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A novel family of plant-specific transcription factors
is described. They are structurally related to DBP1 (for
DNA-binding protein phosphatase 1), a new tran-
scription factor recently characterized in tobacco
(Nicotiana tabacum), which exhibits both sequence-
specific DNA-binding and protein phosphatase activ-
ity (Carrasco et al., 2003). The C-terminal part of DBP
factors shows high sequence similarity to protein
phosphatases of the 2C class (PP2C; Smith andWalker,
1996), and recombinant tobacco DBP1 is indeed an
active protein phosphatase (Carrasco et al., 2003).
Within the N-terminal region of these factors, with
no significant homology to known protein sequences,
we have identified and functionally characterized
a novel and highly conserved motif involved in
sequence-specific DNA binding. Protein phosphory-
lation/dephosphorylation enables cells to rapidly and
reversibly modulate transcription factor function,
and thereby gene expression, in response to signal-
ing stimuli (Whitmarsh and Davis, 2000; Kobor and
Greenblatt, 2002). This modulation is accomplished by
the coordinated activity of protein kinases and protein
phosphatases. Originally considered to act merely by
reversing the effects of protein kinases, protein phos-
phatases are now recognized to fulfill essential regula-
tory functions in signaling pathways (Luan, 2003). In
the last years, biochemical and genetic studies have
identified PP2Cs as negative modulators of stress-
responsive signaling pathways in animals, yeast, and
also in plants (Maeda et al., 1994; Sheen, 1996; Gaits
et al., 1997; Meskiene et al., 1998; Takekawa et al., 1998;
Gosti et al., 1999; Meskiene et al., 2003). The identified

DBP1 protein from tobacco plants was found to partic-
ipate in the transcriptional regulation of the expression
of the CEVI1 gene (Carrasco et al., 2003), a defense-
related gene that is induced in susceptible plants as
a consequence of viral infection (Mayda et al., 2000).
Plant PP2Cs are characterized by the presence of
specific, sequence-unrelated N-terminal extensions of
undefined function (Rodrı́guez, 1998). Thus, specific
functional features of DBP1, like its DNA-binding
capacity, likely rest on this region, although sequence
analysis did not result in the identification of any
obvious, previously characterizedDNA-bindingmotif.
Because of the unique combination of protein phos-
phatase activity and sequence-specific DNA binding
within the same protein molecule, the identification of
tobacco DBP1 unveiled a newmechanism of transcrip-
tional control remaining to be fully elucidated.

With the aimof further characterizing this novel class
of transcriptional regulators, we have investigated the
function of the distinctive N-terminal region of DBP1
on the hypothesis that it would likely be involved
in DNA-protein interactions. By using TBLASTN
(Altschul and Gish, 1996), with the BLOSUM62 mat-
rix and a reference E-value of 0.01, we compared
the N-terminal region of DBP1 with sequences in the
National Center for Biotechnology Information, The
Arabidopsis Information Resource, and The Institute
for Genomic Research databases. Significant hits were
found only in plants and corresponded to proteins
also bearing downstream PP2C domains. Sequence
alignment of the N-terminal region of the identified
DBP-like factors (Fig. 1A) denotes the existence of a
conserved domain, comprising a motif almost invari-
ant in all the aligned sequences from both monocot
and dicot plant species. This highly conserved motif,
F(L,V)PX(L,V,I)RSGXWSDIG,whichwe refer to asDNC
motif (forDBPN-terminal core),might represent a struc-
tural element critical for DBP function. By contrast, se-
quenceswithin the veryN terminus aremore divergent,
although keep significant similarity within taxa, and
could confer functional specificity. Full-length deduced
amino acid sequences could be retrieved from only
some of the identified cDNAs, the rest corresponding to
expressed sequence tags.With the full-length sequences,
we generated phylogenetic trees using Phylip programs
based on the Neighbor-Joining method, and the Fitch-
Margoliash and least-squares methods (Fig. 1B).
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Figure 1. A, Multiple sequence alignment of the N-terminal regions of the identified DBP-like factors. The alignment was
generated with T-coffee (http://igs-server.cnrs-mrs.fr/Tcoffee/; Notredame et al., 2000) and viewed with Boxshade (http://
www.ch.embnet.org/software/BOX_form.html). Black boxes denote sequence identity, whereas gray boxes refer to conservative
changes. Dashes indicate gaps included for a better alignment. Species abbreviations: Hv, Hordeum vulgare; Ta, Triticum
aestivum; Sc, Secale cereale; Zm, maize; Os, rice; Sp, Sorghum propinquum; Sb, Sorghum bicolor; Mc, Mesembryanthemum
crystallinum; At, Arabidopsis; Mt,Medicago truncatula; Gm,Glycine max; Ls, Lactuca sativa; In, Ipomoea nil; Vv, Vitis vinifera;
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Common to the generated trees, the two full-length
DBP sequences available for rice (Oryza sativa) are
placed in separate branches and closer to sequences
from other monocot species. This result could be in-
dicative of the existence of different classes of DBP
factors and supportive of a functional diversification of
this novel family of plant transcriptional regulators. In
this respect, reducing the stringency of the homology
search revealed the existence of additional full-length
sequences encoding DBP1-related PP2Cs in Arabidop-
sis (Arabidopsis thaliana), maize (Zea mays), and rice, all
endowed with a less conserved DNC motif. As shown
in Figure 1C, with the exception of Zm2 andOs3, which
cluster close to Mc and At1, the rest of the newly
identified sequences are grouped into a separate branch
in a phylogenetic tree generated with Quicktree (Howe
et al., 2002) and may represent a different subclass of
DBP-related proteins. Remarkably, these phylogenetic
relationships, which were defined on the basis of the
full-length deduced amino acid sequences, also reflect
sequence conservation within the DNC motif (Fig. 1D).
According to this criterion, the newDBP-like sequences
also fall in a different group, with Zm2 and Os3
showing, along with Mc and At1, an intermediate
degree of conservation when compared to the origi-
nally identified sequences (Fig. 1D). Some of the amino
acid residues exchanged in the new sequences were
strictly conserved in the first group of DBP-related
factors and shown to be involved in DNA binding to the
3a4 probe by both tobacco and Arabidopsis DBP1.
Whether these additional DBP variants show the
same sequence specificity or even retain the capacity
of binding DNA remain to be elucidated.

