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TEOSINTE BRANCHED1-CYCLOIDEA-PROLIFERATING CELL FACTOR1 (TCP) transcription factors participate in plant
developmental processes associated with cell proliferation and growth. Most members of class I, one of the two classes that
compose the family, have a conserved cysteine at position 20 (Cys-20) of the TCP DNA-binding and dimerization domain. We
show that Arabidopsis (Arabidopsis thaliana) class I proteins with Cys-20 are sensitive to redox conditions, since their DNA-
binding activity is inhibited after incubation with the oxidants diamide, oxidized glutathione, or hydrogen peroxide or with
nitric oxide-producing agents. Inhibition can be reversed by treatment with the reductants dithiothreitol or reduced glutathione
or by incubation with the thioredoxin/thioredoxin reductase system. Mutation of Cys-20 in the class I protein TCP15 abolished
its redox sensitivity. Under oxidizing conditions, covalently linked dimers were formed, suggesting that inactivation is
associated with the formation of intermolecular disulfide bonds. Inhibition of class I TCP protein activity was also observed
in vivo, in yeast (Saccharomyces cerevisiae) cells expressing TCP proteins and in plants after treatment with redox agents. This
inhibition was correlated with modifications in the expression of the downstream CUC1 gene in plants. Modeling studies
indicated that Cys-20 is located at the dimer interface near the DNA-binding surface. This places this residue in the correct
orientation for intermolecular disulfide bond formation and explains the sensitivity of DNA binding to the oxidation of Cys-20.
The redox properties of Cys-20 and the observed effects of cellular redox agents both in vitro and in vivo suggest that class I TCP
protein action is under redox control in plants.

TCP transcription factors constitute a family of plant
developmental regulators (Martín-Trillo and Cubas,
2010; Uberti Manassero et al., 2013). The name of the
family stands for the three first characterized members:
TEOSINTE BRANCHED1, CYCLOIDEA, and PRO-
LIFERATING CELL FACTOR1 (Cubas et al., 1999).
These factors bind DNA through the TCP domain, a
conserved region of approximately 60 amino acids that
also participates in protein dimerization. The TCP do-
main contains a basic N-terminal region involved in
DNA recognition, followed by a helix-loop-helix (HLH)
motif similar to the one present in basic helix-loop-helix
(bHLH) transcription factors (Aggarwal et al., 2010;
Martín-Trillo and Cubas, 2010). Target sites recognized
by TCP proteins are different from those bound by
bHLH proteins (Kosugi and Ohashi, 2002; Viola et al.,
2012). This is probably due to the fact that the respective
basic regions differ markedly in composition and

structure. Based on sequence homology, two main
classes of TCP domains can be described. Class II
proteins affect leaf and petal development and also
influence shoot branching, among other processes
(Luo et al., 1996; Doebley et al., 1997; Nath et al., 2003;
Palatnik et al., 2003; Aguilar-Martínez et al., 2007;
Koyama et al., 2007; Nag et al., 2009). The role of class I
proteins is less clear, but several studies indicated that they
participate in developmental processes probably asso-
ciated with the regulation of cell growth and prolifera-
tion. TCP20 has been linked to the regulation of the
expression of the cyclin CYCB1;1 and ribosomal protein
genes, thus establishing a link between cell growth and
cell cycle control (Li et al., 2005). Accordingly, alteration
of the function of TCP20 causes dramatic changes in
plant development (Hervé et al., 2009). TCP15 also
modulates the expression of cell cycle genes (Li et al.,
2012) and is involved in leaf and inflorescence devel-
opment and the regulation of auxin and cytokinin ho-
meostasis (Kieffer et al., 2011; Steiner et al., 2012; Uberti
Manassero et al., 2012). TCP16 and TCP11 participate in
pollen development (Takeda et al., 2006; Viola et al.,
2011). Other roles proposed for class I proteins include
the coordination of mitochondrial biogenesis (Welchen
and Gonzalez, 2006; Gonzalez et al., 2007; Giraud et al.,
2010), the regulation of embryonic growth potential
during germination (Tatematsu et al., 2008), and the
regulation of the circadian clock. Particularly, TCP21 is
known to interact with TOC1 and to bind to the CCA1
promoter, thus establishing a link between these core
components of the clock (Pruneda-Paz et al., 2009).
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Developmental processes in plants show much more
plasticity than those in animals. This has been assigned
to the sessile nature of the plant lifestyle. As a conse-
quence, plant developmental processes are usually
influenced by changes in environmental conditions. It is
becoming increasingly evident that many processes that
link developmental responses to environmental changes
operate through the modification of redox conditions
within plant cells (Potters et al., 2007; Meyer, 2008). In
addition, modifications in redox conditions are known
to occur during cell proliferation (Pellny et al., 2009;
Diaz-Vivancos et al., 2010), and the influence of redox
agents on several aspects of plant development has been
well documented (May et al., 1998; Vernoux et al., 2000;
Foreman et al., 2003; Xing et al., 2005; Cairns et al., 2006;
Carol and Dolan, 2006; Pasternak et al., 2008). Redox
agents act as signaling molecules to modify the expres-
sion of certain genes, and they also react with proteins
and other cellular components, modifying their prop-
erties and activating signal transduction pathways (Pei
et al., 2000; Tavakoli et al., 2001; Noctor et al., 2002;
Gupta and Luan, 2003; Buchanan and Balmer, 2005; Fey
et al., 2005; Foyer and Noctor, 2005; Hicks et al., 2007;
Terrile et al., 2012). A paradigmatic case of this behavior
is the direct modification of a transcription factor that
produces changes in its DNA-binding properties and, as
a consequence, in the expression of its target genes.
There are several examples of transcription factors

whose activity is modified by redox agents in plants (Tron
et al., 2002; Heine et al., 2004; Comelli and Gonzalez, 2007;
Serpa et al., 2007; Shaikhali et al., 2008). The best studied
case is perhaps the NPR1-TGA system (Després et al.,
2003; Mou et al., 2003; Lindermayr et al., 2010). NPR1 is a
coactivator that is converted to its reduced state through
a salicylic acid-dependent pathway. This leads to the
translocation of NPR1 to the nucleus and interaction with
the transcription factor TGA1 that is also modulated
by redox conditions and induces the expression of
pathogenesis-related genes. Considering the importance
of redox changes in plant function, it is conceivable that
many other proteins are subjected to modifications by
redox agents. In this work, after the identification of
a conserved Cys in the HLH region of class I TCP tran-
scription factors, we demonstrate that several redox
agents reversibly modulate the capacity of these factors to
interact with DNA and to modulate transcription. The
results suggest that redox changes operate in vivo to in-
fluence the activity of these factors within plant cells.

