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Opinion
Glossary

Choreographers: ID proteins serving to organize molecular events in higher

order complexes.

Cyclotide: small disulfide-rich plant protein with broad biological activities and

targets for pharmaceutical and agrochemical applications.

Fold-upon-binding: coupling of protein folding with binding.

Fuzzy complex: complexes with some degree of disorder, which may range

from local or segmental disorder to full or global and from static to dynamic

disorder. Static disorder refers to a limited set of structurally well-defined sub-

states, and dynamic disorder refers to rapid inter-conversion between many

flexible conformations.

Hub: protein engaging in several (originally defined as five or more)

interactions. A ‘date’ (transient) hub interacts with one partner at a time; a

‘party’ (obligate) hub interacts simultaneously with many partners.

Interactome: complete cellular set of interactions.

Intrinsically disordered region or protein (IDR or IDP): proteins or protein

regions with extraordinary flexibility. IDPs and IDRs are best described as

unstructured ensembles of interchangeable conformations. The length of an

IDR varies, but long (more than 30 residues) IDRs are frequent in eukaryotic

proteins

Linear motif (LM): conserved stretch of amino acid sequence in IDRs facilitating

protein–protein interactions.

Molecular recognition feature/element (MoRF/MoRE): short, loosely struc-

tured regions in IDRs undergoing folding-upon-binding to form an a-helix, b-

strand or irregular structure.

Preformed structural element (PSE): local structure with substantial stability in

an IDR and persisting in complexes.

Rheostatic: graded regulation of affinity via, for example, the number of

phosphorylations.

Short linear motif (SLiM): short LM in IDRs facilitating protein–protein

interactions.

Small interfering peptide: originally used for plant peptides inhibiting TF
Protein intrinsic disorder (ID), referring to the lack of a
fixed tertiary structure, is an emerging topic in plant
science. Proteins with ID challenge our perception of
protein interactions because of their malleable behavior.
They are abundant in highly regulated processes such as
cellular signaling and transcription, where they exploit
the flexibility of ID. In this opinion article we highlight
trends in the field of protein ID and discuss its implica-
tions for interactions between plant transcription factors
(TFs) and the cellular signaling hub protein RADICAL-
INDUCED CELL DEATH 1 (RCD1). We envision RCD1–TF
interactions as models for translating knowledge of ID-
based interactions in vitro to the organismal level in vivo,
and urge increased focus on ID in basic plant research
and agricultural sciences.

Intrinsic disorder: a paradigm shift
One of the significant recent landmarks in molecular
sciences is the discovery that a sizeable fraction of all
proteins do not adopt well-defined structures but none-
theless perform crucial, regulatory functions [1–4]. This
has challenged the classical paradigm of structural biology
stating that the function of a protein is defined by its
globular structure [5]. ID, as a characteristic of an entire
protein (intrinsically disordered protein, IDP) or of a region
(intrinsically disordered region, IDR) (see Glossary),
results from a relatively high number of charged amino
acid residues and low hydrophobicity [6]. The length of an
IDR varies, but more than 33% of eukaryotic proteins
contain long (more than 30 residues) IDRs [7]. This leads
to an extraordinary flexibility and due to their specific
amino acid composition prediction of ID using different
algorithms is possible (see: http://rosettadesigngroup.com/
blog/521/17-protein-disorder-prediction-servers/) [8,9].
Thus IDPs are malleable and best described as unstruc-
tured ensembles of interchangeable conformations
(Figure 1a). Before discussing how ID is central to plant
TF interactomes, we highlight a few concepts emerging
from this novel research area.

Apart from their lack of three-dimensional folds, IDPs
and IDRs (here collectively referred to as IDRs) are dis-
tinctive by having regions that form lowly populated,
transient structures and/or containing conserved sequence
motifs. Importantly, these local features are central to
target recognition and the flexibility of the IDR is essential
for adaptation to more than one partner (see below). The
local features have been described in ways that to some
extent reflect either the degree of preformed structure,
such as molecular recognition feature or element (MoRF
Corresponding author: Skriver, K. (kskriver@bio.ku.dk).
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or MoRE) or preformed structural elements (PSEs) [10,11],
or the characteristics of the motifs, such as linear motif or
short linear motif (LM or SLiM) [12,13]. Although IDRs
initially were anticipated to ‘fold-upon-binding’ [14], the
concept of ‘fuzziness’, referring to different degrees of
disorder when bound [15,16], is increasingly acknowl-
edged. Hence, IDRs may interact with their target either
via folding-upon-binding [3], via PSEs or MoRFs present
in the unbound state [17], by preserving disorder in the
bound state [16,18], or by hitherto unknown mechanisms
(Figure 1a).