Sequence homology in the N-terminal region among
the identified DBP factors suggests functional conser-
vation of the DNA-binding activity inherent to tobacco
DBP1. To validate this hypothesis, the Arabidopsis
DBP1 homolog was expressed in Escherichia coli fused
to a C-terminal hexa-His tag (AtDBP1-his6). The Arabi-
dopsisprotein isdistantly related to tobaccoDBP1,with
sequence similarity in the N-terminal region almost
restricted to the DNC motif (Fig. 1A) and separate
clustering in phylogenetic trees (Fig. 1B). As shown in
Figure 2, the purifiedAtDBP1-his6 recombinant protein
was able to bind to the 3a4 probe in electrophoretic
mobility shift assays (EMSA) with similar affinity as

tobacco DBP1, the latter also expressed and purified as
a C-terminal fusion to a hexa-His tag (DBP1-his6). The
3a4probederives from thepromoter of theCEVI-1gene
(Mayda et al., 2000) and is specifically recognized in
vitro by DBP1 (Carrasco et al., 2003). To analyze the
implication of theN-terminal regionof tobaccoDBP1 in
sequence-specific DNA binding, a fusion protein con-
sisting of the maltose-binding protein (MBP) and the
N-terminal region of DBP1 (MBP-DBP1Nt) was ex-
pressed inE. coli. The purified recombinant proteinwas
able to bind to the radiolabeled 3a4 DNA probe in
vitro, whereas MBP alone was not (Fig. 3A, lanes 2 and
3). In addition, binding to the 3a4probemediatedby the
N-terminal region of DBP1 showed the same sequence
specificity as the full-length protein; thus, the 3a4mut
double-stranded oligonucleotide, which is not recog-
nized byDBP1 (Carrasco et al., 2003), was not bound by
MBP-DBP1Nt (Fig. 3A, lane 6). Therefore, sequence-
specific DNA binding relies on amino acid residues
in the N-terminal region of DBP1. Moreover, the
N-terminal regionofArabidopsisAtDBP1also retained
DNA-binding activity when expressed in E. coli as an
MBP fusion protein (MBP-AtDBP1Nt), and showed the
same sequence specificity as full-length tobacco DBP1
and DBP1-Nt (Fig. 3A, lanes 4 and 7).