RESULTS

The DNA-Binding Activity of Class I TCP Proteins Is
Modulated by Redox Conditions

Comparison of class I TCP domain sequences shows
the presence of a conserved Cys at position 20 (Fig. 1A).
This Cys is located at the beginning of helix I of the
putative HLH domain. Considering that Cys residues
are involved in redox modulation of the activity of dif-
ferent proteins, we tested the effect of redox treatments

on the DNA-binding activity of three different class I
TCP proteins from Arabidopsis (Arabidopsis thaliana):
TCP15, TCP20, and TCP21. These proteins contain only
one Cys, Cys-72 in TCP15, Cys-98 in TCP20, and Cys-51
in TCP21, all located at position 20 of the TCP domain.
For this purpose, full-length TCP15 (amino acids 1–325)
and TCP21 (amino acids 1–239) as well as a shorter form
(amino acids 1–157, comprising the entire TCP domain
plus 78 and 22 residues located N and C terminal to it,
respectively) of TCP20 were expressed in recombinant
form fused to the maltose-binding protein (MBP) in
Escherichia coli and purified. Incubation of recombinant
TCP15 with the oxidant diamide produced a pro-
nounced decrease in its DNA-binding activity (Fig. 1B).
A similar effect was observed after treatment with oxi-
dized glutathione (GSSG), indicating that the protein is
sensitive to redox conditions. Incubation in the presence
of the reducing agents dithiothreitol (DTT) or reduced
glutathione (GSH), on the other hand, did not produce
changes in DNA-binding activity (Fig. 1B), probably
reflecting the fact that the purified protein is in its
reduced state. We then dialyzed TCP15, TCP20, and
TCP21 overnight in buffer lacking reducing agents and
tested the DNA-binding activity of these proteins after
incubation with redox agents. In this case, treatments
with reducing agents produced an increase in DNA
binding, while oxidants were ineffective (Fig. 1C). This
most likely indicates that the proteins were oxidized
during dialysis. The results obtained suggest that redox
interconversions modulate the DNA-binding capacity of
the class I TCP proteins tested.

Cys-20 of the TCP Domain Is Responsible for the Redox
Sensitivity of Class I Proteins

The three class I proteins tested contain only one Cys,
located at position 20 of the TCP domain. It is logical to
assume, then, that this Cys may be the target of redox
modifications that affect DNA binding. To reinforce this,
we tested the effect of redox conditions on the DNA-
binding activity of TCP16, a class I protein that contains
Val instead of Cys at position 20 of the TCP domain.
TCP16 shows lower DNA-binding activity than TCP15
but is not affected by redox conditions (Fig. 2A). We also
mutagenized Cys-20 to Ser in TCP15 and analyzed the
effect of this mutation on the DNA-binding activity and
the redox properties of the protein. Inclusion of Ser-20
did not affect the DNA-binding activity of TCP15 (data
not shown), but the protein became insensitive to mod-
ifications of redox conditions (Fig. 2B). We conclude that
Cys-20 is not required for DNA binding but is respon-
sible for the redox sensitivity of class I TCP proteins.

Class I TCP Proteins Form Intermolecular Disulfide
Bonds under Oxidation Conditions

The fact that the proteins analyzed contain only one
Cys suggests that if oxidation leads to the formation of
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disulfide bonds, these must form between Cys resi-
dues located in different polypeptides. To analyze this,
we tested the migration of oxidized and reduced forms
of TCP proteins in nonreducing SDS-PAGE. As ob-
served in Figure 3A, species with the mobility of di-
mers were observed after treatment with diamide, and
the amounts of these species were significantly re-
duced after treatment with DTT or GSH. This is in-
dicative of the formation of intermolecular disulfide
bonds. Since incubation with oxidizing agents pro-
duces a decrease in binding capacity, it can be postu-
lated that the formation of intermolecular disulfide
bonds affects the interaction of class I proteins with

DNA. TCP16 and C20S-TCP15, on the other hand,
migrated as monomers under all conditions tested
(Fig. 3B), indicating that Cys-20 is responsible for the
formation of intermolecular covalent bonds under
oxidation conditions. Particularly, TCP15 and its mu-
tant showed several bands that migrate faster than the
monomer when analyzed in either reducing (data not
shown) or nonreducing SDS-PAGE (Fig. 3, A and B).
We speculate that these are truncated products of the
recombinant proteins rather than impurities that co-
purify with them. This was confirmed by western-blot
analysis of reduced and oxidized MBP-TCP15 fusions
with anti-MBP antibodies (Supplemental Fig. S1).

Figure 1. The DNA-binding activity of class I TCP proteins is modulated by redox agents. A, Sequence logo constructed with
the TCP domain sequences of 218 class I TCP proteins from different species. Position 20 is indicated with the arrow. B, TCP15
(50 ng) purified with buffer lacking 2-ME was incubated in the presence of 25 mM DTT, 10 mM diamide, 25 mM GSH, or 25 mM

GSSG, as indicated. The control (–) was incubated under similar conditions without redox agents. After incubation, the DNA-
binding activity of TCP15 was analyzed by EMSA. C, A similar experiment as in B using TCP21, TCP20, and TCP15 that had
been previously dialyzed in the absence of redox agents as described in “Materials and Methods.” In B and C, the amount of
bound DNA, relative to the sample incubated with DTT, is shown below the EMSA images. Experiments were repeated at least
three times with similar results.

