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imperfect 51- or 52- residue repeats (designated as R1,
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An artificial tandem protein was generated using
he third repeat of the c-Myb DNA-binding domain,
nd its DNA binding affinity and specificity were ana-
yzed by a filter binding assay, isothermal titration
alorimetry, and surface plasmon resonance. Al-
hough this artificial protein had the proper second-
ry structure, which is similar to the third repeat by
tself, it could not bind to the expected base sequences
pecifically. Compared with the successful results of
he zinc finger fusion proteins with novel sequence
pecificities, the cooperativity between the adjacent
epeats, observed in the c-Myb-DNA complex, should
lso be required for the DNA recognition by the arti-
cial tandem protein. Using the previous analyses of
he DNA binding specificities by Myb homologous pro-
eins, the differences in the DNA recognition mecha-
isms between the animal and plant Myb domains are
lso discussed. © 1999 Academic Press

c-Myb is a transcriptional activator that specifically
inds to DNA fragments containing PyAACG/TG, where
y indicates a pyrimidine, with a dissociation constant
f about 1029 M to the specific DNA sequence (1–3). The
NA-binding domain (DBD) of c-Myb consists of three
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al titration calorimetry; SPR, surface plasmon resonance; CD, cir-

ular dichroism; koff, dissociation rate constant; kon, association rate
onstant; R2R3*, stable mutant of R2R3, in which Cys130 is substi-
uted with Ile; \RU, response unit.
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2, and R3 from the N-terminus) (4–6). The solution
tructures of the minimum DBD (R2R3) of mouse
-Myb and the complex of R2R3 with the Myb-binding
NA sequence (MBS-I) were determined by multidi-
ensional NMR techniques (7, 8). Both R2 and R3 are

omposed of three helices with a helix-turn-helix vari-
tion motif, and the overall structures of these repeats
re almost identical. Additionally, it is noteworthy that
he two recognition helices of R2 and R3 contact each
ther directly to bind cooperatively to the specific base
equence.
Thus far, Myb-homologous domain proteins have

een found in many species (9). While the mouse and
uman c-Myb proteins have been shown to have roles
s transcriptional regulators, a large number of Myb
omain proteins in plants participate in a variety of
mportant cellular functions (9, 10). In terms of the
NA consensus sequence, several studies have shown

hat the Myb domains in plants recognize different
NA sequences, for instance, the MYB.Ph3 pro-

ein from Petunia recognizes both AACNG and TAA-
TAACT, and the P protein from maize recognizes
CT/AACC (11, 12). Solano et al. showed that a single
esidue substitution changes the DNA binding speci-
city between MYB.Ph3 and c-Myb, and Williams and
rotewold showed that a chimeric Myb domain, com-
osed of R2 of P and R3 of v-Myb, has novel DNA
inding specificity (9, 13). These results give rise to the
uestion as to whether the cooperative interaction
f c-Myb R2R3 is actually required for specific DNA
inding.
We have recently characterized the c-Myb R2R3-
NA interactions, by a filter binding assay, isothermal

itration calorimetry (ITC), and surface plasmon reso-
ance (SPR) (14–17). In this study, we generated an
rtificial molecule by fusing the c-Myb R3 in tandem,
nd analyzed its DNA binding affinity and specificity.
ased on these results, we discuss the importance of



cooperativity in the binding of c-Myb R2R3 to DNA and
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he differences between the Myb domains of different
ingdoms in their specific DNA recognition.

ATERIALS AND METHODS

Preparation of c-Myb R2R3 mutant proteins and oligonucleotides.
he expression and purification methods of the c-Myb R2R3 mutant
roteins were described previously (14). The purified proteins were
ialyzed against 100 mM potassium phosphate buffer (pH 7.5) con-
aining 20 mM KCl (buffer A). Five kinds of ds oligonucleotides were
btained from BEX (Tokyo). The sequences of these fragments are
hown in Fig. 1A. The complementary strands were annealed, and
ere dialyzed against buffer A.

Circular dichroism. Circular dichroism (CD) spectra were mea-
ured at 20°C on a Jasco J-600 spectropolarimeter, as described
reviously (14). The protein concentration was 0.1 mg/ml.

DNA bindng assay. Filter binding assays were carried out, as
escribed previously (14). [32P]DNA and various amounts of the
-Myb R2R3 mutant proteins were incubated on ice for 30 min. The
ncubated samples were filtered through a nitrocellulose membrane
Schleicher & Schuell, BA-85, 0.45 mm) in approximately 10 sec with
uction. The filters were dried and were counted by a liquid scintil-
ation counter.