Intrinsic disorder: essential to interactomes and

transcriptional regulation

The extreme flexibility of IDRs, carrying specific, local and
often multiple interaction sites, forms the foundation for
their function. Many IDRs are multi-specific and can adapt
to several structurally diverse interaction partners, and a
particular LM, SLiM or MoRF may form different structures
in complexes with different partners [19]. This multi-
valency and, hence, excessive interaction potential inherent
to ID, allows IDRs to interact as hubs with many partners
(Figure 1b) [20], either as choreographers modulating
activity by nonfunctional heterodimers.
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Figure 1. ID in protein–protein interactions exemplified by transcription factors. TFs most often have a folded DNA-binding domain (DBD) (gray balloon) flanked by

extended IDRs (lines). The IDRs assume disordered ensembles populating many conformations (gray shadows), which, within them, carry an extensive communication

potential for interactions with, for example, modulators of transcription. (a) Interactions by ID. Motifs within the IDR, either structural or sequence-based, are important for

recognition and can lead to complete folding of the IDR (i), binding by PSEs (ii), folding-upon-binding by MoRFs (iii) or disordered structures in complexes (iv). The fuzziness

of the different complexes is diverse and in this illustration, but not in general, increases towards the right as illustrated by the orange bar at the bottom. (b) Multi-specificity

involving ID. An IDR may harbor several interaction sites along the chain, interacting with structurally variant and different proteins and inducing different degrees of

structure at the interfaces. (c) Hubs in networks involving a disordered hub interacting with five or more different, folded partners. Interaction sites often overlap in the IDR

and the same region may assume different structures in different complexes (orange colors). Other sites in the IDR interact with other proteins (blue). Blurry colors

represent interactions sites matching colors on the interacting protein; the more similar the color, the more similar the binding sites. The arcs symbolize the dynamics of the

proteins. (d) Hubs in networks involving a folded hub interacting with five or more different disordered partners. It is not known to what extent the IDR forms structure in the

complexes and, if so, whether these structures have any similarity across the set of partners.
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Figure 2. ID in transcription factors of the RCD1 network. Disorder predicted as previously described [38] for (a) the TF interaction partners of RCD1 and (b) RCD1. From top

to bottom: family designated domains in gray, PONDR-FIT (blue) [8] and DISOPRED2 (red) [9] ID predictions, regions implicated in interactions with RCD1 (green) [38,42],

experimentally demonstrated to be largely disordered (dark blue) [38], or interacting with different interaction partners (light blue) [45,47,69]. For the PONDR-FIT analysis a

threshold is applied with disorder assigned to values � 0.5 as indicated by the blue line, and for the DISOPRED2 analysis a 5% ID-threshold is indicated by the red line.
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higher order complex formation [21], or by being central to
interactome networks (Figure 1c) [22].

ID is particularly significant in cell signaling proteins
and TFs, and 82–94% of all TFs, including those of thale
cress (Arabidopsis thaliana), contain extended IDRs
(Figure 2) [23]. The predicted disorder of the transcription-
al activation domains (TADs) of TFs is extremely high (73–
95%) [23], priming them with extreme interaction poten-
tials. TADs are regulated by specific cellular cues through
signaling pathways, which involves post-translational
modifications, protein–protein interactions, and alterna-
tive splicing of the IDRs [24–26]. An important example is
multisite phosphorylation of the disordered TAD of the p53
tumor suppressor, which enhances binding to a transcrip-
tional co-activator [14]. This binding is enhanced propor-
tionally to the number of phosphoryl groups, resulting in
rheostatic regulation and competition with other cellular
TFs [27]. Although the DNA-binding domains (DBDs) of
627
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TFs have significant order, their IDRs also impact DNA-
binding. As outlined recently [26], remote IDRs may fine-
tune selectivity as well as the affinity of DNA-binding
through fuzzy interactions with the DNA-binding surface.
Such allosteric coupling involving ID can thus generally
modulate conformation, flexibility, and spacing within a
complex and compete for binding [15,26,28]. However, how
ID-based interactions and interplay between previously
envisaged separate domains of TFs operate and respond to
cellular cues are major questions.

