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SUMMARY

Intrinsically disordered regions (IDRs) are abundant and play important roles in
the function of chromatin-associated proteins (CAPs). These regions are often
found at the N- and C-termini of CAPs and between structured domains, where
they can act as more than just linkers, directly contributing to function. IDRs
have been shown to contribute to substrate binding, act as auto-regulatory re-
gions, and drive liquid-liquid droplet formation. Their disordered nature provides
increased functional diversity and allows them to be easily regulated through
post-translational modification. However, these regions can be especially chal-
lenging to characterize on a structural level. Here, we review the prevalence of
IDRs in CAPs, highlighting several studies that address their importance in CAP
function and show progress in structural characterization of these regions. A
focus is placed on the unique opportunity to apply nuclear magnetic resonance
(NMR) spectroscopy alongside cryo-electron microscopy to characterize IDRs in
CAPs.

INTRINSIC DISORDER

The function of proteins has long been ascribed to their three-dimensional structure. Indeed, for many such

proteins, fold is critical for proper activity. However, the eukaryotic genome encodes for a large number of

intrinsically disordered proteins (IDPs), as well as intrinsically disordered regions (IDRs) within otherwise

folded proteins (Dunker and Obradovic, 2001; Dunker et al., 2002) (Figure 1). IDPs/IDRs are characterized

by low sequence complexity (Romero et al., 2001) and are typically enriched in hydrophilic amino acids

which lead to a lack of secondary structure and stabilization of an unfolded state (Altman et al., 2000;

Tompa, 2002). In recent years, many of these IDPs and IDRs have been identified as functionally important

in various cellular processes (Dunker et al., 2002; Tantos et al., 2011; Dyson, 2011; Uversky, 2017). They have

been shown to directly drive critical intermolecular interactions, including protein-protein and protein-nu-

cleic acid interactions. They have also been found to be involved in the formation of phase-separated con-

densates. Recent remarkable advances in this field have led to a revisiting of the traditional structure-func-

tion paradigm (Wright and Dyson, 1999), with the disordered state now recognized to play fundamental

roles in a broad range of cellular processes.

Compared to more rigid structured elements, unstructured elements are quite malleable which enables

multiple interactions not achievable by a structured domain (Tompa, 2002). In addition, IDPs/IDRs undergo

substantially greater post-translational modification in comparison with structured elements as they are en-

riched in commonly modified amino acids and are easily accessible to modifying enzymes (Bah and For-

man-Kay, 2016). Together, these abilities of IDPs/IDRs lead to high functional diversity and ease of regula-

tion that is unique as compared to structured elements.

Upon association with a binding partner, some IDPs/IDRs undergo an unstructured to structured transition.

This transition can involve folding into secondary structure elements, or alternatively, association can sta-

bilize a single conformation without inducing secondary structure (Figure 2, left and center). The mecha-

nism of such transitions is not fully understood and likely varies between IDPs/IDRs. The two limiting cases

are conformational selection and induced fit, with a broad spectrum between them (Mollica et al., 2016). In

conformational selection, the IDP/IDR samples the bound state within its unbound conformational

ensemble, and the binding partner recognizes and stabilizes this state. In fact, the unbound states of
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Figure 1. Architecture of disordered and structured proteins

Proteins can adopt a variety of conformations from fully disordered to fully structured to mixed structured/disordered.

Intrinsically disordered proteins (IDPs, left) do not adopt any globular structure. Mixed proteins contain intrinsically

disordered regions (IDRs, middle) at the N- or C-terminus or between structured regions. Fully structured proteins (right)

adopt a unique globular fold, lacking IDRs. Structured regions are shown in gray and intrinsically disordered regions are

shown in red.

ll
OPEN ACCESS

iScience
Review
IDPs/IDRs are predicted to not be fully random, rather having conformational bias that would encourage

conformational selection (Fuxreiter et al., 2004). On the other end of the spectrum, induced fit suggests that

contacts with the partner are required to enable the IDP/IDR to adopt the bound state conformation.

In contrast, some IDPs/IDRs retain conformational disorder even in the bound state. This can arise from the

existence of multiple binding sites on the IDP/IDR for a single site on the partner (allovalency), multiple but

distinct binding sites on both the IDP/IDR and partner (avidity), or multiple non-distinct binding sites on

both the IDP/IDR and partner. The latter has been termed a fuzzy complex (Figure 2, right) and refers to

the extreme disorder of an IDP/IDR in the bound state that arises when both the IDP/IDR and partner

have multiple exchangeable interaction sites (Olsen et al., 2017; Tompa and Fuxreiter, 2008; Sharma

et al., 2015; Fuxreiter, 2018). Recently, it has been demonstrated that despite their disorder, even fuzzy

complexes can be formed via a very high affinity association (Borgia et al., 2018; Turner et al., 2018). It

has been suggested that conformational disorder in the bound state might be favorable because it allows

for easy regulation of the interaction (Tompa and Fuxreiter, 2008). Such regulation could be achieved

through post-translational modification or quick exchange between partners, as partial dissociation can

facilitate transfer.

