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Abstract
Transcriptional regulation underlies many of the growth and
developmental processes that shape plants as well as their
adaptation to their environment. Key to transcriptional control
are transcription factors, DNA-binding proteins that serve two
essential functions: to find the appropriate DNA contact sites in
their target genes; and to recruit other proteins to execute
transcriptional transactions. In recent years, protein structural,
genomic, bioinformatic, and proteomic analyses have led to
new insights into how these central functions are regulated.
Here, we review new findings relating to plant transcription
factor function and to their role in shaping transcription in the
context of chromatin.
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Introduction
Transcription factors are central to all cellular functions;
indeed, their activities dictate the contents and identity
of each cell. Essentially, transcription factors have two
functions d to find the appropriate DNA elements to
bind; and to recruit additional proteins to that site.
Some transcription factors have the additional role of
Given her role as Editor, Doris Wagner had no involvement in the peer-

review of this article and has no access to information regarding its

peer-review. Full responsibility for the editorial process for this article

was delegated to Keiko Sugimoto.

www.sciencedirect.com
acting as pioneers by accessing closed chromatin and
opening it, so other transcription factors can bind.

Transcription factors consist of several modular domains
that reflect their core functions to find their DNA target
and to recruit the appropriate machinery to affect
transcription events (Figure 1). Additional domains may
act as regulatory modules, for example, by interaction

with coregulators or proteins that drive post-
translational modification of the transcription factor.
DNA-binding domains are structured domains that
facilitate recognition of DNA elements and frequently
act as dimers; some have a distinct dimerization motif
within the DNA-binding domain, such as has been
found for AUXIN RESPONSE FACTOR (ARF) pro-
teins [1e3] and LEAFY (LFY) [4].

Recruitment of transcriptional machinery, such as the
Mediator complex, RNA Polymerase II (Pol II), or

repressor proteins and chromatin regulators, typically
occurs in regions of low complexity or intrinsic disorder.
Indeed, Arabidopsis transcription factors are enriched
for intrinsically disordered regions when compared with
the proteome (Figure 1b), suggesting a critical role for
protein disorder in the function of transcription factors.

Here, we focus on the two major functions of tran-
scription factors: 1) to find DNA; and 2) to find friends,
acting as the party planners of the cell by finding the
appropriate venue and making the guest list that will

ensure specific transcriptional outcomes at certain
target loci in response to extrinsic and intrinsic cues.

Getting started in chromatin
Transcription factors direct changes in gene expression
that underpin cell fate transitions and response to the
environment; this type of ‘reprogramming’ occurs
throughout the life of plants. In eukaryotes, transcrip-
tional programs not needed or detrimental at a given
developmental stage, tissue, or environmental condition
are kept in a condensed chromatin state [5,6]. This
chromatin state is usually marked by high nucleosome
density, presence of linker histones, and/or histone
modifications (methylation of histone H3 lysine 27

(H3K27) or lysine 9 (H3K9) that in turn recruit
nonhistone proteins that further compact chromatin.
Because most transcription factors cannot access their
cognate-binding sites (cis motifs) in the context of a
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Figure 1

Architecture of transcription factors. (a). Transcription factors consist
of multiple modular domains. Structured domains are used for DNA
binding and are frequently used for protein interactions. Activation do-
mains, repressive domains, and regions that recruit chromatin remodelers
typically reside in intrinsically disordered regions. Protein cartoons
created with Illustrate [56] of the LFY DNA binding domain (DBD) (PDB
2VY1) [4], the ARF1 DBD (PDB 4LDX) [1], the LFY Sterile Alpha Motif
(SAM) oligomerization domain (PDB 4UDE) [57], and the ARF7 Phox and
Bem1 (PB1) oligmerization domain (PDB 4NJ7) [58] domains. (b). Anal-
ysis of percentage of protein composed of intrinsically disordered regions
from Arabidopsis transcription factors and nontranscription factors on a
proteome-wide scale using Metapredict [59] reveals enrichment of intrin-
sically disordered regions in transcription factors. LFY, LEAFY; ARF1,
AUXIN RESPONSE FACTOR 1.