The results described above strongly suggest that the
highly conservedDNCmotif ofDBP factors is involved
in DNA binding. If this is true, mutations in conserved
positions within the DNC motif should interfere with
its ability to interactwithDNA.Therefore, twomutated
versions of theN-terminal region of tobaccoDBP1were
expressed inE. coli and purified as translational fusions
to MBP (MBP-DNCmut1 and MBP-DNCmut2). The
introduced amino acid changes in each mutated pro-
tein are shown in Figure 1A. They were all Ala
substitutions affecting highly conserved positions
within the DNC motif. Both MBP-DNCmut1 and
MBP-DNCmut2 purified recombinant proteins were
analyzed in EMSA for their ability to bind to the 3a4
probe. As shown in Figure 3B, mutations introduced in
the DNC motif significantly reduce the capacity of the
N-terminal region of DBP1 to interact with its target
DNA. These results indicate that sequence integrity of
the DNCmotif is critical for interaction with DNA, and
provide conclusive evidence for the direct implication
of this motif in DNA binding.

Figure 1. (Continued.)
Ca,Capsicum annuum; Le, Lycopersicon esculentum; St, Solanum tuberosum; and Nt, tobacco. TheGenBank accession number
of each sequence is given. The consensus secondary structure prediction for the DBP1 N-terminal region provided by the
Network Protein Sequence @nalysis server (NPS@; http://npsa-pbil.ibcp.fr) using default parameters (Combet et al., 2000) is
indicated below the amino acid sequence; a-helices and b-strands are shown as cylinders and lines, respectively. Gray cylinder
and dashed line denote uncertain prediction. The amino acid sequence of the DNC motif in the mutated DBP1 proteins is
included at the bottom of the alignment. B, Phylogenetic trees generated using Phylip programs (http://bioweb.pasteur.fr/seqanal/
phylogeny/phylip-uk.html). Full-length amino acid sequences were aligned using T-coffee (http://igs-server.cnrs-mrs.fr/Tcoffee/;
Notredame et al., 2000). Left, Phylogenetic tree provided by Quicktree, a program for the rapid reconstruction of phylogenies by
the Neighbor-Joining method (Howe et al., 2002). Right, Phylogenetic tree obtained with Fitch, a program that uses the Fitch-
Margoliash and some related least-squares criteria. C, Unrooted phylogenetic tree generated with Quicktree (Howe et al., 2002),
including full-length sequences containing less conserved DNCmotifs. D, Multiple sequence alignment of the DNCmotifs of the
DBP-related sequences used in C.
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DISCUSSION

In the last few years, direct links between protein
phosphorylation and function of DNA-bound tran-
scription regulatory complexes have been reported.
Accordingly, ERK5, amousemitogen-activated protein
kinase, contributes a potent transcription activation
domain after recruitment to the promoter of specific
target genes by a MEF2 family transcription factor and
functions as a coactivator in the transcriptional induc-
tion of genes involved in immature T cell apoptosis
(Kasler et al., 2000). Similarly, Hog1, another mitogen-
activated protein kinase, has been found to be part of
transcription activating complexes and essential for
transcriptional induction of some stress-responsive
genes in yeast. Hog1 is recruited by the transcription

Figure 2. Assay of in vitro DNA binding by full-length DBP1 and
AtDBP1. Recombinant full-length DBP proteins were expressed in E.
coli bearing a C-terminal hexa-His tag, purified by nickel affinity
chromatography according to the manufacturer’s instructions (Qiagen,
Valencia, CA), and assayed for their ability to bind to the double-
stranded 3a4 oligonucleotide probe as described (Carrasco et al.,
2003). Briefly, complementary oligonucleotides leaving 5# protruding
ends were annealed and radioactively labeled using the Klenow
fragment of E. coli DNA polymerase I. The sequences of the oligonu-
cleotides used to build the double-stranded 3a4 probe are the
following, with the nucleotides modified in the mutated 3a4mut probe
shown in bold: 3a4-plus, 5#-TCGACTAGGCGGCTAATATTTGCCT-
TTGTCTCCCTC-3#; and 3a4-minus, 5#-TCGAGAGGGAGACAAAGG-
CAAATATTAGCCGCCTAG-3#. Purified proteins (1 mM) were incubated
for 10 min at room temperature with the radiolabeled DNA probe
(0.3 nM) in binding buffer [20 mM HEPES-KOH, pH 7.6, 4 mM KCl,
0.1 mM EDTA, 1 mM dithiothreitol, 10% (v/v) glycerol], prior to sepa-
ration on a native 6% (w/v) polyacrylamide gel in 0.53 Tris-borate/
EDTA buffer.