Figure 2. Cys-20 of the TCP domain is required
for redox sensitivity. A, The redox sensitivity of
TCP16, which contains Val instead of Cys at po-
sition 20 of the TCP domain, was analyzed as
described in Figure 1. B, A similar experiment as
in A with a TCP15 mutant protein that contains
Ser instead of Cys-20. The amount of bound
DNA, relative to the sample incubated with DTT,
is shown below the EMSA images. Experiments
were repeated at least three times with similar
results.
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Since fusions to MBP were used in these experiments,
we also tested the effect of redox conditions on the
migration of MBP alone. In agreement with the fact
that MBP does not contain Cys residues, no changes in
protein mobility were observed after treatments with
reducing or oxidizing agents in this case (Fig. 3C).
A somewhat different behavior was observed for

TCP15 in the presence of GSSG, since covalent dimer
formation was not observed under this condition (Fig.
3A), in spite of the fact that GSSG treatment inhibited
DNA binding (Fig. 1B). One possibility is that TCP15
forms a mixed disulfide with glutathione under these
conditions and that this modification affects the inter-
action of the protein with DNA. In agreement with this,
modification of TCP15 with the Cys alkylating agent
N-ethylmaleimide (NEM) produced a complete loss of
DNA-binding activity (Fig. 4), suggesting that the
presence of a bulky group at Cys-20 precludes binding
to DNA.
To ascertain the oligomerization state of the TCP

proteins in solution, we subjected purified MBP-TCP20
(active, nondialyzed) to gel filtration on a calibrated
column. The results (Supplemental Fig. S2) indicated
that the protein forms oligomers of high Mr that

probably correspond to hexamers. Similar results (the
presence of oligomers with higherMr than dimers) were
obtained with TCP15 (data not shown). This is some-
what unexpected, since it is assumed that TCP proteins
form dimers, and Aggarwal et al. (2010) have observed
that the class II TCP domain of TCP4 behaves as a di-
mer in solution when fused to MBP. We do not know
the reason for this different behavior, but it is interesting
that the proteins we have used contain other protein
segments in addition to the TCP domain. One possibility
is that these segments contribute to the formation of
higher order structures. The formation of higher order
oligomers has also been observed for the bHLH protein
MyoD in several studies (Starovasnik et al., 1992; Fairman
et al., 1993; Wendt and Thomas, 1997).

Binding to DNA Protects TCP15 from Inactivation by
Redox Agents

Our results suggest that class I TCP proteins must be
in the reduced state to be able to interact with DNA.
Since Cys-20 is located at the beginning of helix I, near
the basic region that presumably establishes contacts
with DNA, it can be envisaged that binding to DNA
may protect TCP proteins from redox agents. To ana-
lyze this, we performed treatments with diamide and
GSSG before and after allowing TCP15 to interact with
DNA and then analyzed the amount of protein-DNA
complex formed. In these experiments, a double-
stranded oligonucleotide labeled with the fluorescent
dye 6-carboxyfluorescein (6-FAM) was used. This
allowed the use of higher amounts of DNA, thus in-
creasing the proportion of TCP15 that is present as a
protein-DNA complex before treatment. As observed
in Figure 5, the amount of bound DNA was decreased
to about 30% relative to controls when TCP15 was
treated with oxidants before the addition of DNA, but
these treatments were ineffective when TCP15 was
previously allowed to form a complex with DNA. The

Figure 3. Oxidation of TCP proteins that contain Cys-20 leads to the
formation of intermolecular bonds. A and B, TCP proteins (1 mg of
MBP-TCP fusion) that either contain (A) or lack (B) Cys-20 within the
TCP domain were incubated with redox agents as described in Figure
1. C, Purified MBP was subjected to a similar treatment. After treat-
ment, the molecular mass of the proteins was analyzed in a nonre-
ducing SDS-PAGE. Arrowheads point to species with the mobility of
monomers (M) or dimers (D). MW, Molecular mass markers. Experi-
ments were repeated at least three times with similar results.

Figure 4. TCP15 is inactivated by modification of Cys-20. TCP15 and
C20S-TCP15 were incubated with 2.5 or 5 mM NEM in the dark during
20 min at 25˚C. After treatment, the DNA-binding activity of the
proteins was analyzed by EMSA. The amount of bound DNA, relative
to the untreated sample (–), is shown below the EMSA images. The
experiment was repeated at least three times with similar results.
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observed protection from oxidation when TCP15 is
bound to DNA indicates that Cys-20 becomes inac-
cessible to oxidants in the TCP15-DNA complex, per-
haps due to its close proximity to the DNA-binding
surface of the protein.

Cellular Redox Agents Modulate the DNA-Binding
Activity of TCP15

The effect of redox conditions on TCP15 activity was
further analyzed by incubating the protein with dif-
ferent proportions of GSH and GSSG. Figure 6A shows
that the DNA-binding activity of TCP15 adjusts to the
GSH/GSSG ratio of the medium, suggesting that active
(reduced) and inactive (oxidized) molecules coexist and
interconvert according to redox conditions. This exper-
iment also allowed the calculation of the redox potential
for the interconversion, which most likely reflects the

potential of the redox-active Cys-20. Fitting the observed
curve of DNA-binding activity versus buffer redox po-
tential to the Nernst equation for a two-electron reaction,
a midpoint potential of 2238.4 6 1.4 mV at pH 7.5 was
obtained. This potential is close to that of the GSH/
GSSG pair under these conditions (2269.6 mV; Veine
et al., 1998; Bick et al., 2001) and fit in the range of 2170
to 2330 mV reported for several redox-regulated plant
proteins such Rap2.4a, AtbZip16, ABI2, TRXs, and GRXs
(Meinhard et al., 2002; Rouhier et al., 2008; Shaikhali et al.,
2008, 2012). It can be suggested that redox interconver-
sions may operate under in vivo conditions to modulate
the DNA-binding activity of TCP15.

To evaluate if, apart from the GSH/GSSG pair, other
redox agents that are normally present or produced
within cells influence the DNA-binding activity of
TCP15, we assayed the effect of hydrogen peroxide
(H2O2), thioredoxin, and nitric oxide (NO). Incubation
with H2O2 produced a concentration-dependent de-
crease in the DNA-binding activity of TCP15 (Fig. 6B).
Similar results were observed after treatment with the
NO-producing agents sodium nitroprusside (SNP) and
S-nitrosoglutathione (GSNO; Fig. 6C). C20S-TCP15 was
considerably less sensitive to these treatments, indicat-
ing that nitrosylation of Cys-20 is mainly responsible for
the inactivation of TCP15. The modifications provoked
by H2O2 and NO do not permanently inactivate the
protein, since the effects of these compounds were re-
versed after treatment with DTT. Activation of the oxi-
dized form of TCP15 was also achieved after treatment
with thioredoxin and thioredoxin reductase in the pre-
sence of NADPH (Fig. 6D). The thioredoxin system was
effective with TCP15 oxidized with either diamide or
GSSG. It can be suggested that this system may also
operate in vivo to modulate the activity of class I TCP
proteins.

