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Abstract Binding sequence specificity of the Arabidopsis

transcription factor AtMYB77 was determined by the quadruple

9-mer-based protein binding microarray (Q9-PBM) analysis. The

position weight matrix and Wilcoxon-Mann-Whitney test with

total 1843 clustered signals revealed that the full size AtMYB77

protein binds specifically to the consensus sequence pAACnG,

where p represents T or C; n, A, G, C or T. This sequence is

known as the type I binding site for MYB transcription factors.

This result indicates that functional diversity among the type I

MYB transcription factors is not due to their binding specificity

on a particular promoter sequence.
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A transcription factor binds to a specific DNA sequence in

promoter regions of target genes to regulate RNA polymerase

activity for the gene transcription. MYB transcription factors

contain a conserved DNA-binding domain, which consists of two

or three (R1, R2, and R3) imperfect repeats of 50–53-amino acid

(Rosinsky and Atchley, 1998). A total of 126 R2R3 MYB genes

have been identified in the Arabidopsis genome (Yanhui et al.,

2006). R2R3 MYB protein-binding sites have been classified into

three types: I, CnGTTr (= pAACnG); II, GkTwGTTr; and IIG,

GkTwGGTr, where n indicates A, G, C or T; K, G or T; R, A or

G; P, T or C; W, A or T (Romero et al., 1998). Although members

of a class of MYB transcription factors share high degree of

homology in R2R3 DNA-binding domain, individual proteins

play unique roles in diverse plant processes.

The Arabidopsis AtMYB77 (AGI number AT3G50060) belongs

to the subgroup 22 R2R3-type MYB transcription factors, together

with AtMYB44, AtMYB70, and AtMYB73 (Kranz et al., 1998;

Stracke et al., 2001). These proteins share two conserved motifs

(Fig. 1A): TGLYMSPxSP (motif 22.1) and GxFMxVVQEMIxx

EVRSYM (motif 22.1) (Stracke et al., 2001). AtMYB77 was

reported to mediate auxin responses to control lateral root growth

and development under changing environmental conditions (Shin

et al., 2007).

We determined the DNA-binding sequence specificity of

AtMYB77 by a comprehensive genome-wide method. The

quadruple 9-mer-based protein binding microarray (Q9-PBM) we

used was designed to contain quadruples of all possible 9-mer

combinations of oligonucleotides, permitting unequivocal

interpretation of DNA sequences bound with a protein (Kim et al.,

2009). The full-length cDNAs of AtMYB77 (TAIR clone G14459)

was N-terminal fused with DsRed fluorescent protein gene and a

polyhistidine-tag (Fig. 1B), and expressed in E. coli strain BL21-

ColonPLus. Purified AtMYB44-DsRed-polyHis fusion proteins

(200 nM) was incubated with the Q9-PBM at 25oC for 1 h.

Fluorescence images were obtained with a 4000B microarray

scanner (Molecular Devices, USA). The consensus binding

sequence was determined based on signal strength, as described

by Kim et al. (2012).

The rank-ordered signal distribution curve showed a steep

leftward slope and an extended right tail region (Fig. 2). Two

independent linear models, y=ax+b, were applied to the left steep

(b1=50455.4, slope = −27.0) and right tail (b1=674.1, slope =
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−0.0027) regions. For motif extraction, 1843 total signals in the

steep left region were clustered. These groups were denoted with

SEQLOGO ‘Visualize information content of patterns’ [http://

www.bioinf.ebc.ee/EP/EP/SEQLOGO/]. Based on the best

alignment using the highest-ranked 9-mers among the clusters as

seeds, the position weight matrix (PWM) of the cluster was

obtained (Fig. 3A and 3B). The Wilcoxon-Mann-Whitney test

was performed to yield a consensus sequence, ‘pAACnG’, where

p represents T or C and n represents A, G, C or T. P-value

calculated from the test was 0 (p =0).

It appears that T prefers to C as the first nucleotide in the

consensus sequence. When considering the rank of signal strength

(affinity), the best eight oligomers contain TAACnG (Table 1).

The last G is sometimes replaced by A without significant

weakening of the binding strength. The PBM analysis revealed

that AtMYB77 binds specifically to the type I site for R2R3 MYB

transcription factors.

