphatic hydrophobic amino acids are marked by shaded boxes, and
aromatic amino acids are indicated by open boxes. The locations of a-helices in R3 are underlined.

conserved, other hydrophobic and aromatic amino acids, which
play an important role in forming the hydrophobic core, are
not perfectly conserved. According tothe NMR structure of
R3 (Ogataet al., 1992), three a-helices, underlined in Figure
8, are maintained by a hydrophobic core formed by Trp 147,
Tle 154, Ile 155, His 159, Trp 166, Ile 169, Leu 173, Ile 181,
His 184, Trp 185, and Met 189. Some of these amino acids
are not conserved in R1 and R2. The NMR structure of R3
shows that Trp 147 interacts with His 184 and that Trp 185
and Trp 166 interact with His 159. In general, interactions
of aromatic side chains are thought to contribute to the stability
of the hydrophobic core of proteins (Blundell et al., 1986). R2
does not have histidines at these positions, whereas R1 has
His 80 adjacent to the latter position. Although we cannot
quantitatively correlate the structure and stability of proteins
with amino acid sequences, those sequence differences in the
hydrophobic core region may be responsible for the experi-
mentally observed differences in the conformation and stability
of the homologous repeats.

The DSC measurement of R123 has indicated that the
denaturation of R123 involves an intermediate state. This is
consistent with the stability analysis of the individual repeats,
which indicated unstable R2 and stable R3 and R1. The
intermediate state in the denaturation of R123 can be explained
by the unfolding of R2. Indeed, the transition temperature,
Tor, of R123 (42.7 °C, see Table I) agrees with the Ty, (43
°C) defined by the peak of the derivative of the R2 melting
curve. The melting of R1 and R3 would correspond to the
decay of theintermediate state, and the transition temperature,
Ty, for the intermediate-to-denatured transition of R123
coincides with the Ty, of R1. As mentioned previously, the
stability of R3 may be too close to that of R1 for their
differential melting to be resolved within instrumental pre-
cision. Thus, the stability analyses of the R123 fragment,
together with the analyses of the individual repeats, suggest
that each repeat in R123 behaves as an independent unit in
the denaturation process, and the denaturation proceeds with
successive melting of each repeat. On the other hand, the CD
spectrum of R123 is almost identical to the averaged CD
spectrum from the three individual spectra, suggesting that
each repeat in the DNA-binding domain of Myb can be
considered independent in terms of its conformation as well.

The conformation and stability of DNA-binding proteins
can be affected by the binding to their target DN A sequences.
It has been indicated that binding of homodimers of c-jun
protooncogene products, Jun, or heterodimers of Jun and c-fos
protooncogene products, Fos, which are known to associate
through leucine zipper structures, to a specific DNA target
sequence, the AP-1 site, causes a change in conformation that
results in increased a-helicity (Patel er al., 1990). Also,
another yeast transcription factor, GCN4, increases the a-helix
content of its DN A-binding domain from 70% to at least 95%
in the presence of DNA containing a GCN4 binding site, the
AP-1site (Weiss ez al., 1990). These results indicate that the

a-helix structures of the proteins are stabilized as these proteins
form a complex with DNA. Therefore, we have examined
whether the conformation of the Myb DNA-binding domain
is affected by the presence of its target DNA. However, the
CD spectra of free R123 and R123 in the presence of the
MBS-1 DNA fragment show that the secondary structure of
the R123 fragment is not significantly affected by the presence
of DNA. This is true for room temperature. At higher
temperatures, where free Myb s partly denatured, the addition
of DNA would stabilize the protein structure, increasing its
a-helix content. The a-helix content of R123 at room
temperature is estimated to be about 56%, which roughly
agrees with the 60% a-helix of R3 derived from the NMR
structure. The present result indicates that this secondary
structure of the Myb DNA-binding domain is not significantly
changed by the specific binding to DNA.

On the other hand, addition of DNA to R123 drastically
increases the stability of R123. Also, the transition of R123
becomes much sharper in the presence of DNA than that of
free R123. DSC and CD measurements gave similar results
with respect to this conclusion. The comparison of the
transition curve of R123 in the presence of DNA with those
of the R1, R2, and R3 fragments obtained by CD analyses
show that the melting temperature of R123 in the presence
of DN A becomes close to those of the R3 and R1 fragments.
Thus, R2, when bound to DNA, apparently behaves like the
other repeats in terms of stability, and all of the repeats seem
to denature in a cooperative manner.

The DNA-binding domain of Myb has a unique structure,
in which three homologous units are repeated in tandem. The
role of R1 is unclear but it may not play critical role in the
recognition of DNA sequence, since it can be deleted without
serious loss of specific DNA-binding activity of Myb (Sakura
et al., 1989; Howe et al., 1990). However, the fact that R1
is the most stable repeat suggests that R1 can play some
structural role in the nonspecific binding of Myb to DNA.
The HTH-related structure of R3 is thought to play an
important role in recognizing the core AAC sequence in the
consensus Myb binding site. This unit was shown to have a
stable structure. R2 has been proposed to have an HTH-like
structure and play the same role as R3 (Gabrielsen ef al.,
1991). However, the present analyses have shown that R2
has a conformation significantly different from that of R3
and is much less stable and more flexible than R3. These
distinctive characteristics of R2 rather suggest that R2 will
play different role in the recognition of DNA. Itisinteresting
that the least stable unit is sandwiched by the stable units.
This may have some relevance to the DNA-binding mode of
Myb. The present analyses of the Myb DNA-binding domain
by DSC and CD measurements indicate that the conformation
and stability may correlate with the functional roles of each
repeat in the Myb DNA-binding domain.
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