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Preface

Transcription factors (TFs) are central regulators of
gene expression and, as such, modulate essential aspects
of organismal function, including cell differentiation, tis-
sue and organ development, responses to hormones and
environmental factors, metabolic networks, and disease
resistance, among others. Intrinsic to TF action is their
capacity to specifically interact with DNA sequences and
with other proteins as part of transcriptional complexes
involved in the regulation of gene expression. Accord-
ingly, knowledge of the structure of TFs and of the mo-
lecular mechanisms involved in the establishment of these
interactions is essential to understand TF action. Plants
contain a vast number of TFs (about 10% of plant genes
encode TFs) that were acquired at different stages of evo-
lution and were adapted to perform specific functions.

This book is intended as a source of information for
those interested in the study of plant TFs and the many
processes they regulate. It contains basic information that
can be useful to students and researchers entering the
field as well as more specific chapters devoted to plant
TF families. These specific chapters do not constitute a
comprehensive list of what is known about the different
TF families but are rather examples of how the study of
the different aspects of a specific TF family can be useful
to establish the molecular aspects of TF function. Section
Adeals with general aspects of plant TFs. It contains two
introductory chapters that describe the basics of TF action
and methods usually employed to study TFs, followed by
chapters that discuss structural and evolutionary aspects
of plant TF families and plant-specific TF DNA-binding
domains. Sections B and C present information about the
structure, evolution, and functional aspects of several
plant TF families, with examples of families that arose at

xi

different stages of organismal evolution and were adapted
to modulate specific aspects of plant developmental pro-
grams and responses. Finally, Section D contains chapters
that discuss aspects of the posttranslational regulation
of plant TF action by either intra- or intercellular move-
ment, proteolytic processing, ubiquitination, or redox
interconversions. The book is centered on TFs rather than
on processes, understanding that there are excellent books
that already describe plant regulatory networks and the
TFs involved. These books, however, often describe inter-
actions established by TFs in regulatory networks but do
not deepen into the structural aspects of the TFs involved.
I hope that through this book readers will acquire a gen-
eral view of different aspects of plant TFs that eventually
will help to fill the gap existing between the knowledge
of the participation of a TF in a defined process and the
establishment of the structural properties related to TF
functions. In other words, to establish structural-func-
tional relationships that explain in detail the molecular
mechanisms involved in TF action.

I would like to thank all authors who generously
contributed their chapters. As experts in the field, their
contribution was essential for the assembly of this book.
I would also like to thank Mary Preap, from Academic
Press/Elsevier, for her valuable assistance, and people
from my lab for their contributions along many years.
Finally, T also acknowledge support from the Argentine
Research Council (Consejo Nacional de Investigaciones
Cientificas y Técnicas, CONICET) and Agencia Nacional
de Promocién Cientifica y Tecnolégica (ANPCyT) for their
support to my research activities.

Daniel H. Gonzalez
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1.1 INTRODUCTION: TRANSCRIPTION
IN EUKARYOTES

In eukaryotes, various RNA polymerases are respon-
sible for the transcription of nuclear genes (Roeder and
Rutter, 1969). Particularly, RNA polymerase II is in
charge of transcribing all protein-coding genes, in ad-
dition to several genes that encode noncoding RNAs
(Kornberg, 2007; Cramer et al., 2008). RNA polymerase
II promoters are composed of a big number of discrete
DNA sequences (also named boxes or elements), usu-
ally located upstream of the transcription start site, but
also within and downstream of transcribed regions
(Lenhard et al., 2012). These sequences can be classi-
fied as basal promoter elements, upstream promoter
elements, and enhancers, and are the binding sites of
proteins named transcription factors, which influence
the transcription of genes linked to them (Figure 1.1).
Basal promoter elements are usually located near the
transcription start site (Juven-Gershon et al., 2008) and
are the binding site of general transcription factors that
participate in the expression of most genes by promot-
ing the binding of RNA polymerase II (Li et al., 1994;

Plant Transcription Factors. http:/dx.doi.org/10.1016/B978-0-12-800854-6.00001-4
Copynight © 2016 Elsevier Inc. All rights reserved.

