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Abstract

Traditional conventions that a protein’s
sequence dictates its definitive, tertiary struc-
ture, and that this fixed structure provides the
protein with the ability to carry out its desig-
nated role(s) are still correct but not for all pro-
teins. Research over the past decade discov-
ered that several key proteins possess intrinsi-
cally disordered regions (IDRs) that are crucial
to their ability to perform specific functions
and are observed clustered together within
important classes of proteins. In this review,
we aim to demonstrate how free energy land-
scapes, molecular dynamics simulations, and
homology modeling are helpful in understand-
ing key conformational dynamics of intrinsi-
cally disordered proteins (IDPs). Additionally,
we use a list of predicted IDPs found in
Arabidopsis to identify chromatin organizers
and transcriptional regulators as being highly
enriched in IDPs. Furthermore, we focus our
attention to specific proteins within these fam-
ilies such as HAC5, EFS, ANAC019, ANAC013,
and ANACO046. Future studies are needed to
experimentally identify additional IDPs and
their binding mechanisms.

Introduction

Over the past two decades, the world of pro-
teomics has undergone a significant paradigm
shift. The classical approach to the study of
proteins depended on the adherence to the
protein structure-function model, where each
protein was composed of an amino acid
sequence that lead to a static structure and
function. With the discovery of intrinsically
disordered regions (IDRs), researchers have
developed new approaches and methodologies
to better understand the unstructured and
dynamic world of intrinsically disordered pro-
teins (IDPs).! Although all domains of life con-
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tain IDPs, eukaryotic proteins tend to show a
significant level of enrichment. It has been
demonstrated that approximately 33% of
eukaryotic proteins contain at least one long
stretch of residues (30 or more) that code for
an intrinsically disordered region,? and greater
than 30% of eukaryotic proteins have 50 or
more consecutive disordered residues.?
Proteome-wide analyses of multiple plants
have shown that roughly 30% of a plant’s pro-
teome is comprised of proteins containing at
least one region with 50 or more disordered
residues. It has been suggested that the pro-
nounced occurrence of IDPs in plant genomes
might be advantageous for them to mount
effective cellular responses under varied biotic
and abiotic environmental conditions. This
increased frequency of IDPs in plants could
also lead to a high level of phenotypic plastici-
ty.# Intrinsically disordered proteins are found
in nearly every class of proteins within the
eukaryotic proteome, including transcription
factors, signaling proteins, and proteins
involved in chromatin remodeling.

The intrinsically disordered regions of
unstructured proteins serve multiple purposes
under different environmental conditions.
Given that proteins generally form macromole-
cular complexes to execute diverse cellular
functions, proteins with unstructured regions
can have a wide-range of binding partners and
might participate in multiple biological
processes.® In addition, it was also demonstrat-
ed that the speed of a protein’s ability to bind
to its partner(s) increased drastically in pro-
teins with intrinsically disordered regions
when compared to their structured, globular
counterparts.® Intrinsically disordered regions
known as linker regions can hold two globular
portions of a protein in close proximity with
each other, while still allowing a large amount
of flexibility in their spatial relationship with
one another.” This perhaps allows a protein
with IDRs to bind with several binding part-
ners simultaneously under changing cellular
states.

Researchers have created several tools in
order to better understand IDPs and their func-
tions. Computational analyses of free energy
landscapes (mapping all possible conforma-
tions of an entity) are vital to experimentally
defining an IDP. Typically, proteins fold into
their stable state at a distinct trough of the free
energy landscape. However, IDPs show multi-
ple shallow troughs due the increased number
of conformational states. Free energy land-
scapes, along with molecular dynamics studies
and homology modeling, allow predicting the
conformational dynamics of IDPs. In this
review, we aim to highlight computational
tools that are helpful in understanding key
conformational ~ dynamics  of  IDPs.
Distinctively, we will focus on intrinsically dis-
ordered proteins within the plant Arabidopsis
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thaliana (Arabidopsis). Our Gene Ontology
(GO) enrichment analysis determines that
proteins families belonging to chromatin
remodeling and transcriptional regulation are
statistically enriched in IDPs. We will discuss
the potential roles of these classes of proteins
in diverse biological processes with specific
examples.