2 Growth and Development
nucleosome [7], this raises the question of how new
transcriptional programs can be initiated in response to
developmental or environmental cues. Studies in ani-

mals, initially on the winged-helix Forkhead Box tran-
scription factor FoxA, uncovered a class of transcription
factors termed pioneer transcription factors that can
bind to their cis motifs in the context of a nucleosome
both in vivo and in vitro [8,9]. This is enabled by the
shallow DNA-binding domains of pioneer transcription
factors that facilitate contact with DNA bases and the
sugar-phosphate backbone when the DNA is wrapped
around the histone octamer [10]. In addition, in the
context of a nucleosome, pioneer transcription factors
frequently bind cis motifs that slightly deviate from the
Current Opinion in Plant Biology 2022, 65:102136
consensus, allowing for fewer protein d DNA contacts
[11]. The ability to bind nucleosomal DNA with high
affinity and in a sequence-specific manner in vivo and
in vitro is the principal defining property of pioneer
transcription factors and uniquely positions them to set
in motion the gene expression changes required for cell
fate reprogramming.

The plant-specific helix-turn-helix transcription factor
LFY was recently shown to be a pioneer transcription
factor in Arabidopsis [12,13] (Figure 2). LFY promotes
the switch from branch to floral fate in axillary meristems
and flower patterning. The LFY helix-turn-helix DNA-
binding domain makes shallow DNA contacts, and
in vitro LFY binds its cognate-binding motif with high
affinity in the context of nucleosomes assembled with a
native LFY-bound region or when the LFY-binding site is
combined with a nucleosome-positioning sequence
[4,12,13] (Figure 2e). Similar to most pioneer tran-

scription factors, LFY exhibits higher affinity for naked
DNA [13]. In root explants, that are triggered to syn-
chronously reprogram to floral fate, most LFY-bound
sites are nucleosome-occupied immediately before LFY
binding [13]. Moreover, LFY co-occupies genomic DNA
with histones on the basis of sequential chromatin
immunoprecipitation (ChIP) [13]. Although LFY can
associate with H3K27me3-marked DNA, other types of
chromatin condensation block LFY binding, indicating
that certain chromatin states can prevent access of
pioneer transcription factors to their target sites [12,13].

For some animal pioneer transcription factors, H3K9me3
restricts chromatin access [14].

Interestingly, although LFY binding to closed chromatin
is very rapid, target locus chromatin opening and full
transcriptional activation occur much later [13]. This
temporal separation suggests that the LFY pioneer
transcription factor licenses the transcriptional activa-
tion for cell fate reprogramming but does not execute it
by itself (Figure 2aed). A delay between locus occu-
pancy of pioneer transcription factors and locus opening
as defined by ATACseq (Assay for Transposase-Acces-

sible Chromatin with high-throughput sequencing) or
similar techniques was also observed for several pioneer
transcription factors in animals [15,16]. Decoupling of
chromatin binding and transcriptional activation is
desirable, as it allows additional tuning of cell fate
reprogramming. Indeed, pioneer transcription factors
can rapidly open chromatin locally, near their binding
site, for example, by ejecting linker histone H1 (FoxA
and LFY), by altering nucleosome topology or interac-
tion, and by recruiting chromatin remodelers
[8,13,14,17]. Through this local chromatin opening

(enhancer activation), pioneer transcription factors
facilitate access of other transcription factors to the
DNA. This is a second key property of pioneer tran-
scription factors [8]. The nonpioneer factors coopera-
tively direct full target locus chromatin opening and
www.sciencedirect.com
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Figure 2