TCP15-Dependent Transcription Is Sensitive
to Oxidative Stress Conditions in Vivo

Redox conditions within cells can be modulated by
treatment with agents that produce oxidative stress
(Delaunay et al., 2000; Jiang et al., 2006). To analyze the
effect of cellular oxidative stress on class I TCP protein
action, we employed a yeast (Saccharomyces cerevisiae)
one-hybrid assay in which the transcription of a lacZ
reporter gene was under the control of TCP-binding
sites. Expression of TCP15 fused to the GAL4 activa-
tion domain (TCP15-AD) in these cells induced the re-
porter gene, as deduced from b-galactosidase activity
measurements (Fig. 7). Treatment of cells with either
1 or 2 mM H2O2 produced an approximately 80% inhi-
bition of reporter gene expression after 4 h of incubation
(Fig. 7A). Western-blot analysis of TCP15-AD protein
levels indicated that H2O2 treatment barely affected the
expression of the fusion protein (Fig. 7C), suggesting
that the decrease in reporter gene expression is proba-
bly due to inactivation of the protein. In agreement with
this, inhibition by the redox agent was considerably

Figure 5. DNA protects TCP15 from inactivation by oxidants. TCP15
(770 ng of MBP-TCP15 fusion; 0.5 mM) purified with buffer lacking
2-ME was incubated in the presence of 10 mM diamide or 25 mM

GSSG, as indicated, before or after the addition of DNA (100 ng;
0.25 mM double-stranded oligonucleotide labeled with 6-FAM). Con-
trols (–) were incubated under similar conditions without redox agents.
After incubation, the amount of TCP15-DNA complex present in each
reaction was analyzed by EMSA. The amount of bound DNA relative
to control lane 1 is specified above each lane and was calculated from
signal intensities obtained with a Typhoon (GE Healthcare) scanner.
The experiment was repeated at least three times with similar results.
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lower (about 30%) when a similar experiment was
performed with TCP16, which is not sensitive to redox
conditions (Fig. 7A). The small inhibition caused by
H2O2 treatment on TCP16-dependent expression most
likely reflects a redox-sensitive step of gene expression
not related to TCP protein action. In fact, this was cor-
related with a decrease in TCP16-AD protein levels after
H2O2 treatment (Fig. 7C). We do not know why this
decrease is apparent in cells expressing TCP16-AD and
not in cells expressing TCP15-AD. According to western
blots and b-galactosidase activity measurements,
TCP16-AD seems to be expressed at higher levels than
TCP15-AD, and this may reveal a limiting step that is
sensitive to oxidative stress. In any case, the significant
differences observed between TCP15- and TCP16-
dependent reporter gene expression are indicative of a
differential sensitivity of TCP15 and TCP16 to changes
in redox conditions within cells, most likely due to the
presence of Cys-20 in the former.

In a similar way, treatment of yeast cells with SNP
and GSNO produced a decrease in reporter gene ex-
pression in the case of cells expressing TCP15 but was
ineffective in cells expressing TCP16 (Fig. 7B). Since
these treatments did not affect TCP protein levels (Fig.
7C), this result most likely suggests that SNP and GSNO
produce the inactivation of TCP15, but not TCP16, in
vivo, probably through NO-dependent modification.

TCP Protein Activity Is Modulated by Treatment
of Plants with H2O2

To analyze if redox changes in the external medium
act to modulate the activity of TCP transcription fac-
tors within the plant, we employed a transient
expression approach in which TCP20 fused to the ERF-
associated amphiphilic repression (EAR) domain was
expressed under the control of the 35S cauliflower
mosaic virus (CaMV) promoter (35S::TCP20-EAR).

Figure 6. Cellular redox agents modulate the DNA-binding activity of TCP15. A, TCP15 purified without 2-ME was incubated in
buffer at pH 7.5 with different proportions of GSH and GSSG, as indicated. The total concentration of glutathione was kept constant at
10 mM. After incubation, the DNA-binding activity of TCP15 was analyzed by EMSA. B, TCP15 purified without 2-ME was incubated
in the presence of different concentrations of H2O2, as indicated, during 1 h at 25˚C. After incubation, the DNA-binding activity of
TCP15 was analyzed by EMSA. Treatment with DTT, where indicated, was performed during 1 h after the treatment with H2O2. C,
TCP15 and its mutant at position 20 of the TCP domain (purified without 2-ME) were incubated in the presence of the NO-producing
agents SNPand GSNO at the indicated concentrations during 1 h as specified in “Materials andMethods.” After incubation, the DNA-
binding activity of the proteins was analyzed by EMSA. Reversion of the effect of GSNOwas assayed by incubating samples with DTT
during an additional 20 min. D, TCP15 dialyzed in the absence of reducing agents as described in “Materials and Methods” was
incubated in the presence of diamide (DIA), GSSG, or DTT. Alternatively, the protein was incubated with 13 ng mL21 purified
thioredoxin and thioredoxin reductase in the presence of 0.55 mM NADPH (Trx). Where indicated, the treatments with DTT or the
thioredoxin system were applied to protein previously oxidized with diamide or GSSG. After the respective treatments, the DNA-
binding activity of TCP15 was analyzed by EMSA. Experiments were repeated at least three times with similar results.
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After transformation, TCP20 protein activity was de-
termined by electrophoretic mobility shift assays
(EMSAs) using total protein extracts prepared from
transformants and an oligonucleotide that contains
the binding sequence GTGGGACCGG, preferred by
TCP20 according to binding site selection experiments
reported earlier (Viola et al., 2011). Figure 8A shows
that specific retarded complexes were observed in
plants transformed with 35S::TCP20-EAR. Formation
of these complexes was abolished by a 100-fold molar
excess of the same, unlabeled oligonucleotide but not
by similar amounts of oligonucleotides containing
changes in the TCP20-binding sequence (Fig. 8A, lanes
3–5). In addition, these complexes were not present
when an extract of plants transformed with pBI121
(that expresses GUS from the 35S CaMV promoter)
was used (Fig. 8B, lane 1), suggesting that they indeed
arise from TCP20-EAR binding to DNA. Complex
formation was abolished by previous treatment of the
extract with diamide (Fig. 8C, lane 2), showing that the
protein expressed in plants is sensitive to oxidation.
Treatment of plants with H2O2 during 1 h before
protein extraction produced a pronounced decrease in
the formation of protein-DNA complexes (Fig. 8C, lane 4).
Complex formation was recovered by treatment of
the extract with DTT (Fig. 8C, lane 6). In fact, the
amount of protein-DNA complex was similar in sam-
ples treated with DTT, regardless of the previous
treatment with or without H2O2, suggesting that the
inclusion of the oxidizing agent affected the activity,
rather than the expression, of the protein, most likely
through the oxidation of redox-sensitive residues. We
conclude that the DNA-binding activity of TCP tran-
scription factors can be modulated within the plant by
manipulating the redox conditions of the environment.