Appreciating protein ID in plants

Approximately 23% of the Arabidopsis proteins are mostly
disordered [29]. However, knowledge of plant IDRs is
lacking with only a few well-characterized examples. Dis-
order imposes structural flexibility to the late embryogen-
esis-abundant IDPs [30], which may function as traditional
chaperones hindering stress-induced protein aggregation
[31] or impede aggregation upon desiccation through mo-
lecular shielding [32]. The GIBBERELLIC ACID INSEN-
SITIVE, REPRESSOR of GAI, and SCARECROW proteins
have an IDR that can fold-upon-binding, possibly through a
MoRF [33]. Other recent examples are the NAM, ATAF1,
ATAF2 and CUC2 (NAC) TFs, which are involved in many
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aspects of plant development and stress perception [34,35].
NAC TFs are characterized by the conserved N-terminal
NAC-DBD followed by a varying, disordered TAD
(Figure 2) with numerous LMs or MoRFs [36]. Transcrip-
tional regulation by TFs represents a predominant adap-
tation to different stimuli, and in sessile organisms such as
plants this is reflected in the relatively high expansion of
the TF gene families [37]. This, combined with the over-
representation of ID in TFs (Figure 2) [23], calls for atten-
tion from the plant science community. In this opinion
article, we examine and discuss how ID in plant TFs
contributes to interactions with the hub protein RCD1.
We also propose to use RCD1–TF interactions as a much
needed model for translating mechanistic in vitro data to
the in vivo organismal level, and for developing tools to
disrupt interactions of IDRs involved in plant development
and stress perception.

A NAC TF uses a disordered TAD for interaction with
RCD1
Subsequent to ID identification within the NAC TF-family
[36], biophysical analysis confirmed that the TAD of
senescence-associated barley (Hordeum vulgare) NAC013
was highly disordered [38]. Moreover, this TAD was
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 hubs. (a) Left: the RCD1 interactome visualized from the N-Browse viewer (http://

lant expressing the rcd1-1 mutant allele compared to a wild-type Col-0 plant. Right:

against the Arabidopsis background proteome (TAIR10) using the AmiGO Term

). (b) Interactome of mostly disordered PIF3 (RCD1 is not shown in the network

 [39], and enriched PIF3-interactome GO terms. (c) Interactome of partly disordered
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responsible for interactions with the RCD1, SRO and TAF4
(RST) [39] domain of barley HvRCD1 (Figure 2b). HvRCD1
is an ortholog of Arabidopsis RCD1, which plays multiple
roles in hormone signaling, responses to reactive oxygen
species, and development [40]. RCD1 consists of an N-
terminal WWE domain followed by a poly[ADP-ribose]po-
lymerase domain, and a C-terminal RST domain [41]. The
RST domain is responsible for interactions with different
TFs [38,39,42] (Figure 3a), and the ozone-sensitive rcd1-1
mutant phenotype results from truncation of this domain
[39]. The interaction between HvNAC013 and HvRCD1 did
not result in significant structure induction in the
HvNAC013 TAD [38], suggestive of a significant fuzziness,
an extended conformation [43], and/or a PSE in the free
state.

ID in the RCD1–TF interactome
Interactions between AtRCD1 and the basic helix–loop–
helix TF AtbHLH011 or the MYB TF AtMYB91 also involve
IDRs (Figure 2). However, ID as a single parameter is not
sufficient for interaction with RCD1 [38]. The extent of ID
in other RCD1-interacting TFs, representing the major
Arabidopsis TF families [37–39], is shown in Figure 2. Salt
tolerance (STO), the B-Box zinc-finger TF, was predicted to
contain a long IDR. RCD1 also interacts with the B-Box
proteins CONSTANS-LIKE 9 (COL9) and COL10 and with
the bHLH TFs of the phytochrome-interacting factor (PIF)
family, PIF3, PIF5 and PIF7, in a network related to light
responses [39]. PIF3, having long IDRs, was described as a
cellular signaling hub integrating multiple regulatory sig-
nals [44]. However, PIF3 is also a biochemical hub partici-
pating in numerous binary protein interactions
(Figure 3b). Interaction of PIF3 with phytochrome B also
depends on predicted IDRs (Figure 2) [45].

The AP2/ERF TF, DEHYDRATION-RESPONSIVE
ELEMENT BINDING PROTEIN2A (DREB2A), which
functions in an abscisic acid-independent  stress pathway,
has several IDRs. The DREB2A LM (FDxxELLxxLN,
where x denotes any amino acid), which lies in a region
with a-helical propensity [42] within a long IDR [46],
mediates interactions with RCD1 [42]. DREB2A has 26
nodes in the N-Browse viewer (Figure 3), and interacts
with the negative regulators of drought stress DREB2A-
interacting protein1 (DRIP1) and DRIP2 through a partly
disordered region (Figure 2) [47]. WRKY47 and the zinc-
finger protein AtINDETERMINATE DOMAIN5 (AtIDD5)
are both predicted to be mostly disordered, and the basic
leucine zipper (bZIP) TF, TGA2, also has significant ID.
Interactions between TGA2 and NONEXPRESSER OF
PR GENES 1 (NPR1), a central regulator of pathogen-
responsive gene expression, are mediated by TGA2
regions C-terminal to the bZIP domain [48] and may also
involve ID (Figure 2). Consequently, ID is not only im-
portant for protein–protein interactions in general, but
also significant in TFs interacting with RCD1. In conclu-
sion, ID is likely to be indispensible to RCD1–TF inter-
actions.