LFY pioneer transcription factor licenses cell fate reprogramming and subsequent activation of transcription at the APETALA1 (AP1) locus. (a).
The LFY dimer (red shapes) binds its cismotif near the dyad (midpoint) of the nucleosome and triggers local chromatin opening via eviction of histone H1
(green circles) and recruitment of SWI/SNF chromatin remodelers (blue shape). (b). Subsequently, other transcription factors can access the locus. Their
accumulation is either directly activated by LFY LATE MERISTEM IDENITY 2 (LMI2), yellow) or in response to altered hormone levels and plant age
(DELLA proteins plus SQUAMOSA PROTEIN BINDING PROTEINS; purple shape) or photoperiod FLOWERING LOCUS T (together with FD, pink)
[23,24,60–63]. (c). The assembled transcription factors likely engage with additional chromatin regulators (blue shape) to cooperatively open the AP1
locus. (d). Finally, the general transcriptional machinery (white large shape) is recruited. (e). Shallow DNA contacts with one face of the DNA by the LFY
dimer allow cobinding with the histone octamer. Previously published structure of LFY displayed as a dimer (one of the monomers is semi-transparent)
binding the pseudopalindromic recognition site within AP1 (PDB: 2vy1 [4]). DNA is in gray and semitransparent except for the half-site bound by the
opaque monomer on the left. LFY residues which interact with DNA are in pink and displayed in stick style over the cartoon in the helix-tube mode in the
rotated view below. Visualization using chimeraX [64]. LFY, LEAFY.
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robust activation of gene expression with the pioneer
factor, in some cases forming transcription hubs [13,18].
Regulation of accumulation or activity of the co-
operatively acting nonpioneer transcription factors by
specific extrinsic or intrinsic cues can fine-tune the cell
fate reprogramming by pioneer factors.

Because plants adjust their form and function frequently
in response to changing environments, it is likely that
pioneer transcription factors play a prominent role in
this kingdom. MADS-box proteins are good candidates
for pioneer transcription factors as they bind chromatin
www.sciencedirect.com
and subsequently enhance accessibility [19]. The
Arabidopsis Nuclear Factor Y (NFeY) complex compo-
nent LEAFY COTYLEDON1 (LEC1) was proposed to
act as a pioneer transcription factor on the basis of
sequence and structural similarity with the mammalian
complex; however, whether mammalian NFeY acts as a
pioneer transcription factor has not yet been fully

established [20,21].

Transcriptional and cell fate reprogramming in the
context of chromatin are also enabled by ‘signal-
dependent’ transcription factors that are bound to target
Current Opinion in Plant Biology 2022, 65:102136
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4 Growth and Development
loci in many different conditions (tissue types, devel-
opmental stages, intrinsic, or extrinsic cues). Their
chromatin occupancy may or may not have been the
result of initial pioneer transcription factor binding.
Signal-dependent transcription factors serve both as
target locus markers and as scaffolds. In the latter ca-
pacity, they recruit transcriptional coactivator or core-
pressor complexes. One example is ARF5/

MONOPTEROS (MP). MP recruits histone deacety-
lases, which strengthen DNA histone interactions to
silence target loci in the absence of the auxin stimulus
[22]. In the presence of a local auxin maximum, MP can
instead interact with chromatin remodelers that eject or
reposition nucleosomes to activate certain target loci
[22]. Likewise, the basic leucine zipper domain (bZIP)
transcription factor FD binds to the same set of target
loci in vegetative and flower-producing Arabidopsis but
recruits different members of the phosphoethanol-
amine-binding protein family, that is, TERMINAL

FLOWER 1 or FLOWERING LOCUS T, depending on
the photoperiod or other environmental cues [23e27].
TERMINAL FLOWER 1 acts as a transcriptional
corepressor and FLOWERING LOCUS T as a coac-
tivator [23,28].

Finding the right location
Provided that the chromatin context is conducive to
transcription factor binding, the next challenge for
DNA-binding protein is to home in on its set of unique
binding sites. That is, finding the biologically mean-
ingful sites in an ocean of DNA. There is a finite number
of DNA-binding domains in transcription factors across
the tree of life [29], and in plants, there is likewise a

limited number of distinct DNA-binding domains [30].
Systematic surveys of the binding specificity of tran-
scription factors across eukaryotes [31] and in Arabi-
dopsis [32] revealed that DNA-binding domains tend to
specifically bind short DNA elements of about 6e10
bases in which specificity is not absolute for some po-
sitions. In other words, the effective specificity is in the
order of 4e6 effectively unique bases. The crystal
structures of a range of DNA-binding proteins in com-
plex with their DNA targets have shown the biochemical
basis for specificities and rationalized why only relatively

short stretches of nonunique sequence are sufficient for
binding [33]. A simple calculation tells that such sites
will occur in every 250e4000 bases. In contrast, both
DNA-affinity purification or chromatin immunoprecip-
itation, followed by sequencing, showed that transcrip-
tion factors bind only a subset of the consensus
elements in the context of genomes [34]. Therefore,
intrinsic DNA-binding specificity of DNA-binding pro-
teins alone is clearly insufficient to explain their DNA
binding in the context of a genome or within a living cell.
Other factors must constrain binding. One such

constraining factor may be the chemical nature of DNA
itself. As a double helix, DNA has a major groove and a
Current Opinion in Plant Biology 2022, 65:102136
minor groove. Accessibility to the (specificity-defining)
bases differs between the major and minor groove. As a
consequence, the sites for facile base access are spaced
by the periodicity of DNA turns.