TCP-Dependent Expression of CUC1 Is Modulated
by Redox Treatment

We have previously shown that expression in plants
of a repressor form of TCP15 causes the induction of
the boundary-specific gene CUC1 in vegetative and
floral tissues (Uberti Manassero et al., 2012). Figure 9B
and Table I show that transient transformation of a
CUC1 reporter line with a construct that expresses
TCP15-EAR from the 35S CaMV promoter produces
an extension of the CUC1 expression domain, usually
restricted to meristematic regions (Takada et al., 2001),
to cotyledon lamina. This was also true for constructs
that express TCP20-EAR and C20S-TCP15-EAR (Fig. 9,
C and D) but not for a construct that expresses the HD-
Zip transcription factor Hahb4, used as a control (Fig.
9A; P , 0.0001). The effect of the expression of TCP15
and TCP20 was almost completely abolished by pre-
vious treatment of transformed plants with H2O2 (Fig.
9, G and H; Table I; P , 0.0001). H2O2 treatment,
however, was ineffective in the case of plants trans-
formed with C20S-TCP15-EAR (Fig. 9I; Table I; P =
1.000), suggesting that H2O2 sensitivity is related to the
presence of Cys at position 20 of the TCP domain. The

Figure 7. Oxidative stress and NO affect TCP15-dependent tran-
scription. b-Galactosidase activity of yeast cells that contain the lacZ
reporter gene under the control of the TCP15 or TCP16 target se-
quence (Viola et al., 2012) and express fusions of the corresponding
proteins to the GAL4 activation domain was measured after incubation
in the presence or absence of H2O2 or NO-producing agents. A, In-
crease in b-galactosidase activity after a 4-h incubation in the absence
(Control) or presence of H2O2. Values refer to the increase in activity
observed in the absence of the redox agent (100%). B, A similar ex-
periment as in A, in which yeast cells were treated with SNP or GSNO
during 4 h. Values in A and B represent means 6 SD of three inde-
pendent measurements. Letters indicate significant differences with
respect to the control (a) or to the same treatment applied to the
TCP16-AD-expressing strain (b; P , 0.01). C, Western-blot analysis of
TCP protein levels in control and treated cells. Protein extracts from
equivalent amounts of cells as indicated by optical density measure-
ments were subjected to SDS-PAGE, transferred to an appropriate
membrane, and either stained with Ponceau S (top panels) or revealed
with an antibody against the hemagglutinin tag, present in the fusion
proteins (bottom panels). Numbers indicate molecular masses in kD.
Experiments were repeated twice with similar results.
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results show that modification of redox conditions af-
fects the function of class I TCP transcription factors
that contain Cys-20 within the plant.

DISCUSSION

Current evidence indicates that TCP transcription fac-
tors appeared during the development of Streptophyta

and that the family has considerably expanded in an-
giosperms, which usually contain more than 20 members
(Navaud et al., 2007). All species analyzed contain two
classes of TCP proteins that differ in the structure of the
TCP domain and DNA-binding characteristics (Kosugi
and Ohashi, 2002; Viola et al., 2012). Analysis of the
consensus amino acid sequences of members of both
classes shows the presence of residues that are highly

Figure 8. In vivo redox sensitivity of class I TCP transcription factors. Arabidopsis plants were transformed with a construct that
expresses TCP20-EAR under the control of the 35S CaMV promoter. Thirty-six hours after transformation, total protein extracts
were prepared and their DNA-binding activities were analyzed by EMSA using a labeled oligonucleotide with the TCP20 target
sequence GTGGGACCGG (Viola et al., 2011). A, The DNA-binding specificity of proteins present in extracts from plants
transformed with 35S::TCP20-EAR was tested by competition with a 100-fold molar excess of unlabeled oligonucleotides
containing the TCP20 target site (C20), the same site with mutations at positions 3 and 8 (m1, GTAGGACTGG), or an oligo-
nucleotide with an unrelated target site (m2, CAATAATTGA). B, EMSA using extracts from plants transformed with 35S::TCP20-
EAR or with pBI121, which expresses GUS from the 35S CaMV promoter, as a control. C, EMSA using extracts from plants
transformed with 35S::TCP20-EAR treated with either water (control) or 10 mM H2O2 during 1 h immediately before extract
preparation. Extracts were treated with 10 mM diamide (DIA), 50 mM DTT, or water (–) during 1 h before EMSA analysis. Arrows
indicate the positions of a retarded band observed exclusively in extracts from plants transformed with the TCP20-expressing
construct, while asterisks indicate an unspecific retarded band. The experiment was repeated twice with similar results.

Figure 9. Modulation of CUC1 expression by class I TCP proteins is affected by H2O2 treatment. An Arabidopsis GUS reporter
line for CUC1 expression was transformed with constructs that express fusions of class I TCP proteins to the EAR repressor
domain under the control of the 35S CaMV promoter or with constructs that express the HD-Zip transcription factor Hahb4
(Dezar et al., 2005) or GUS as a control. Twenty-four hours after transformation, plants were treated with either water (Control)
or 4 mM H2O2 during 12 h and then used to analyze GUS expression by histochemistry. About 40 transformed plants were
analyzed for each condition. Representative images of the patterns obtained most frequently in each case are shown. A
quantitative evaluation of the data are shown in Table I. The experiment was repeated twice with similar results.
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conserved in all TCP proteins and others that are
conserved only in one of the classes. Conservation
most likely indicates a relevant role of these residues
in TCP protein function. A conserved residue is Cys-
20, which is present in more than 94% of class I TCP
proteins. Our results indicate that Cys-20 is able to
undergo redox interconversions or modifications
that affect the DNA-binding properties of class I TCP
proteins.