ITC experiments were carried out on a Microcal MCS calorimeter,
s described previously (16). The 0.5 mM DNA solution was titrated
nto the 0.017 mM protein solution with a preliminary 2 ml injection,

FIG. 1. Sequences of the DNAs used in the present study and the
3-G7-R3 mutant. (A) The base numbering follows that suggested by
gata et al. (7). The consensus base sequence is boxed in MBS-I. In

he non-cognate DNAs, the sequence of one strand is indicated. The
ubstituted bases are indicated in italics, and the additional intro-
uced bases are underlined. The names of the base-pair substituted
NAs follow those suggested by Oda et al. (16). The names of the

pace changed [G8A]MBS-I are, for example, [G8A(s 1 2)]MBS-I, for
he introduction of two bases into the consensus sequence. (B) The
3 sequence (residues 142-193) is indicated by the box. An additional
et-Glu- sequence was introduced at the N-terminus, and seven Gly

esidues were introduced as the linker connecting the two R3 re-
eats.
95
ollowed by 19 subsequent 5 ml additions. The data were analyzed
ith the Microcal Origin software supplied by the manufacturer.
SPR measurements were carried out on a BIAcore biosensor sys-

em, BIAcore 2000 (Biacore AB), as described previously (17). The
btained data were analyzed with the BIA evaluation program 2.1,
sing a nonlinear least squares method. The dissociation rate con-
tants (koff) and the association rate constants (kon) were calculated
rom the dissociation phases and the association phases of the sen-
orgrams, respectively. The association constants (Ka) were calcu-
ated from the two rate constants, Ka 5 kon/koff. The equilibrium
ssociation constants (Ka,eq) can also be determined from a Scatchard
nalysis.

ESULTS

The NMR structure of the c-Myb R2R3-DNA complex
hows that the recognition helix of R3 specifically binds
o the AAC subsite of the consensus DNA sequence,
hile that of R2 recognizes the eighth G-C base pair,
nd both repeats also interact directly, which is unique
mong protein-DNA complexes (7). We surmised it
ould be possible to create an artificial tandem pro-

ein, c-Myb R3R3, which could recognize a novel base
equence, like other successful cases (9, 18–20). That
s, the engineered R3R3 protein might specifically rec-
gnize two AAC subsites. This R3R3 mutant was de-
igned as shown in Fig. 1B, and is named R3-G7-R3.
even Gly residues were introduced as the linker con-
ecting the two R3 repeats, so as not to cause steric

nterference between them. Our previous studies have
hown that the R3-NPE-R3 mutant, which has a three
esidue linker, cannot specifically bind to [G8A]MBS-I
15). As shown in Fig. 2, the far-UV CD spectrum of
3-G7-R3 indicated a typical a-helical structure, and

ts profile is very similar to both R3 alone and R3-
PE-R3 (15, 21), while it is slightly different from the
130I mutant, denoted as R2R3*. The affinity and the

FIG. 2. Far-UV CD spectra of R3-G7-R3 (solid line), and R2R3*
broken line). The vertical scale is normalized by the mole concen-
ration.
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pecificity of this C130I mutant are almost equal to
hose of the wild-type protein (14).

The bindings of R3-G7-R3 to MBS-I and [G8A]MBS-I
ere analyzed using a filter binding assay and ITC.

FIG. 3. DNA binding analyses of the R3-G7-R3 mutant using
TC and SPR. (A) Typical ITC profiles at 20°C. (upper) The 0.5 mM
G8A]MBS-I solution was injected into the 0.017 mM R3-G7-R3
olution. (lower) The 0.5 mM [G8A]MBS-I solution was injected 20
imes in 5 ml increments into the 0.017 mM R2R3* solution. Injec-
ions were performed over 10 s at 270 s intervals. (B) A 60 ml aliquot
f a 50, 100, 200, or 400 nM solution of R3-G7-R3 (solid line) or
2R3* (broken line) was passed over the immobilized [G8A]MBS-I,
espectively, at 20°C with subsequent washing with the experimen-
al buffer only.

TAB

Kinetic and Association Const

DNA koff (s21)