Order by disorder in plant signaling
Most of the Arabidopsis genes for which functions have
been assigned through forward and reverse genetic screens
are highly connected in genome-wide co-function networks
[49]. In plants, such hubs are central actors in transcrip-
tional networks, and mutant alleles of hubs can directly
impact network order by generating effects such as hyper-
sensitivity to red light (PIF3) [50] and to high temperature
(DREB2A) [51] or growth deficiency linked to hormone and
stress signaling (RCD1) [52] (Figure 3). The RST domain,
representing a novel a-helix domain responsible for the
RCD1–TF interactions, was suggested to engage in
such networks as a folded ‘date’ hub domain (Figure 1d)
[38]. Figure 3 shows how predominantly folded RCD1
interacts with many partner proteins with significant ID
(Figure 2), possibly exploited for RST interaction. Like-
wise, predominantly (PIF3) or partially (DREB2A) disor-
dered RCD1-partner proteins are themselves hubs, which
is in accordance with the principle of one IDR binding
many partners, and many IDRs binding one folded protein
[22,53,54]. Consequently, for integrative hub nodes, IDRs
are essential for network order in plant signaling.

TF motifs for RCD1-network order?
The novelty of ID and the identification of RCD1 as a
transcriptional hub make it timely to consider how TFs
exploit ID for interaction with RCD1. No common RCD1-
binding site or motif has been identified [38,42]. For
HvNAC013, several LMs or SLiMs in the IDR were re-
cently suggested to be functionally important and, in
particular, the ‘RR’ motif, located in the a-helical PSE
of highest predicted propensity, was suggested as a possi-
ble RCD1-interaction site [38]. Comparing this with the
RCD1-interacting region in DREB2A (FDxxELLxxLN)
[42], and with predicted a-helical-PSEs of the RCD1-inter-
acting IDRs of AtbHLH011 and AtMYB91 (Figure 2),
reveals a degenerate motif initiated by a negative charge
(or serine) followed by two large hydrophobic amino acids
separated by three residues (B.B. Kragelund et al., unpub-
lished). This arrangement is similar, but not identical, to
other eukaryotic and plant TADs [55,56]. Importantly,
RCD1 needs to discriminate between similar motifs.
However, these may exploit dissimilar conformational
ensembles that result in variations in the overall
physico-chemical surface. For HvNAC013, DREB2A,
AtMYB91 and AtbHLH011, the predicted and confirmed
RCD1-interacting motifs are presented by an a-helical
PSE of significant propensity. In DREB2A, the function-
ality of this motif depends on the overall structural con-
text. For example, it is functional in interactions with
RCD1 when fused to the mostly disordered C-terminus
of DREB2E but not when fused to the structured yellow
fluorescent protein [42]. Interestingly, interactions be-
tween the 168 residues C-terminal fragment of DREB2A,
lacking secondary structure, and the mediator subunit,
Med25, resulted in gain of structure, possibly in DREB2A
[46]. For HvNAC013, the LP-motif, chemically similar to
the proposed RCD1-binding motif, is necessary for TAD
activity but unable to interact with RCD1 [38]. Although
the RCD1-binding motif has a significant a-helical pro-
pensity [42], the LP-motif completely lacks structural
indications. Thus, ID and chemistry may work in a com-
plementary fashion to help disordered TFs and RCD1
discriminate between sites.
629



Box 1. Outstanding questions

� Which features, including LM, SLiM, MoRF and PSE, characterize

RCD1–TF interactions, and how do surrounding IDRs contribute?

� How do TFs compete for interaction with RCD1: for example, by

alternative splicing, post-translational modifications or allosteric

regulation?

� What are the mechanisms in plants for transducing ID-based long-

range effects to DNA and to protein binding affinity and

specificity?

� How do in vitro ID-studies translate to in vivo studies using whole

plant, physiologically relevant tools?

� Can small interfering peptides or small-molecule modulators be

identified and used to disrupt interactions of IDRs to target

signaling and regulatory functions – for basic and applied plant

research?