Cys-20 Is Probably Located at the Dimer Interface
in Class I TCP Proteins

The structure of the TCP domain has been deduced
through comparisons with the bHLH domain, present
in eukaryotic transcription factors (Aggarwal et al.,
2010). Unfortunately, the sequence similarity between
the class I TCP and the bHLH domains is too low to
obtain a reliable model of the first based on known
structures of the second. In bHLH proteins, the di-
merization (HLH) domain is composed of two helices
separated by a disordered loop, and contacts are
established between hydrophobic helical residues
present at positions a and d of successive heptads.
Assuming that the dimerization domain of TCP pro-
teins has a similar structure, as suggested by Cubas
et al. (1999) and Aggarwal et al. (2010), we aligned the
dimerization domains of TCP15, TCP20, and TCP21
with those of the bHLH proteins PHO4, USF, and
MyoD (Ellenberger et al., 1994; Ferré-D’Amaré et al.,
1994; Shimizu et al., 1997) in such a way that hy-
drophobic residues of helices I and II show a similar
arrangement (Fig. 10A). This analysis indicated that
Cys-20 of the class I TCP domain, present at the be-
ginning of helix I, is probably located at position d of
the first heptad (Fig. 10A). Residue d1 is usually hy-
drophobic and faces the dimer interface in bHLH
proteins (Ellenberger et al., 1994). Accordingly, it can
be assumed that Cys-20 also faces the dimer interface

in TCP proteins. The crystal structure of the bHLH
domain of PHO4 bound to DNA, taken from Shimizu
et al. (1997), is shown in Figure 10B. It can be observed
that Leu residues at position 16 of the respective
monomers, equivalent to Cys-20 of the TCP domain,
are located at a close distance (4.8 Å), facing each
other. Similar observations can be made in other
bHLH-DNA complex structures (Ellenberger et al.,
1994; Ferré-D’Amaré et al., 1994). Modeling of a PHO4
protein with Cys instead of Leu-16 yields a distance of
5.9 Å, which is too long for disulfide bond formation
(usually around 3.5 Å). However, it can be envisaged
that subtle changes in structure may produce a suit-
able conformation for this reaction to occur. This
suitable conformation may form when the protein is
not bound to DNA due to increased flexibility. Once
the disulfide bond is formed, the protein may be
locked in a conformation unsuitable for efficient DNA
binding, thus explaining the redox-dependent inacti-
vation observed in this study. In addition, the close
proximity of the Cys residues to DNA may explain the
fact that their oxidation or modification by redox or
alkylating agents affects DNA binding and why the
protein is considerably less sensitive to oxidation or
modification when bound to DNA. Additionally, the
dimer bound to DNA may be locked in a conformation
that precludes disulfide bond formation, because the
distance between Cys-20 of both monomers may be
too large for this reaction to occur.

Redox Agents Modulate TCP Protein Function in Vivo

The fact that several redox agents that are present
within cells influence the DNA-binding properties of
class I TCP proteins suggests that redox interconver-
sions may influence TCP protein function in vivo.
Dramatic changes in cellular redox potential have been
observed under oxidative stress caused by incubation
of tissues or cells with H2O2 (Jiang et al., 2006; Meyer

Table I. Effect of H2O2 treatment on TCP protein-dependent CUC1 expression

n = number of plants.

Constructa H2O2 Treatment Total CUC1 Patternb Extended Patternc P (Treated versus

Untreated)d

n n n
HAHB4 No 35 35 0 1.000

Yes 31 31 0
TCP15-EAR No 39 4 35 ,0.0001

Yes 40 29 11
TCP20-EAR No 36 5 31 ,0.0001

Yes 39 37 2
C20S-TCP15-EAR No 31 2 29 1.000

Yes 38 2 36

aConstruct used for transformation. Expression was under the control of the 35S CaMV promoter. bExpression
in the meristematic region. No or very low expression was seen in cotyledons. cExpression in cotyledon lamina
(more than 50% of surface). dChange in expression pattern after H2O2 treatment. Two-tailed P values were
calculated using Fisher’s exact test.
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et al., 2007). Accordingly, treatment of yeast cells with
H2O2 significantly affected the ability of TCP15 to in-
duce the expression of a reporter gene located under
the control of the TCP15 target site. This strongly
suggests that TCP15 function is affected by oxidative
stress, most likely through modification of its redox-
active Cys, since the action of TCP16, which contains
Val-20, was barely affected under similar conditions.
H2O2 triggers an oxidative stress response in yeast that
involves the redox-dependent activation of the Yap1
transcription factor (Delaunay et al., 2000). Yap1 acti-
vates the expression of antioxidant enzymes that help
to reestablish normal redox conditions within cells
(Lee et al., 1999). Our results suggest that TCP15 may
be inactivated by oxidation under the same conditions
that promote the activation of Yap1.
We also showed that the DNA-binding activity of

TCP transcription factors can be modulated by direct
treatment of plants with H2O2. It has been shown
previously that H2O2 treatment produces changes in
redox potential within plant cells (Jiang et al., 2006;
Meyer et al., 2007). Our results suggest that these re-
dox changes influence the activity of class I TCP
transcription factors within the plant. In agreement
with this, we have observed that the induction of the
boundary-specific gene CUC1 by repressor forms of
class I TCP proteins is affected by treatment with a
redox agent and that this is dependent on the presence
of Cys at position 20 of the TCP domain. This indicates

that redox-dependent modifications of TCP protein
activity have an impact on downstream events regu-
lated by these transcription factors.