An interesting question is why transcription factors have
not evolved to carry more extensive, more elaborate
DNA-binding surfaces, that would extend their DNA

target site, and thus increase specificity of protein-DNA
interaction. A consideration in this context is that
protein-DNA interaction must be viewed as a trade-off
between specificity and speed [35]. Transcription fac-
tors must scan DNA to bind their target site. Even
though this is restricted to the DNA accessible in the
context of chromatin for most transcription factors,
there must be low affinity for binding to DNA in an
unspecific manner that allows scanning with some speed
[36]. Specific interactions at the target locus would then
lock the transcription factor in place. A longer, more

extensive DNA-binding interface likely also increases
the unspecific interactions with DNA, and thus limits
the speed by which DNA can be scanned.

Rather than extending the DNA interaction interface
within the transcription factor, another strategy that can
increase the effective length of a binding site is the
binding of DNA by transcription factor dimers. Indeed,
many, if not most, transcription factors bind DNA as
dimers. These can be homodimers, such as (in plants) is
the case for the ARFs [1e3] and LFY [4,37] mentioned

earlier. In both cases, proteins dimerize to bind a specific,
more extended DNA motif [1,4] and can be part of
higher-order interactions, such as MADS protein tetra-
mers [38]. Beyond homodimerization, there are many
well-known cases in which transcription factors hetero-
dimerize within the same family (e.g. basic helix-loop-
helix (bHLH) factors, bZIP; [39]). Interactions between
members of different transcription factor families have
been abundantly reported (e.g. the study reported by
Trigg et al. [40]), but their contributions to specific DNA
binding are less well-understood. In this latter case, the
optimal distance between the two binding sites is

governed not only by the structure of one, but of two
transcription factors, and it will be interesting to see
future studies that structurally explore spacing in het-
erotypic transcription factor dimers, as well as the effects
of association of dimerizing transcription factors bound at
large distances (such as distal enhancers).

Teaming up with your best friend
Two kinds of dimeric DNA interaction modes are
observed: in one (e.g. bHLH factors, LFY, and FD),
dimerization is a structural requirement for DNA binding
a single DNA element [4,24,39]; and in the other, two
proteins each bind a separate DNA element, and as a

complex, they can bind a combination of two DNA ele-
ments. In the latter case, when transcription factors
www.sciencedirect.com
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Update on Plant Transcription Strader et al. 5
dimerize to bind DNA, this has a number of interesting
consequences for the mode of DNA binding. First, the
effective length of the DNA target site increases by a
factor of two. Second, the protein structures will now
dictate the orientation and spacing between the indi-
vidual-binding sites that are compatible with protein
complex binding (see discussion as follows). Most
importantly, when two proteins bind two DNA elements,

there is space for cooperativity in interactions. The af-
finity of the first transcription factor to bind its target site
will be defined by the intrinsic affinity that follows from
the binding energies at the protein-DNA interface.
Although the same energies hold for the second member
of the protein dimer, the stability of the entire protein-
DNA complex is enhanced by the interaction energies
between the two proteins. Thus, affinity of a dimer can be
much higher than that of each of the twomonomers. This
has been illustrated well by an analysis of the Arabidopsis
ARF1 and ARF5 proteins [1]. Because the protein-DNA

interface could be resolved from a crystal structure, mu-
tants in DNA or protein could be engineered that would
allow either a monomer or dimer to bind. Here, it is clear
that a dimer binds an order of magnitude better than
monomers do. Thus, dimerization offers an instrument to
toggle between low (monomer) and high (dimer) affinity
DNA binding. In addition, this allows combinatorial
inputs into the regulation of gene expression, if the two
dimerization partners themselves respond or reflect
different inputs. An example of this is the bHLH heter-
odimer between TARGET OF MONOPTEROS 5

(TMO5) and LONESOME HIGHWAY (LHW), where
one partner (TMO5) reflects auxin input, and the other
(LHW) defines a developmental domain in the root [41].