Free energy landscape
of intrinsically disordered proteins

Due to thermal fluctuation, proteins can
exhibit various conformations. The occurrence
of each conformation is presented by the
topography of the free energy landscape.
Natively structured proteins usually fold into a
native structure at the bottom of a free energy
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landscape (Figure 1A). On the other hand,
IDPs have no well-defined structure in the
unbound state and have multiple shallow dips
for weakly bound states, which makes a rugged
free energy landscape (Figure 1B).
Consequently, IDPs have a broad range of con-
formational dynamics and constantly move
between different conformations.31 This
property makes it challenging to map an IDP’s
structures and dynamics to its function. In the
past decade, IDPs have been found prevalent
among living organisms where they play
essential roles in many biological process-
es.L113 Although difficult, it is very important
to characterize the free energy landscape of
IDPs which will help us better understand how
a primary sequence encodes the diverse mech-
anisms and links to the functions in these pro-
teins. Furthermore, a better understanding of
IDPs conformations may lead to the develop-
ment of new therapeutics based on structural
drug design.!416

Molecular dynamic simulations
and homology modeling

Intrinsically disordered proteins exhibit
high levels of flexibility and span multiple dif-
ferent conformations. Molecular dynamics
(MD) simulations provide a tool to computa-
tionally explore the conformational space and
examine the dynamics of a protein over time.
Although computer simulations rely on a
series of cumulative approximations that can
be erroneous, it has become a necessary tool
in the research involving IDPs.

Combined with experimental studies, typi-
cally NMR spectroscopy, the structural ensem-
ble of the free energy landscape of IDPs can be
constructed using computer simulations.
Ensemble restrained MD simulations consti-
tute a useful and important tool for modeling
IDPs.1"19 Constructing an ensemble based on
a pre-determined structural library represents
another way of completing the task. ENSEM-
BLE,20 Select (SAS),2! ASTEROIDS,?? and
BEGR,? are pieces of software falling into this
category.

IDPs are considered to have high specificity
and low affinity when interacting with binding,
partner molecules. Mutations may harm this
interaction. MD simulations can be used to
study an array of mutations to predict the con-
sequences and provide mechanistic explana-
tions without performing experiments. Using
computational alanine scanning, Massova et
al.** suggested an approach to probe protein-
protein interactions and evaluated binding
free energies. In their case, they applied the
method to p53 and MDM2 binding system
where p53 is intrinsically disordered, and their
results show excellent agreement with experi-
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mental data.2 Homology modeling is a useful
tool to predict and study the structure of a pro-
tein from a homologue protein, where the
structure of the protein in question has not
been solved experimentally and the structure
of its homologue protein is known. In the
Arabidopsis genome, the CORI5A gene is
paired with CORI5B.25 Proteins encoded by
these two genes are homologous with 70%
identity in their amino acid sequences.
Overexpression of the CORI5A gene in
Arabidopsis produces excess mature COR15A
protein in the chloroplast stroma,26 leading to
enhanced freezing tolerance of chloroplasts of
intact leaves and of isolated protoplasts frozen
and thawed in vitro.2627 In contrast, functional
or structural information has been reported for
CORI15B protein. Both proteins show homology

>

Natively Structured protein

F

r=r

Free Energy

to the Pfam LEA 4 family of LEA proteins and
both were predicted to be IDPs.28 Thalhammer
et al? showed the structural modeling of
these two proteins known LEA homologues and
demonstrated the interactions between MGDC
and the COR15 proteins that may help keep the
cell integrity through freezing stress.

Arabidopsis protein families
enriched in intrinsically disor-
dered proteins

A recent genome-wide analysis was per-
formed to predict IDRs in Arabidopsis and
compare them with the human proteome.

Intrinsically disordered protein (IDP)

Figure 1. The free energy landscape of a natively structured protein. A natively structured
protein (A) exhibits a well-defined minimum energy state corresponding to the folded
conformation. In comparison, the energy landscape of an IDP (B) lacks a deep energy

minimum.

Table 1. Identification of protein families enriched in intrinsically disordered regions.

Annotation cluster 1 (enrichment score: 15.42)

Chromosome organization 28 2.60E-18 1.50E-15
Chromatin modification 22 T40E-18 2.10E-15
Chromatin organization 25 8.00E-17 2.10E-14
Chromatin regulator 15 1.40E-11 1.30E-09
Annotation cluster 2 (enrichment score: 7.94)
DNA binding 85 1.90E-20 3.30E-18
Regulation of transcription 57 2.20E-10 3.10E-08
Nucleus 58 4.10E-09 2.00E-07
Transcription regulator activity 54 1.20E-08 6.90E-07
Transcription 40 4.20E-08 3.40E-06
Regulation of transcription, DNA-dependent 35 1.20E-07 6.90E-06
Regulation of RNA metabolic process 35 1.40E-07 7.20E-06
Transcription regulation 37 5.10E-07 1.60E-05
Transcription 37 8.30E-07 2.00E-05
Activator 17 2.70E-06 5.20E-05
Transcription factor activity 44 3.50E-06 1.00E-04
DNA binding 38 8.80E-06 1.20E-04
[International Journal of Plant Biology 2015; 6:6191] [page 53]



lntriguingly, it was discox_rered tl}at speciﬁc A Transcription Regulation
functional classes are enriched with IDRs in
20%