TCP Proteins May Participate in Redox-Dependent
Developmental Processes

The exact role of many class I TCP proteins is not
currently known, but their functions have been associ-
ated with the regulation of development, probably
through changes in cell proliferation or growth (Martín-
Trillo and Cubas, 2010; Uberti Manassero et al., 2013).
Since there is abundant evidence that redox agents
modulate several aspects of plant development, from
root meristem maintenance to flower and embryo de-
velopment (May et al., 1998; Vernoux et al., 2000;
Foreman et al., 2003; Xing et al., 2005; Cairns et al., 2006;
Carol and Dolan, 2006; Pasternak et al., 2008), it is
possible that some of these effects may be exerted
through the modulation of TCP protein activity.
AtTCP20 and other class I proteins interact with the
promoters of the mitotic cyclin CYCB1;1, ribosomal
protein genes, and genes involved in mitochondrial
biogenesis, whose expression is linked to cell prolifer-
ation (Trémousaygue et al., 2003; Li et al., 2005; Welchen
and Gonzalez, 2005; Giraud et al., 2010). AtTCP14
and AtTCP15 influence cell proliferation, endoredupli-
cation, and the expression of cell cycle-regulated genes

Figure 10. Cys-20 is probably located
at the dimer interface and near DNA
in the class I TCP-DNA complex. A,
Alignment of the HLH regions of class I
TCP proteins and the bHLH proteins
PHO4, USF, and MyoD. Positions a
and d (boxed) are occupied by hydro-
phobic residues and are located at the
dimer interface. Cys-20 is located at
position d1 (boxed in yellow) in class I
TCP proteins. B, The structure of the
PHO4 bHLH domain bound to DNA
(Shimizu et al., 1997). Leu-16, located
at position d1 of helix I in both mono-
mers, is shown in yellow. The right
panel shows a detail of the region
around Leu-16. Structures were visu-
alized using Swiss-PdbViewer (http://
www.expasy.org/spdbv/).
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(Tatematsu et al., 2008; Kieffer et al., 2011; Li et al.,
2012). It has been shown that GSH is required for cell
cycle progression and that it is localized to the nucleus
at early stages of cell proliferation in plants (Pellny
et al., 2009; Diaz-Vivancos et al., 2010). An increase in
GSH in the nucleus may serve, among other functions,
to modulate the activity of transcription factors in-
volved in cell cycle progression. Class I TCP proteins
may be among the proteins that respond to these
changes in redox conditions and serve as intermediates
in the redox regulation of cell proliferation. An addi-
tional role of the modification of class I TCP proteins by
redox agents may be the protection of these proteins
from permanent inactivation under oxidative stress
conditions, considering that disulfide bond formation
and modification by GSH, H2O2, or NO are reversible
processes.

In addition, it is becoming increasingly evident that
plants respond to chronic stress conditions through the
modification of developmental programs, a phenom-
enon known as stress-induced morphogenic response
(Potters et al., 2007, 2009). Reactive oxygen species and
auxin are thought to be major players in this response.
Since some class I TCP proteins have been shown to
influence auxin homeostasis (Uberti Manassero et al.,
2012), redox modification of the activity of these pro-
teins may provide a link between redox conditions,
auxin metabolism, and developmental responses to
stress. The identification of targets of TCP proteins that
are related to redox metabolism or whose expression is
altered by redox conditions will probably lead to the
establishment of the molecular mechanisms involved
in this link.

CONCLUSION

In conclusion, we have determined that class I TCP
proteins that contain Cys at position 20 of the TCP
domain are sensitive to redox conditions of the envi-
ronment. Since a majority of class I proteins contain
Cys-20, our results can be extended to most members
of this class. Inactivation of TCP proteins by oxidation
may result from the formation of disulfide bonds or
the modification of Cys-20, located at the dimer in-
terface near the DNA-binding surface of the protein,
making these proteins attractive candidates as media-
tors of the effects of redox conditions on several as-
pects of plant development.

MATERIALS AND METHODS

Cloning, Expression, and Purification of
Recombinant Proteins

The complete coding regions of Arabidopsis (Arabidopsis thaliana) TCP15
and TCP21 as well as shorter forms of TCP20 (amino acids 1–157) and TCP16
(amino acids 1–80) were cloned in frame with MBP in expression vector
pMAL-c2 (New England Biolabs) as described (Viola et al., 2011, 2012). A
TCP15 mutant containing Ser at position 20 of the TCP domain (C20S-TCP15)
was constructed by overlap extension mutagenesis (Silver et al., 1995) using

complementary oligonucleotides with the desired mutations (59-CCTGCC-
ATGTCTGCTGCACGTG-39 and 59-CACGTGCAGCAGACATGGCAGG-39).
All constructs were checked by DNA sequencing. For expression, Escherichia
coli cells bearing the corresponding plasmids were grown and induced as
described previously (Viola et al., 2011). Purification of recombinant proteins
was performed as indicated by the manufacturers of the pMAL-c2 system, ex-
cept that 2-mercaptoethanol (2-ME) was omitted from the purification buffer.
Purified proteins (greater than 95% as judged by Coomassie Brilliant Blue
staining of denaturing polyacrylamide gels) were used for the assays. Protein
amounts were measured as described by Sedmak and Grossberg (1977). DNA-
binding assays were performed with the proteins fused to MBP. Controls made
with proteins obtained after cleavage with factor Xa indicated that the MBP
moiety does not affect the behavior of the recombinant proteins. In the case
of recombinant TCP15 and its mutant, several products of smaller size than the
full-length proteins were observed by SDS-PAGE. According to western-blot
analysis using antibodies against MBP (Supplemental Fig. S1), these products
are truncated forms of the proteins containing MBP and portions of TCP15.
Some of these products may be active toward DNA binding, thus explaining the
presence of more than one DNA-protein complex in EMSAs, especially when
exposed during prolonged periods of time (Figs. 1C, 2A, and 6D).

E. coli thioredoxin1 (encoded by the trxA gene) was expressed from plas-
mid pET-32a(+) (Novagen) and purified by nickel affinity chromatography.
E. coli thioredoxin reductase (encoded by the trxB gene) was expressed from
plasmid pTrR301 and purified as described by Mulrooney (1997).

Treatment of Proteins with Redox Agents and NO Donors

When indicated, purified proteins were dialyzed overnight at 4°C in 20 mM

Tris-HCl (pH 7.4), 200 mM NaCl, and 1 mM EDTA. Treatments with redox agents
were performed in the same buffer during 1 h at 25°C. Reagents were dissolved
in the same buffer. Incubations with the NO donor SNP were performed for 1 h
under white light to produce the photolysis of SNP. In the case of GSNO, in-
cubations were performed on ice and in the dark. Incubation with NEMwas also
performed in darkness. Diamide, DTT, GSH, GSSG, NEM, and SNP were pur-
chased from Sigma. GSNO was prepared by nitrosation under acid conditions
as described previously (Gordge et al., 1998). Briefly, equal volumes of GSH
(200 mM in 50 mM HCl) and sodium nitrite (200 mM) were incubated on ice for
30 min. GSNOwas stabilized by the addition of 1 mM EDTA, and its concentration
was estimated by A334 using a molar absorption coefficient of 0.96 mM

21 cm21. The
reagent was prepared fresh each day and kept on ice in the dark until use.