STRUCTURAL CHARACTERIZATION OF IDPS/IDRS

Given the emerging functional significance of IDPs/IDRs, it is of great interest to understand their structural

properties, molecular basis of binding, and effect of post-translational modification on both. However, the

conformational heterogeneity of these regions causes a substantial challenge in their characterization. To

date, the most common method used for protein structure determination is X-ray crystallography. Howev-

er, the conformational heterogeneity of IDPs precludes the ability to crystallize them. Furthermore, the

presence of IDRs can sometimes impede crystallization of macromolecules even if they do contain struc-

tured elements. As a result, IDRs are often deleted to facilitate crystallization. Alternatively, if systems

can be crystallized with IDRs intact, these regions often do not resolve in the final structural model.

Recently, cryo-electron microscopy (cryo-EM), in particular single-particle cryo-EM, has emerged as a very

promising approach to investigate the structure of complexes containing compositional and/or conforma-

tional heterogeneity (Cheng, 2018). Here, the target does not need to be crystallized, rather it is frozen in a

thin-layer hydrated state on a grid. The images from many molecules are then computationally combined
2 iScience 24, 102070, February 19, 2021



Figure 2. IDR conformational transitions upon ligand binding

Shown is a globular domain (gray) flanked by an IDR (red). IDRs sample a broad conformational ensemble in the unbound

state, with fast exchange between states (represented by a blur). Upon binding, IDRs have been observed to adopt

secondary structure such as an alpha helix (left), adopt a stable conformation without folding into secondary structure

(middle), or maintain substantial conformational dynamics even in the bound state, known as a fuzzy complex (right).
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to reconstruct the 3D structure. Importantly, moderate heterogeneity in both composition and

conformation can be accommodated as this can be computationally managed. Thus, the presence of

IDRs does not preclude the ability to generate a structural model. In addition, no labeling and very little

sample is required, opening the avenue to studying native complexes and regulation by the presence of

native post-translatiponal modifications (PTMs). The problem remains, however, that the regions of sub-

stantial conformational heterogeneity will still resolve poorly in the final structural model. Thus, while

this approach can allow for positioning of the IDR in the complex, it often cannot yield detailed structural

analysis.

In contrast to X-ray crystallography and cryo-EM, solution nuclear magnetic resonance (NMR) spectros-

copy is highly suited for investigating IDPs/IDRs at amino acid-level resolution (Gibbs et al., 2017;

Brutscher et al., 2015). Solution NMR provides an equilibrium averaged readout that does not require

conformational homogeneity and readily resolves conformationally dynamic regions. Thus, NMR is

amenable to investigating proteins that sample a broad conformational space. Various experiments

allow for investigation of structural properties, including the identification of transient secondary struc-

ture and assessment of the magnitude and timescale of conformational dynamics (Gibbs et al., 2017;

Jensen et al., 2014). In addition, the effects of PTMs and mechanisms of binding can straightforwardly

be studied (Theillet et al., 2012).

This is not to say that there are no challenges in using NMR to study IDPs/IDRs. In contrast to single-particle

cryo-EM, NMR requires isotope labeling and high concentrations of sample, generally requiring overex-

pression in E. coli. Compared to structured proteins, there is substantial lack of dispersion of resonances

in NMR spectra recorded using standard biomolecular approaches. Although the often sharp linewidth

partially overcomes this issue, it can sometimes preclude assignment of the resonances to particular amino

acids. This in turn limits the capability to obtain amino acid-level information that makes NMR so powerful.

To help overcome this problem, a variety of specialized NMR experimental approaches have been devel-

oped, including 13C direct detect approaches (Sahu et al., 2014). Finally, while NMR spectroscopy is a

fantastic option for investigating IDP/IDR structure and dynamics at high resolution, this method is size

limited, and thus, IDRs are often taken out of a larger context.

Thus, it is becoming increasingly clear that a more powerful approach would be to combine NMR spectros-

copy and cryo-EM to investigate IDRs (Geraets et al., 2020). Higher resolution information about the confor-

mation and substrate binding can be garnered from NMR, while cryo-EM can provide a framework for

modeling this into the larger context.
iScience 24, 102070, February 19, 2021 3
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IDRS IN CHROMATIN-ASSOCIATED PROTEINS

IDPs/IDRs are especially enriched in the nuclear proteome and are particularly abundant in chromatin and

chromatin-associated proteins (CAPs). Perhaps the best characterized functional IDRs within chromatin are

the core histone tails of histone proteins H2A, H2B, H3, and H4. These N- and C-termini of the core histones

are heavily post-translationally modified (Rothbart and Strahl, 2014; Zentner and Henikoff, 2013). These

modifications are known to be important in stabilizing CAPs at particular regions of the genome and in

regulating their activity. In addition to the core histone tails, the C-terminal tail of the linker histone H1

has been identified to be important in formation of higher order chromatin structure.