Figure 3. A, DNA binding in vitro by the N-terminal regions of DBP1
and AtDBP1. Recombinant MBP fusion proteins were expressed in E.
coli and purified by amylose affinity chromatography, according to the
manufacturer’s instructions (New England Biolabs, Beverly, MA).
Electrophoretic mobility shift assays were performed as described
above. The sequences of the oligonucleotides used to generate the
double-stranded mutated probe 3a4mut are the following, with
changed nucleotides shown in bold: 3a4mut-plus, 5#-TCGACTA-
GGCGGCAGGAGTTTGGGAGAGTCTCCCTC-3#; and 3a4mut-minus,
5#-TCGAGAGGGAGACTCTCCCAAACTCCTGCCGCCTAG-3#. Both
3a4 and 3a4mut probes were radioactively labeled as described above.
Labeling was quantified by liquid scintillation and found to be almost
identical in both cases. The same amount of each labeled probe was
used in EMSA. B, Effect of mutations in the DNCmotif on DNA binding
by the N-terminal region of DBP1. Mutations in MBP-DNCmut1 and
MBP-DNCmut2 were introduced using the megaprimer method (Datta,
1995). Mutant proteins were expressed in E. coli and purified as
described above. Purified recombinant proteins were incubated at
a final concentration of 1 mM with a radiolabeled 3a4 DNA probe (0.3
nM) for 10 min at room temperature in binding buffer [20 mM HEPES-
KOH, pH 7.6, 4 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 10% (v/v)
glycerol], prior to electrophoresis on a native 6% (w/v) polyacrylamide
gel in 0.53 Tris-borate/EDTA buffer. C, SDS-PAGE of purified recombi-
nant proteins used in EMSA.
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factor Hot1 to the promoter of these stress-inducible
genes (Alepuz et al., 2001), where, in turn, it mediates
recruitment of a histone deacetylase activity and the
RNApolymerase II holoenzyme (Alepuz et al., 2003; de
Nadal et al., 2004). Another example is eyes absent,
a nuclear protein Tyr phosphatase implicated in mam-
malian organogenesis, which acts as a coactivator
through an interaction with homeodomain-containing
proteins (Li et al., 2003). DBP1 represents one step
forward in this direction since it is a protein phospha-
tase directly targeted to specific gene promoters by an
intrinsic sequence-specificDNA-binding activity,with-
out the need for a recruiting protein partner. We have
now identified the DNC motif as involved in this
specificDNAbinding. Furthermore,wehavedescribed
a large family of putative new transcription factors
related to tobacco DBP1. These factors, apparently
unique to plants, are all endowedwith a PP2C catalytic
domainandcharacterizedbyanN-terminal regionwith
the herein identified and highly conservedDNCDNA-
binding motif, also functional in the distantly related
Arabidopsis DBP1 homolog AtDBP1, as the most sa-
lient signature of the family. Sequence conservation of
this motif throughout the plant kingdom suggests that
DBP factors might bind similar sequences, although
a contribution to sequence specificity by additional
residuescannotbeexcluded.The identificationof target
genes of DBP factors and interacting protein partners is
an exciting challenge for the near future, and should
help establish the mechanistic basis of the regulatory
function of this novel class of transcription factors and
the signaling pathways they are involved in.
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Meskiene I, Bögre L, Glaser W, Balog J, Brandstötter M, Zwerger K,

Ammerer G, Hirt H (1998) MP2C, a plant protein phosphatase 2C,

functions as a negative regulator of mitogen-activated protein kinase

pathways in yeast and plants. Proc Natl Acad Sci USA 95: 1938–1943

Notredame C, Higgins DG, Heringa J (2000) T-Coffee: a novel method for

fast and accurate multiple sequence alignment. J Mol Biol 302: 205–217

Rodrı́guez PL (1998) Protein phosphatase 2C (PP2C) function in higher

plants. Plant Mol Biol 38: 919–927

Sheen J (1996) Ca21-dependent protein kinases and stress signal trans-

duction in plants. Science 274: 1900–1902

Smith RD, Walker JC (1996) Plant protein phosphatases. Annu Rev Plant

Physiol Plant Mol Biol 47: 101–125

Takekawa M, Maeda T, Saito H (1998) Protein phosphatase 2Calpha

inhibits the human stress-responsive p38 and JNK MAPK pathways.

EMBO J 17: 4744–4752

Whitmarsh AJ, Davis RJ (2000) Regulation of transcription factor function

by phosphorylation. Cell Mol Life Sci 57: 1172–1183

Carrasco et al.

606 Plant Physiol. Vol. 137, 2005