Arabidopsis.* These functional groups include A
post-translational protein modification and Binding
response to red or far red light. While these T'*’"“::l‘l':::‘v“‘“"’
broad functional classes provided insightful

clues on the essential roles of these IDPs/IDRs
in Arabidopsis, here we revaluated these data
to specifically predict protein families
enriched with IDRs. To achieve this, we com-
piled a list of IDPs containing at least five long

2.20%
Protein Binding
Transcription Factor
Activity

disordered regions (>30 residues). We sub- 2B.90% 48.90%
jected these IDPs to functional annotation tool, Catalytic Bincig
Activity

DAVID (the Database for Annotation,
Visualization and Integrated Discovery)! to
predict the statistically enriched GO categories
as well as enriched groups of different protein B Chromatin Organization
families (Supplementary Table S1: Functional
Annotation of Predicted IDPs). DAVID employs

10%

a novel agglomeration algorithm to assemble a i i?:a' g Protein Binding
. . . . . ucleic Acid Binding Transcription Fact
list of genes or associated biological terms into Transeription Factor ranscription Factor T

Activity

Hydrolase Activity

organized classes of related genes. Activity
Subsequently, we used the PANTHER (Protein
ANalysis THrough Evolutionary
Relationships)3233 classification tool to organ-
ize the lists by molecular function (Figure 2).
We identified the two most enriched groups
contain chromatin organizers (Enrichment
Score: 15.42) and transcription regulators 0% _ - 6.20%
(Enrichment Score: 7.94) (Table 1). We Binding 68.80% Lgsse Aty
hypothesized that these two molecular groups Transferase Activity

play widespread roles in the downstream regu-
lation of a vast majority of Arabidopsis genes ~ Figure 2. Classification of enrichment groups by molecular function. The two enriched
groups, Transcription Regulation (A) and Chromatin Organization (B), are organized by
their molecular function using the PANTHER classification tool.

28%

12.50%
Catalytic Activity

Helicase Activity

under diverse cellular conditions. In the follow-
ing sections of the review, we will discuss spe-
cific examples from these two groups and
highlight key findings pertaining to their roles
in conjunction with IDRs.

Chromatin remodeling

Even though cells within most eukaryotic
organisms specialize in both structure and
function, each contains the same genomic
DNA of the organism. Therefore, the unique-

tions of the DNA within that particular cell.3 Lysine Methyltransferases (KMTs) Lysine Methyltransferases (KMTs)
The accessibility of genes is regulated not only Lysine Demethylases (KDM) Lysine Demethylases (KDM)

through the prevalence of transcription factors
and enhancers, but also through the structure
of the DNA itself. The DNA of eukaryotes is
associated with histone octamers that
sequester approximately147 base pairs of DNA
in a nucleosome complex. Histone octamers
are eight-protein complexes consisting of two
copies of four subunits (H2A, H2B, H3, and
H4). The DNA that is associated with histone
proteins is not accessible to the cellular Figure 3. Chromatin organization through transferases. The transition between euchro-
machinery responsible for transcription, chro- matin and heterochromatin can be facilitated by various transferases. Acetylation of his-

matin assembly, DNA repair, and a variety of ~tones leads to the relaxation of chromatin structure. Histone methylation is more com-
plex and depends on the location and extent of methylation

ness of each cell is derived not by the DNA
sequence but instead by the availability of por- Histone Acetyltransferase (HATs) Histone Deacetyltransferases (HDATs)

other processes.” The tightness of this associ-
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ation can create two different types of chro-
matin, heterochromatin and euchromatin.
Heterochromatin occurs when the histone pro-
teins are close together and undergo higher-
ordered arrangements. This type of chromatin
structure generally causes the genes associat-
ed with it to become silenced because the RNA
polymerase is unable to bind to the promoter
regions of the sequestered genes.
Euchromatin occurs when the histone proteins
disassociate with the DNA completely or
spread apart, decreasing the amount of DNA
directly associated with histones.