Within a protein dimer, the structural arrangement of
the two monomers relative to one another dictates the
topology of DNA element organization and spacing.
Given that DNA elements are recognized by in-
teractions of amino acids with both phosphates in the
DNA backbone and by specific interactions with bases,
usually on both strands, proteins recognize DNA only in
a directional, specific manner. Thus, a head to tail pro-

tein dimer will likely recognize a direct repeat, whereas
a head-to-head or tail-to-tail dimer will recognize
inverted or everted repeats. In the case of ARFs, a
symmetric dimer binds an inverted repeat [1e3].
Indeed, the biologically relevant element for auxin-
dependent gene expression, an inverted repeat spaced
by 7 or 8 bases, can be explained by this mode of protein-
DNA binding [3]. However, another repeat of ARF-
binding sites d a direct repeat spaced by 5 bases d is
also very potent in mediating auxin-responsive gene
expression [42], but its structural basis is still elusive.

Finally, structural flexibility of the protein complex and
rotational flexibility of the DNA together define the
www.sciencedirect.com
spacing that is tolerated between two DNA-protein
interfaces. For ARF proteins, the optimum is 7e8
bases in the symmetric dimer, but in vitro assays suggest
that cooperative binding for Arabidopsis ARF5 extends
to shorter and longer distances [1]. Although biological
relevance is not yet addressed, this could also be a basis
for functional distinction among related transcrip-
tion factors.

An interesting consequence of the protein dimers in
protein-DNA interactions is in the constraints it poses
for evolution and evolvability of transcriptional regula-
tory networks. For such interactions, evolution (and
selection) can act on protein structures in multiple
ways: (1) intrinsic specificity and affinity of monomers
for their DNA sites; (2) proteineprotein interaction
surface position and interaction strength; (3) DNA el-
ements that directly bind to the proteins; and (4) length
and flexibility of intervening nucleotides. It should be

clear that these units are both tunable and, therefore,
evolvable. Yet at the same time, binding depends on a
number of factors, which will also pose constraints on its
evolvability. An interesting future question will be how
the kinetics of transcription factor binding to complex
sites evolves in complex plant genomes.

Party friends
In addition to finding its best friend in the form of
another transcription factor with which to dimerize,
transcription factors must also recruit a party of friends
to drive chromatin remodeling and/or transcriptional
events. These interactions are typically driven by fuzzy
binding kinetics in low complexity domains [43].
Recruitment of these machines to the appropriate

region of DNA is driven by the DNA-binding activity of
the transcription factor, either to remodel chromatin or
to promote gene transcription.

As outlined previously, the chromatin state can restrict
access of transcription factors to the genomic DNA. On
the other hand, the vast majority of the enzymatic ac-
tivities that alter chromatin do not have inherent DNA-
binding specificity, although exceptions to this rule
exist [44]. De novo targeting of chromatin modification
and remodeling to the correct genomic location in
plants relies strongly on transcription factors (histone

acetyltransferases, histone de-acetylases and core-
pressor complexes, SWI/SNF chromatin remodelers,
histone methyltransferases [H3K27me3]) or on
noncoding RNA (DNA methylation and H3K9me2)
[5,22,45]. Thus, although the chromatin state can
restrict transcription factor access to the genomic
DNA, most chromatin regulators rely on transcription
factors for recruitment. Finally, the act of transcription
also alters chromatin through histone loss and recruit-
ment of histone-modifying enzymes [46]. In this
Current Opinion in Plant Biology 2022, 65:102136
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6 Growth and Development
manner, chromatin and transcription factors are mutu-
ally dependent on one another.

How transcription factors recruit a diverse set of core-
pressor and coactivator complexes is not well under-
stood. The transcription factor domains that recruit
these complexes typically reside in intrinsically disor-
dered regions that have low conservation. With the

exception of the repressor motif of LxLxL that recruits
TOPLESS (TPL) and related transcriptional repressors
[47], protein regions that recruit chromatin remodeling
and transcriptional machinery are difficult to identify
owing to their low sequence conservation. In addition,
many of these machineries have been shown to act in
transcriptional hubs or condensates, often driven into
these assemblies by multivalent interactions in their
intrinsically disordered regions.