Opinion Trends in Plant Science November 2012, Vol. 17, No. 11
RCD1–TF: a mechanistic hub-ID model
Whereas several mostly disordered hubs are well-
described, only a few ordered hubs have been characterized
[57,58]. We therefore urgently need insight into interac-
tions between folded hubs and disordered partners. RCD1–
TF interactions constitute an obvious model. The interac-
tions between the RST hub domain and different TFs can
be investigated using biophysical techniques providing
information on disorder; interactions involving MoRFs,
SLiMs or fuzziness [38,59]; and binding mechanism(s) of
the novel RST domain [41]. However, most importantly,
this plant-based system is capable of translating mecha-
nistic in vitro data to an in vivo or organismal level by
examining complementation of rcd1 and mutant alleles of
RCD1-interacting TFs with altered interaction surfaces.
Also, the rcd1 mutant deregulates more than 500 gene
transcripts, and RCD1 interacts with IDRs of several TFs,
possibly linking ID-based interactions and TF target gene
identification (Figure 3a) [39].

As observed from the interactomes in Figure 3, several
Gene Ontology terms are enriched, and should bias re-
search strategies. More specifically, the interaction
between DREB2A and RCD1 can be studied in vivo in
response to abiotic stimuli. Accordingly, it has been
shown that RCD1 is degraded upon heat shock, and that
the RCD1-interaction-deficient dreb2a splice variant
DREB2a.2, which lacks the RCD1-interacting LM, accu-
mulates upon heat shock and senescence [42]. This sug-
gests that abrogation of the RCD1–DREB2A interaction is
required for proper DREB2A function, and that RCD1
could target DREB2A for degradation [42]. In another
example, the structural requirements of TGA2 and PIF3
for RCD1 interactions could be scored for pathogenesis-
related gene expression [48] and light-hypersensitive seed-
ling phenotypes [44,50] (Figure 3b). Furthermore, both
AtMYC2 and RCD1 are implicated in oxidative stress
signaling [60], and ID-related AtMYC2–RCD1 interactions
[39] could provide a molecular framework for studies re-
lated to reactive oxygen species signaling. In our opinion,
the RCD1–TF interactions constitute an excellent model
for structure–function analysis of ID-dependent hub inter-
actions, also in vivo, as opposed to most ID studies based on
in vitro and in silico approaches.

Exploiting disorder in plant biology
ID is an obvious target of drugs modulating interactions
[53] with proof-of-concept from human diseases. R18 is a
potent peptide-inhibitor of 14-3-3 protein interactions in-
volving IDRs [57] and induces apoptosis and sensitivity to
an anti-cancer agent [61]. Another anti-cancer agent,
FOBISIN101, efficiently blocks the binding of kinases to
14-3-3 proteins [62,63], and recently a small-molecule
inhibitor of the N-terminal IDR of the androgen receptor,
a key drug target in prostate cancer, was identified [64].
Similar approaches should be followed in plants, which
make natural use of inhibitory peptides as exemplified by
the negative regulation of auxin response factors by
AUXIN/INDOLE-3-ACETIC ACID peptide repressors in
auxin signaling [65]. Genes encoding small interfering
peptides [65], blocking interactions between RCD1 and
a specific TF, could be transformed into crop plants to
630
suppress or enhance TF functions. However, the low
stability of small peptides must be overcome. As an alter-
native, the cyclotides, which are plant specific [66], and
small-molecule compounds [67], represent attractive
scaffolds for future ID-based plant drug design. In this
opinion article we have focused on the implications of ID for
plant TF interactomes. However, ID is relevant for ligand
binding in general [2], which makes understanding and
manipulating IDRs of broader interest.

Concluding remarks and future perspectives
Our current understanding of protein ID is based on
relatively limited, recent research that is only just becom-
ing appreciated in the plant science community. Integra-
tive biophysical and molecular analyses are essential for
understanding ID. We propose to exploit plants for inves-
tigation of ID at the organismal level with the RCD1–TF
interactions as a good model for ordered hubs interacting
with IDRs. Here, significant findings can be expected,
addressing many open questions (Box 1). This is of obvious
interest to basic science, but the outcome should also
benefit research in plants of agronomically important
traits such as domestication and yield. In promoting the
RCD1–TF system for systematic analysis and tool devel-
opment we should not forget that omics-data are accumu-
lating rapidly for the model plant Arabidopsis [68]. This
makes Arabidopsis additionally relevant for the identifica-
tion of biochemical hubs, which are also often important
cellular hubs [44]. In this opinion article we wish to en-
courage the progression of the RCD1–TF model system to
ultimately understand how ID-based interactomes func-
tion to produce phenotypes.
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