The structure of chromatin can be dynamic,
and it is regulated by a group of proteins and
complexes known as chromatin remodelers.
These chromatin remodelers can modify the
histone octamers in a variety of ways including
acetylation, ubiquination, phosphorylation,
methylation, and sumoylation. The histone
modifications either relax or tighten the struc-
ture of the localized DNA thereby permitting or
restricting the transcription of nearby genes.
Histone acetylation causes the relaxation of
chromatin, thereby permitting an increase in
the localized amount of transcription.® The
acetylation of the N-terminal tails of histones
removes the overall positive charge. When the
histone’s tail loses its positive charge, it loses
its attraction to the negatively charged phos-
phate backbone of DNA as well as its attraction
to other histones. Histone acetylation general-
ly involves the transfer of an acetyl group from
a molecule (such as acetyl coenzyme A) to a
lysine amino acid residue on the tail of a his-
tone octamer. Two opposing enzymes, histone
acetyltransferases (HAT) and histone
deacetyletransferases (HDAT), regulate the
histone acetylation state (Figure 3).

One HAT with a predicted IDR is Histone
Acetyletransferase of the CBP Family (HAC5)
(Supplementary Table S1: Functional
Annotation of Predicted IDPs). The HAT pro-
tein family of Arabidopsis consists of five
CREB-binding proteins including HAC5.>" The
HAC family of proteins is implemented in a
variety of cellular processes including cell dif-
ferentiation, growth and homeostasis.*® HAC5,
in conjunction with HAC1, has been shown to
be significant in the ethylene-signaling path-
way. Interestingly, haclhac5 double mutants
are hypersensitive in their ethylene signaling
response in both dark and light conditions.?
HACS has also implemented in a diverse group
of developmental functions including flower-
ing 4041

Histone methylation is not as straight for-
ward as histone acetylation. Histone methyl-
transferases (HMT) can methylate lysine (K)
and arginine (R) amino acid residues on both
the H3 and H4 subunits of the histone com-
plex. Additionally, histone methylation can
lead to either transcriptional activation or
repression, depending on the location of the

OPEN aACCESS

methylation and its  surroundings.
Nonetheless, histone methylation is an impor-
tant key in epigenetic regulation of transcrip-
tion. H3K4me3 is a key indicator of active tran-
scription that is conserved in all eukary-
otes.*24 Early flowering in short days (EFS) is
awell-studied SET-domain containing histone-
lysine N-methyltransferase with predicted
intrinsically disordered regions. EFS regulates
flowering by actively promoting the flowering
inhibitor Flowering /ocus C (FLC) via trimethy-
lation of the localized histones at the H3K4
location.#4

Transcription factors

Transcription factors are modular proteins
that contain one or more DNA-binding
domains, recognize and bind to specific DNA
sequences, therefore regulating the rate of
transcription of genetic information from DNA
to RNA. Generally, a prototypical transcription
factor contains a DNA-binding domain (DBS),
signal-sensing domain (SSD), and a transacti-
vation domain (TAD). And the two processes
involved in transcriptional regulations: pro-
tein-protein  interaction and protein-
nucleotide interaction have been reported to
be accompanied often by a local folding in a
protein molecule,* which may adjust the tran-
scription factor flexibility correspondingly.

Seventy-eight different families of transcrip-
tion factors contain different numbers of IDRs,
according to our analysis. The first 10 enriched
transcription factor families are MYB, AP2-
EREBP, bHLH, MADS, C2H2, NAC, HB, WRKY,
bZIP and C3H.

Four features of ID regions are very impor-
tant for molecular recognition, including the
combination of high specificity and low affinity
in their interactions with functional partners,
intrinsic plasticity, formation of large interac-
tion surfaces and rapid turnover and reduced
lifetime.* Besides, analysis of the distribution
of disorder on transcription factors reflected
the requirement of disorder regions for their
flexibility and efficiency. It has been found in
eukaryotes that the AT-hooks and basic
regions of transcription factor DNA-binding
domains are highly disordered, the degree of
disorder in transcription factor activation
regions is much higher than that in DNA-bind-
ing domains, and the level of -MoRFs (molec-
ular recognition feature) prediction is much
higher in transcription factors. MoRF is a spe-
cific structural element functioning in the
recognition of protein or nucleic acid partners.