MBS-Ia 2.6 6 0.1 3 1023

[G8A]MBS-Ia 2.0 6 0.2 3 1022

[G8A(s 2 1)]MBS-Ib 1.8 6 0.2 3 1022

[G8A(s 1 2)]MBS-Ib 1.8 6 0.2 3 1022

[G8A(s 1 4)]MBS-Ib 2.4 6 0.3 3 1022

a Data were taken from Oda et al. (17).
b koff, kon, and Ka,eq are the average of four experiments for the pro
96
ffinities to both DNAs were very low, with dissocia-
ion constants on the mM scale, which are similar to
hose of R3-NPE-R3 (15), and slightly lower than those
f R3 alone (3). The ITC experiments showed that these
nteractions were accompanied by only a small |DH|
,1 kcal mol21), in contrast to the interaction between
he R2R3* and [G8A]MBS-I, as shown in Fig. 3A.
hese results indicate that the bindings of R3-G7-R3 to
oth MBS-I and [G8A]MBS-I are non-specific and are
ntropically driven.
The interaction between R3-G7-R3 and [G8A]MBS-I
as also analyzed using the BIAcore. As shown in Fig.
B, a slight increase in the response units (RU) was
bserved, in which 400 nM of R3-G7-R3 binding ap-
roximately corresponds to 25 nM of R2R3* binding to
he same DNA. In order to analyze the specificity of
3-G7-R3, three kinds of DNA fragments, [G8A(s 2
)]MBS-I, [G8A(s 1 2)]MBS-I, and [G8A(s 1 4)]MBS-I,
ll of which include two AAC subsites with different
pacing, were prepared (Fig. 1A), and the bindings of
3-G7-R3 and R2R3* to these DNAs were analyzed
sing the BIAcore. The sensorgrams of the interactions
etween R3-G7-R3 and these three DNAs were similar
o that of the interaction with [G8A]MBS-I, indicating
hat this R3-G7-R3 protein lacked the ability of specific
NA binding. The binding kinetics of these interac-

ions, the koff and kon values, could not be determined
ccurately using the BIAcore, since their sensorgrams
ere poorly defined, due to their weak interaction. On

he other hand, the binding affinities between R2R3*
nd these DNAs were reduced, as a result of the in-
reased koff values (Table 1), similar to the non-specific
NA binding of R2R3* observed previously (17).

ISCUSSION

We investigated the possibility of creating a new
NA-binding protein, using only the R3 repeat, and

he requirement for cooperativity in specific DNA rec-
gnition by c-Myb. If the cooperativity were not essen-
ial and only the effective concentration of the linked
wo domains were required for the specific DNA bind-

1

ts of R2R3* Binding to DNAs

kon (M21 s21) Ka (M21) Ka,eq (M21)

.3 6 0.5 3 105 8.9 3 107 1.0 3 108

.2 6 0.2 3 105 1.1 3 107 6.6 3 106

.3 6 0.2 3 105 1.3 3 107 5.0 3 106

.3 6 0.2 3 105 1.3 3 107 5.0 3 106

.3 6 0.1 3 105 9.8 3 106 3.2 3 106

concentrations from 50 to 400 nM.
an

2
2
2
2
2

tein



ing (20), then the artificial R3-G7-R3 protein would be
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ble to recognize two AAC base sequences separated by
everal base pairs at the center. However, the R3-
7-R3 protein could not specifically bind to the DNAs
sed in this study, although each R3 was connected
ith the flexible linker, to accommodate unexpected

onformational changes in both the protein and the
NA (14, 15, 20). These results strongly suggest that

ooperativity is required for the R3 recognition, as seen
n the c-Myb R2R3-DNA complex (7).

Williams and Grotewold showed that a chimeric Myb
omain with a novel DNA binding specificity can be cre-
ted by combining plant and animal Myb domains, the
2 of P and the R3 of v-Myb, although the opposite

himeric Myb domain, containing the R2 of v-Myb and
he R3 of P, lacks DNA binding activity (9). The sequence
f v-Myb is very similar to that of c-Myb, with only one
esidue (Val181) different between the recognition heli-
es. They precisely investigated the roles of the different
mino acid residues in the recognition helices between
-Myb and P. The substitution in v-Myb R2 of Glu132
ith Leu had no significant effect on the binding to
BS-I, while the simultaneous substitutions of Ala180,
al181, and His184 in v-Myb R3 caused a complete loss
f specific binding. Additionally, Solano et al. showed the
ame substitution of Glu132 in c-Myb R2 with Leu can
ain the MYB.Ph3 specificity, and the reciprocal substi-
ution can also gain the c-Myb specificity (13). Since the
omplex structure of the plant Myb domain with its tar-
et DNA has not been determined yet, no one knows
hether the residue at position 132 in the plant Myb
omains is engaged in the cooperativity and the base
ecognition, although the residue is fully conserved as
eucine among the known sequences (9). It can be specu-
ated that the cooperative interactions between the adja-
ent two repeats might not be required for the specific
NA binding by the plant Myb, and the DNA recognition
echanism between the animal and plant Myb domains
ight be different.
The elucidation of the principles of the DNA recog-

ition mechanism and the design of new DNA-binding
roteins are attractive challenges for the future.
tructure-based design has been used to link zinc fin-
ers with other DNA-binding domains, and has suc-
eeded in increasing the DNA binding affinity and
pecificity (18–20). Even for the zinc finger proteins,
he X-ray crystal structures of the variants selected
sing phage display have shown that several contacts
etween the protein and the DNA were not predicted
y the previously determined structure of the wild-type
rotein (22). c-Myb has unique features in its DNA
ecognition, which are not only the DNA contacts but
lso the cooperativity between the two repeats. The
esign of new c-Myb R2R3 proteins will be difficult, but
he attempts will provide useful knowledge for under-
tanding of the DNA recognition mechanism.
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