Protein condensation can act as a friend filter for tran-

scription factors d either by allowing concentration of
protein that promotes recruitment of additional proteins
to a transcriptional hub or by sequestering transcription
factors into inactive bodies [48]. Assemblies of tran-
scription factors that are more stable than individual
factor binding have been proposed to drive transcrip-
tional events as transcriptional hubs [43]. Because pro-
tein condensation affects the activities of coactivators,
corepressors, sequence-specific transcription factors,
chromatin modifiers, and RNA polymerase II by
providing a mechanism to concentrate these factors

[49], some have proposed protein concentration as the
underlying physical basis for formation of transcriptional
hubs. Most of these events are thought to promote ac-
tivity, either by acting as a concentrator of activity or by
acting as a mechanism to stabilize the concentrations of
the relevant proteins [48].

The examples of transcription factor condensate for-
mation in plants thus far are consistent with condensa-
tion acting as an attenuator of their transcriptional
activity. Condensation of ARF19 [50] or EARLY
FLOWERING3 (ELF3) [51] results in sequestration

from transcriptional targets. It remains to be seen
whether condensation of other plant transcription fac-
tors similarly attenuates activity or whether this con-
centration acts to promote activity as has been seen in
other systems.

Transcription factors occupy a pivotal role in orchestra-
tion of cell fate and function, and it is becoming
increasingly understood how they find and bind their
genomic targets. In addition, we are beginning to un-
ravel how their activity is controlled in response to cues

in the plant kingdom. Technical advances in imaging,
proteomics, and chromatin binding will further this
understanding and help address some of the open
questions that remain.
Current Opinion in Plant Biology 2022, 65:102136
Open questions

- Do transcriptional hubs exist in plants? In other sys-
tems, transcriptional hubs and/or condensates have
been demonstrated for coactivators, corepressors,
sequence-specific transcription factors, chromatin
modifiers, and RNA polymerase II [43]. These have
not yet been demonstrated in plants; however, given
the conservation amongst these core machineries, it
seems likely that similar assemblies operate in plant
transcriptional control. In Arabidopsis, a large number
of genomic regions bound by many transcription fac-
tors were recently identified; adding binding peak

summits to this excellent resource and filtering out
artifact ChIP-seq signal will enable identification of
genomic locations bound by many transcription factors
[52,53].

- Transcriptional pausing in plants? Most eukaryotes
have a mechanism to assemble a transcription factor
and Pol II on DNA while inhibiting progression of
transcription, called promoter pausing. Plants lack the
conserved components of this system. Recently, TPL
recruitment to ARF proteins has been demonstrated
to act in a similar manner by inhibiting full assembly of

the Mediator complex [54], resulting in a partially
assembled, but paused, complex that has been pro-
posed [55] to act in pausing. Given the widespread
recruitment of TPL in various pathways, this mecha-
nism could broadly impact start of transcriptional
elongation. Novel approaches are beginning to enable
precise assessement of Poll II activity in plants [65].

- What are the protein domains necessary and sufficient
for pioneer activity by transcription factors? How is
binding and activity of these factors restricted? Iden-
tification of more pioneer transcription factors in

plants, followed by functional studies, should help
answer these questions and allow harnessing pioneer
activity to (re)program cell fate and function to
enhance desirable traits.

- What are the roles of spatially structured nuclear mi-
croenvironments? The nucleus contains many
spatially distinct microenvironments, including the
nucleolus, nuclear speckles, photobodies, Cajal
bodies, and dicing bodies. How these microenviron-
ments are formed, what components comprise these
bodies, and what roles these, and other concentrations

of nuclear components play are areas of active study
which should reveal their functions in transcription.

- Do we know which transcription factors are activators
versus those that are repressors? Transcription factors
recruit machinery to drive downstream events d
either repression or activation of their gene targets.
Because the regions of the protein that recruit these
machineries lie in low complexity domains with little
sequence conservation, better tools and approaches
will be needed to determine whether each transcrip-
tion factor activates or represses target genes.
www.sciencedirect.com
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