Long hypocotyl 5 (HY5) is a basic leucine
zipper (bZIP) transcription factor family,
involved in light-regulated transcriptional acti-
vation of G-box-containing promoters. It acts
downstream of the light receptor network and
directly affects transcription of light-induced
genes, specifically involved in the blue light

A ID Region bzIP (N -
NAC ID Region NAC19
dark
B S— | e,
HYS :

N_L:ght induced gene |

. NAC19
P N
.. NAC55

r—

Figure 4. Model of the function of NAC and bZIP transcription factors. (A) Schematic
organization of HY5 and NAC19 transcription factors. The ID regions are in blue, bZIP
region is in green, NAC region is in yellow. (B) Model of the function of HY5. In dark-
ness, the degradation of HY5 inhibits the activation of light-induced genes. After illumi-
nation, the accumulation of HY5 activates G-Box containing promoters and directly
affects transcription of light-induced genes. (C) Role of NAC19 and NAC55 in the
crosstalk between ABA and JA signaling pathway.
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pathway, suggesting that it may participate in
the transmission of cryptochromes (CRY1 and
CRY2) signals. In darkness, the degradation of
HY5 inhibits the activation of light-induced
genes. It has been reported that HY5 is nega-
tively regulated by COP1, a light-inactivable
repressor of photomorphogenic development
interacting directly and specifically with HY5.47
Interestingly, the plant hormone cytokinin also
induces similar phenotypes as the cryp-
tochrome flacin-type photoreceptors. hy5
mutants show a reduced induction of antho-
cyanin accumulation in blue light by
cytokinins. It has been shown that cytokinins
can increase the levels of HY5 protein accumu-
lation, hinting that cytokinin could play a role
in stabilizing HY5 protein, and that the regula-
tion of HY5 stability could act at intersection of
cytokinin signaling pathway and cryptochrome
pathways.*® Abscisic acid (ABA), another phy-
tohormone, regulates seed germination and
seedling development as light. It was found
that HY5 binds to the promoter of the tran-
scription factor ABI5, which is significantly
enhanced by ABA, while overexpression of
ABI5 led to increased light response.®’

NAC (NAM, ATAF, CUC) transcription fac-
tors share an N-terminal NAC domain and reg-
ulate stress perception and developmental pro-
grams. The crystal structure of the ANAC019
NAC domain consists of twisted -sheet pack-
ing against a -helix on both sides.’*5! The
NAC transcription regulatory domains (TRDs)
contain group-specific sequence motifs and
have a high degree of intrinsic disorder.”® Both
full-length and truncated ANACO019 are able to
induce the expression of stress-responsive
marker genes [COR47 (cold-responsive 47),
RD29b (responsive-to-desiccation 29b) and
ERD11 (early-responsive-todehydration11)].
Replacing the NAC domain of ANAC019 with
the analogous regions from other NAC tran-
scription factors still keeps the ability to regu-
late ABA signaling, while replacing the
ANACO019 TRD with other TRDs loses the ABA
signaling regulation ability.5? Furthere it has
been shown that ANAC019 interacts with the
RING-finger H2-type E3 ubiquitin-protein lig-
ase RHA2a.%* ANAC019 may play a dual role in
regulating ABA and jasmonate response with
the other RHA2a-interacting protein ANAC055.
These two signaling pathways are involved in
the activation of defense responses to both
biotic and abiotic stresses, and ANAC019 and
ANAC055 could serve as players linking the
crosstalk between these two signaling path-
ways (Figure 4).% Additionally, two other
ANAC proteins, ANAC046 and ANACO013, have
recently been experimentally identified as
IDPs. It has been shown that both of these
aforementioned ANAC transcription factors
are capable of interacting with the small hub
protein known as Radical-induced Cell Death 1
(RCD1), at least partially due to their intrinsi-
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cally disordered region. Both proteins are
involved in plant senescence. Interestingly, the
interaction between the two TFs and RCD1
does not appear to be dependent on a disorder-
to-order transition.’* Future research could
focus on determining if ANACO19 interacts
with its binding partners in a similar way.

Conclusions

The discovery of intrinsically disordered
proteins created a novel area of proteomics.
Specifically, the increased knowledge of pro-
tein folding dynamics may lead to a better
understanding of plants’ phenotypic plasticity.
Because plants are fixed in soil and unable to
move, they create complex mechanisms for
coping with biotic and abiotic environmental
stresses. The concept of flexible proteins,
which are able to change their interaction pro-
file based on cellular conditions, leads to a new
way of thinking about plant plasticity. We have
highlighted tools that are useful for character-
izing IDPs’ conformational dynamics.
Additionally, we have demonstrated that
Arabidopsis contains two highly enriched
groups of IDPs; both of with are key compo-
nents in the transcriptional regulation land-
scape. Further studies need to focus on exper-
imentally verifying proteins as IDPs, and
describing the advantages and disadvantages
of intrinsically disordered regions over their
more structured counterparts. Furthermore,
IDPs have been recent targets for therapeutic
strategies for mammalian diseases such as
Parkinson’s disease.” Similarly, IDPs found in
plants could be targets for decreasing crops’
susceptibility to disease or increasing overall
yield. Additional research could focus on iden-
tifying key IDP targets for both therapeutics
and plant resistance.
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