Orphanides et al., 1996; Roeder, 1996; Conaway and
Conaway, 1997; Reese, 2003). The most common basal
promoter element is the TATA box, recognized by
TATA-box binding protein (TBP) (Peterson et al., 1990;
Burley, 1996), a component of the general transcription
factor II D (TFIID) (Horikoshi et al., 1990). Upstream pro-
moter elements are very diverse. They are located further
upstream of basal elements (up to several hundred base
pairs of the transcription start site) and are recognized
by specific transcription factors according to the type of
elements present in each gene (Mitchell and Tjian, 1989;
Ptashne and Gann, 1997; Lee and Young, 2000). In most
genes, the presence of these elements is necessary for
efficient transcription since the sole interaction of gen-
eral transcription factors with the basal promoter is not
enough to assemble a stable transcriptional complex
(Gill, 1996; Stargell and Struhl, 1996; Struhl et al., 1998).
In addition, many of these elements are required for the
transcriptional regulation of gene expression under dif-
ferent circumstances, thus receiving the name of response
elements. Enhancers are regions of the genome that af-
fect the expression of particular genes linked to them
(Stadhouders et al., 2012; Smallwood and Ren, 2013;




4 1. INTRODUCTION TO TRANSCRIPTION FACTOR STRUCTURE AND FUNCTION

FIGURE 1.1
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The structure of eukaryotic promoters. Eukaryotic gene promoters are composed of discrete binding sites for multiple transcrip-

tion factors dispersed over long distances (usually several thousands of base pairs). General transcription factors (TFIIX) for RNA polymerase 11
(Pol II) interact with sequences located near the transcription start site (yellow). Specific transcription factors (TF1 to TF9) recognize particular
sequences located in proximal promoter regions (blue; at hundreds of base pairs of the start site) or in enhancers (green; at thousands of base pairs
of the start site). The transcriptional activity of a gene will be defined by the nature of the transcription factors bound in different regions of its

promoter. The transcription start site is indicated by +1.

Levine et al., 2014). Usually, they are not classified as
part of the promoter, although their action is required for
the correct transcriptional activity of the corresponding
genes. Enhancers contain groups of response elements
and have the peculiarity of acting at long distances (up
to several thousands of base pairs), through the forma-
tion of loops in DNA. The transcription characteristics
of a gene will then be established by the nature of the
different elements that compose its promoter region,
including enhancers, and the interactions established
by different proteins with these elements and among
themselves. Apart from the obvious presence of the ap-
propriate partners, the interaction of promoter elements
with the corresponding binding proteins will be influ-
enced by the structure of the chromatin in that particular
region of the genome, which leads to an additional source
of complexity (Li et al., 2007; Cairns, 2009; Venters and
Pugh, 2009; Voss and Hager, 2014).

1.2 STRUCTURE OF TRANSCRIPTION
FACTORS

Transcription factors are proteins that influence the
transcription of genes by binding to defined regions of
the genome (Latchman, 1997). Genes encoding transcrip-
tion factors constitute 3-10% of all genes in eukaryotic
genomes (Levine and Tjian, 2003; Harbison et al., 2004;
Reece-Hoyes et al., 2005). A basic feature of transcription
factors is that they contain DNA-binding domains that
recognize specific sequences within the promoter regions
of the genes they regulate (Figure 1.2A; Kummerfeld
and Teichmann, 2006). By binding to these sequences
they either increase or decrease the transcription of their
target genes, thus acting as activators or repressors,

respectively. Activation or repression is usually achieved
through interaction with other components of the tran-
scription apparatus (Figure 1.2B,C; Takagi and Korn-
berg, 2006), which makes protein—protein interactions
another important feature of transcription factor action
(Walhout, 2006). Activation or repression of gene ex-
pression can also be achieved through interaction with
chromatin-modifying enzymes, which are then directed
to modulate the accessibility of the transcription machin-
ery to specific regions of the genome (Figure 1.2B,C). The
capability of a transcription factor to act as a repressor or
an activator is, in most cases, dependent on domains that
are located outside, and act independently of, the DNA-
binding domain (Figure 1.2A). This brings transcription
factors a modular structure and the possibility of acquir-
ing new properties by domain mixing or shuffling, a
process used by evolution and researchers to generate
new mechanisms of transcriptional regulation (Gossen
and Bujard, 1992; Morgenstern and Atchley, 1999; Beerli
et al., 2000; Ansari and Mapp, 2002; Traven et al., 2006;
Liu et al., 2013).

1.3 DNA RECOGNITION BY
TRANSCRIPTION FACTORS

The recognition of specific DNA sequences by tran-
scription factors is achieved by interactions established
between the side chains of amino acids of the DNA bind-
ing domain with nucleotides of the target site (Figure 1.3).
For specific recognition, interactions must be established
with the nucleotide bases that are located inside the DNA
double-helical structure. For this reason, most transcription
factors establish connections with DNA by binding to
the major groove, although interactions through the

A. GENERAL ASPECTS OF PLANT TRANSCRIPTION FACTORS
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FIGURE 1.2 The general structure of transcription factors. (A) Most
transcription factors have a modular structure. They contain a DNA
binding domain involved in the recognition of specific DNA sequences
(blue and yellow ovals). Usually, they also contain activation (green
arrow) or repressor (red rectangle) domains that increase or decrease,
respectively, the transcription of genes to which they bind. (B) Activation
can be achieved through stabilizing protein-protein interactions with
other components of the transcription machinery or the recruitment
of chromatin modifying enzymes, like HAT, that relax nucleosome
structure. (C) Repression can be achieved by interfering with activators
or recruiting chromatin-modifying enzymes, like histone deacetylases
(HDAC), that increase compaction of nucleosomes.