Electrophoresis of Proteins

Nonreducing SDS-PAGE was performed essentially as described by
Laemmli (1970), except that 2-ME was omitted from the loading buffer.
Samples (1 mg of MBP-TCP fusion protein) were preincubated at room tem-
perature in 20 mM Tris-HCl (pH 7.4), 200 mM NaCl, and 1 mM EDTA plus the
indicated additions, mixed with loading buffer, boiled during 5 min, and
loaded onto a 12% (w/v) polyacrylamide gel. After electrophoresis, gels were
stained with Coomassie Brilliant Blue.

Western-Blot Analysis

For western-blot analysis, proteins were separated through SDS-PAGE and
then transferred to Hybond-ECL (GE Healthcare Life Sciences) membranes.
Membranes were stained with Ponceau S and subsequently probed with anti-
bodies against MBP (New England Biolabs), in the case of purified recombinant
proteins, or the hemagglutinin tag (Invitrogen), in the case of extracts from yeast
(Saccharomyces cerevisiae) cells, at a dilution of 1:1,000, and developed with anti-
mouse or anti-rabbit immunoglobin conjugated with horseradish peroxidase
using the SuperSignal West Pico Chemiluminescent Substrate (Pierce).

Gene Cloning and Plant Transformation

TCP20 was expressed in plants fused to the EAR repressor domain. For this
purpose, TCP20 coding sequences spanning nucleotides 7 to 456 were am-
plified with specific primers, fused to a double-stranded oligonucleotide with
EAR domain coding sequences, and cloned in the binary vector pBI121 under
the control of the 35S CaMV promoter, as described previously for TCP15
(Uberti Manassero et al., 2012). The construct to express full-length C20S-
TCP15-EAR was obtained in a similar way. Constructs were introduced into
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either wild-type Arabidopsis plants or a stably transformed line that expresses
the uidA (GUS) reporter gene under the control of the relevant CUC1 regu-
latory regions (Spinelli et al., 2011) by transient transformation, essentially as
described by Li et al. (2009) with modifications described by Uberti Manassero
et al. (2012). Histochemical GUS assays were performed 36 h after transfor-
mation as described by Hull and Devic (1995). Total protein extracts were
prepared from plants 36 h after transformation. For this purpose, frozen tissue
(0.2 g) was ground to powder under liquid N2 and homogenized for 1 min in
0.5 mL of lysis buffer containing 50 mM HEPES-KOH, pH 7.5, 100 mM KCl,
5 mM EDTA, 10% glycerol, 0.1% Triton X-100, 5% polyvinylpyrrolidone, and
1 mM phenylmethylsulfonyl fluoride. Extracts were centrifuged at 14,000g and
4°C during 20 min. Protein in the supernatant was quantified as described by
Sedmak and Grossberg (1977).

DNA-Binding Assays

For EMSAs, purified recombinant proteins (50–500 ng, depending on the
amount of DNA used) were incubated with double-stranded DNA (0.3–0.6 ng,
30,000 cpm) generated by hybridization of the complementary oligonucleotides
59-AATTCAGATCTGTGGGCCCACGAG-39 and 59-GATCCTCGTGGGCCCAC-
AGATCTG-39 (binding sites underlined) and labeled with [a-32P]dATP by filling in
the 39 ends using the Klenow fragment of E. coli DNA polymerase I. Alter-
natively, one of the oligonucleotides was 59 end labeled with 6-FAM. Binding
reactions (20 mL) containing, in addition to protein and labeled DNA, 20 mM

HEPES (pH 7.5), 50 mM KCl, 2 mM MgCl2, 0.5 mM EDTA, 0.5% Triton X-100,
1 mg of poly(dI-dC), and 10% glycerol were incubated on ice for 20 min,
supplemented with 2.5% Ficoll, and immediately loaded onto a running gel
(5% acrylamide, 0.08% bis-acrylamide in 0.53 TBE plus 2.5% glycerol; 13 TBE
is 90 mM Tris-borate, pH 8.3, 2 mM EDTA). The gel was run in 0.53 TBE at
20 mA for 2 h and dried prior to autoradiography or directly scanned for flu-
orescence. Quantitative analysis was performed with a Typhoon (GE Health-
care) scanner. EMSAs using protein extracts from transformed plants were
performed in a similar way, except that 10 mg of protein extract and com-
plementary oligonucleotides containing the preferred binding sequences of
TCP20 (59-AATTCAGATCTGTGGGACCGGGAG-39 and 59-GATCCTCCCG-
GTCCCACAGATCTG-39; Viola et al., 2011) were used. For competition,
complementary oligonucleotides with changes in the TCP20 binding site (m1,
59-AATTCAGATCTGTAGGACTGGGAG-39 and 59-GATCCTCCCAGTCCT-
ACAGATCTG-39; m2, 59-AATTCAGATCTCAATAATTGAGAG-39 and 59-
GATCCTCTCAATTATTGAGATCTG-39) were used.

One-Hybrid Analysis in Yeast

Yeast strains carrying the TCP15 or TCP16 binding sequence inserted into the
genome in front of the lacZ reporter gene (Viola et al., 2012) were transformedwith
constructs that express fusions of the TCP proteins to the GAL4 activation domain
in plasmid pGADT7 (Clontech). Transformed cells at an optical density at 600 nm
of 0.3 were incubated either in the absence or presence of H2O2, SNP, or GSNO.
After incubation, specific b-galactosidase activity was assayed as described by
Reynolds et al. (1997) using o-nitrophenylgalactoside as substrate. In addition, an
amount of cells corresponding to an optical density at 600 nm of 7.5 was dis-
rupted using the urea/SDS protein extraction method (Printen and Sprague,
1994). Extracts from these cells were analyzed through SDS-PAGE followed by
western blotting to detect the expression of the fusion proteins as described above.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Western-blot analysis of recombinant MBP-
TCP15 and its mutant using anti-MBP antibodies.

Supplemental Figure S2. Gel-filtration analysis of recombinant MBP-
TCP20.
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