The binding site selection assay using a pool of synthetic

oligonucleotides with degenerate sequences performed previously

by Romero et al. (1998) suggested that the AtMYB77-binding

consensus sequence was pAACpGpC (= GrCrGTTr, where r

represents A or G). The last C appeared with 82% probability at

this position. In the experiment, a truncated form of the AtMYB77

protein containing the R2R3 binding domain was used, because

the full-size protein AtMYB77 exhibited binding affinity too low

to be analyzed. In the present study, when we used a full size

AtMYB77, a significant appearance such the last C was not

observed at this nucleotide position (Fig. 3).

It has been demonstrated that the first A, third C, and fifth G in

the type I MYB-binding consensus sequence AACTG are involved

in very specific interactions with corresponding MYB proteins

(Tanikawa et al., 1993). In the MYB proteins, both R2 and R3

contain three helices, and the third helix in each constitutes a

recognition helix. Heteronuclear multidimensional NMR analysis

demonstrated the solution structure of a complex between R2R3

domain and AACTG oligomer (Ogata et al., 1994). R2 and R3 are

Fig. 1 DNA construct for the Q9-PBM (protein-binding microarray). (A)
Amino acid sequence of the AtMYB77 (GenBank accession no.
AY124828). Sequences under the lines represent amino acid residues that
are conserved in the Arabidopsis subgroup 22 MYB transcription factors,
R2, R3, motif 22.1, and motif 22.2. Tryptophan residues conserved in
typical R2R3 MYB transcription factors are indicated by open dots. Two
lysine and one asparagine residues essential for specific DNA binding are
indicated by closed square. (B) DNA construct for expression of
AtMYB77-DsRed-polyHis fusion protein in Escherichia coli strain
BL21-ColonPLus.

Fig. 2 Rank analysis of AtMyb77 PBM binding. From the rank-ordered
signal distribution, two independent linear models, y=ax+b, were applied
in the steep (b1=50455.4, slope= −27.0) and the heavy right (b1=674.1,
slope = −0.0027) tail regions. Rank extrapolated for motif extraction was
1843.

Fig. 3 Schematic representation of protein binding microarray analysis.
(A) Total position weight matrix. Spots that exhibited strong intensity and
high enrichment were clustered. Based on the best alignment using the
highest-ranked 9-mers among the clusters as seeds, position weight
matrix (PWM) of the cluster was obtained. (B) Sequence logo for the
determined consensus binding sequence of AtMYB77.
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closely packed in the major groove, and thus the two recognition

helices contact with each other directly to cooperatively bind to

the specific base sequence AACTG. The three key base pairs (the

first A, third C, and fifth G) in this sequence are specifically

recognized by an asparagine residue in R3 domain, a lysine in R3

domain, and another lysine in R2 domain. These amino acid

residues are well conserved in the AtMYB77, at Asn-97 (R3),

Lys-96 (R3), and Lys-42 (R2) (Fig. 1A).

Although our PBM data revealed nucleotide p (T or C) at the

first position of the consensus sequence in addition to AACnG,

significance of the additional nucleotide in the binding between

the AtMYB77 and promoter region is yet unknown, because PBM

and the binding site selection assay are in vitro binding assays

with a pool of synthetic oligonucleotides. On the other hand,

AtMYB77 appears to bind to promoters containing the sequence

AATnG, without exerting any specificity in activating the target

gene transcription.

In many cases, the functional specificity of transcription factors

can be determined by their binding sequences. However, our data

indicates that functional diversity among the type I MYB

transcription factors is not due to their binding specificity on a

particular promoter sequence. A group of MYB transcription

factors were found to interact with other transcription factors to

carry out their specific roles (Grotewold et al., 2000; Zimmermann

et al., 2004; Quattrocchio et al., 2006). Shin et al. (2007) reported

that C-terminus activation domain of AtMYB77 interacts with C

terminus of ARFs auxin response factors (ARFs) in vitro,

resulting in a strong reduction in lateral root numbers. Therefore,

functional specificity of AtMYB77 appears to come from the

interaction with other protein(s), and not from the specificity of

binding sequence on the promoter regions of target genes.
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