minor groove have also been reported in several cases
(Figure 1.3). Amino acid side chains of transcription fac-
tor DNA-binding domains can establish specific inter-
actions with bases through hydrogen bonding and van
der Waals contacts (Figure 1.3B,C; Shimoni and Glusker,
1995; Suzuki et al., 1995; Luscombe et al., 2001; Rohs
et al., 2010). While these interactions determine the spec-
ificity, the strength, or affinity of the interaction is ad-
ditionally determined by unspecific contacts established
with the sugar phosphate backbone, including ionic
interactions between DNA phosphates and positively
charged residues of the DNA-binding domain. Another
factor that influences the strength and specificity of the
interaction is the topology of the DNA around the tran-
scription factor-binding site (Pan et al., 2010). Curva-
tures in DNA are often required by transcription factors
to bind their target genes efficiently (Rohs et al., 2009),
and some transcription factors induce DNA bending
upon binding (van der Vliet and Verrijzer, 1993), thus
leading to changes that facilitate other processes, like
DNA melting or the binding of additional proteins.

1.4 DNA-BINDING DOMAINS

DNA-binding domains adopt different structures, and
the interaction of these domains with DNA can be estab-
lished through alpha helices, beta sheets, or disordered
regions (Figure 1.3; Pabo and Sauer, 1992). Usually, the
DNA-binding domain forms a module that can be sepa-
rated from the rest of the transcription factor structure
without losing activity. This facilitates structural studies
of the isolated DN A-binding domains or their complexes
with DNA using techniques that require low molecu-
lar weight proteins, like crystallization or NMR. DNA-
binding domains are named according to their structural
characteristics, and most organisms contain several tran-
scription factors that share the same type of DNA-binding
domain. Accordingly, transcription factors are classified
in families that usually receive the name of the respective
DNA-binding domain (Table 1.1; Stegmaier et al., 2004;
Vaquerizas et al., 2009; Charoensawan et al., 2010). Tran-
scription factors that share the same type of DNA-binding
domain (in other words, transcription factors from the
same family) tend to have more similar DNA-binding
specificities than those that belong to different families.
In any case, variations in DNA-binding specificity are
often observed within the same family, and these are most
often due to changes in specific residues of the DNA-
binding domain (Berger et al., 2008; Noyes et al., 2008;
Badis et al., 2009). Thus, changes in the amino acid resi-
dues of the DNA-binding domain are also used by evolu-
tion and researchers to create transcription factors with
novel DNA-binding characteristics (Blancafort et al., 2004;
Amoutzias et al., 2007; Joung and Sander, 2013).

A. GENERAL ASPECTS OF PLANT TRANSCRIPTION FACTORS
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FIGURE 1.3 DNA recognition by transcription factors. (A) Specific interactions of the Drosophila bicoid homeodomain transcription factor
with DNA (Baird-Titus et al., 2006) are established by an alpha helix (helix II], in red) that inserts into the major groove of DNA (green). Additional
interactions are established by a disordered N-terminal arm (yellow) along the adjacent minor groove (only the path of backbone atoms is shown).
(B) For specific recognition, the side arms of bicoid helix Il amino acids lle47, Lys50, Asn51, and Arg54 (red) establish specific contacts with bases
of the DNA (yellow). (C) For example, bicoid Arg54 forms hydrogen bonds with G and A of the recognition sequence GGATTA. (D) A dimer of
the yeast bZip transcription factor GCN4 (Keller et al., 1995, in red) interacts with DNA through alpha helices that run across two adjacent major
grooves. Specific contacts are established mainly by basic amino acids (yellow). (E) Zinc finger transcription factors contain DNA-binding modules
formed by adjacent alpha helices and beta hairpins. Each module binds DNA through the major groove and is connected to adjacent modules by
a disordered region. The different modules wrap along the major groove of DNA (Kim and Berg, 1996).

1.5 PROTEIN-PROTEIN INTERACTIONS

Many transcription factors require the formation of
dimers to bind DNA (Figure 1.4A,B). These dimers can
form between two identical molecules (homodimers)
or between different molecules (heterodimers), usually

from the same transcription factor family (Amoutzi-
as et al., 2008; Funnell and Crossley, 2012; Pogenberg
etal., 2014). Typical transcription factors that require di-
merization for binding are those of the bZip and bHLH
families (Figure 1.4A,B), which use a basic region to in-
teract with DNA and in which the dimerization domain

A. GENERAL ASPECTS OF PLANT TRANSCRIPTION FACTORS