IDRs are also abundant in histone chaperones, transcription factors, chromatin remodeling proteins, chro-

matin modifying proteins, and architectural proteins (Tantos et al., 2011; Sandhu, 2009; Lazar et al., 2016;

Hadidy and Uversky, 2019). The IDRs are now being recognized to play a much more direct role in chro-

matin regulation than simply dynamically linking folded functional domains. In this review, we discuss

several examples of IDRs within CAPs, highlighting their structural and functional characterization, focusing

on how NMR spectroscopy and cryo-EM can be used together to build an understanding the molecular

mechanisms underlying IDR activities.
FUNCTIONAL ROLES OF IDPS/IDRS IN CHROMATIN REGULATION

IDRs have been found to play essential biological roles in a wide variety of CAPs. As noted above, these

include the histones themselves, chaperones, chromatin remodeling and modifying complexes, and archi-

tectural proteins. Below, we outline five distinct IDRs that demonstrate the functional diversity of these re-

gions in chromatin regulation.
PRC2 stimulation response motif

Polycomb repressive complex 2 (PRC2) is a histone lysine methyltransferase complex. It consists of four

main subunits: EED, SUZ12, RbAp46/48, and the catalytic subunit EZH2. PRC2 specifically methylates lysine

27 of histone H3, producing the epigenetic mark H3K27me3 (Margueron and Reinberg, 2011). The complex

has been found to be allosterically stimulated by the H3K27me3 product, which is thought to be important

in spreading this mark to form heterochromatin domains. It can also be stimulated bymethylated JARID2, a

PRC2 co-factor. In the past five years, X-ray crystallography and cryo-EM structures of this complex from

several groups have suggested that the molecular basis of this allosteric activation is mediated in part

by an IDR in EZH2, termed the stimulation response motif (SRM) (Jiao and Liu, 2015; Justin et al., 2016; Po-

epsel et al., 2018; Kasinath et al., 2018). In basal state structures of the PRC2 complex, the SRM does not

resolve (Figure 3, left). In contrast, in compact structures of active PRC2 bound to methylated substrates,

the SRM is resolved and adopts an alpha-helical structure (Figure 3, right). The helical SRM forms contacts

with the SET domain which are suggested to stimulate PRC2 activity. Notably, the active state complex was

also seen to adopt an extended state in which the SRM is not visible. It was suggested that this conforma-

tional plasticity may allow for further fine-tuning of PRC2 activity. Notably, a cryo-EM structure of PRC2 in

complex with a di-nucleosome in which one nucleosome contains H3K27me3 and one is unmodified re-

vealed that the methylated nucleosome leads to stabilization of the SRM in an alpha helix conformation

(Poepsel et al., 2018). Furthermore, positioning of the complex would allow for methylation of the adjacent

unmodified nucleosome, supporting the proposed spreading mechanism.

The lack of resolution of the SRM in the basal and extended active states was interpreted to imply that it is

unstructured. However, the exact structural state of the SRM is not accessible by X-ray crystallography or

cryo-EM. NMR analysis complimented these structures. While this analysis could not be carried out on

the full complex due to size limitations, NMR allowed for study of the isolated SRM structural characteris-

tics. Chemical shift and linewidth analysis revealed a largely disordered conformational state of the SRM

but with moderate alpha-helical propensity (Weaver et al., 2019). This indicates that the activate conforma-

tion is sampled in the conformational ensemble of the isolated SRM (Figure 3, left). Together, this suggests

that modulating the conformational ensemble of the SRM within PRC2, in particular the population of the

active state, is one mechanism for fine-tuning the activity of the PRC2 complex. Notably, this would be an

example of a conformational selection mechanism.

In addition to stimulating PRC2 activity, a recent study has indicated that SRM can act as a transactivation

domain (TAD) outside of the canonical PRC2 complex. While this SRM-containing TAD is sequestered by
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Figure 3. PRC2 SRM function

Top are shown the cryo-EM structures of the extended active (left, PDBID:6C23) and the compact active (right,

PDBID:6C24) states of the PRC2 complex. In these structures, the EZH2 SRM IDR (sequence TFIEELIKNY, shown in red)

only resolves in the compact active structure (right), and its position is marked by a red sphere in the basal state (left).

Below are shownmodels of the PRC2 complex (depicted as a gray oval) in the basal and extended actives states (left). The

SRM (red) is modeled as a conformationally dynamic ensemble with fast exchange between states (blur), only transiently

sampling helical structure, as determined by NMR spectroscopy. Upon adopting the compact active state (right), the SRM

helical conformation is stabilized forming important contacts with the catalytic SET domain (purple).
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intramolecular interactions and oligomerization of EZH2 outside canonical PRC2, cancer-associated phos-

phorylation can disrupt these interactions and release the TAD, leading to aberrant gene activation (Jiao

et al., 2020).

HP1

The heterochromatin protein 1 (HP1) family contains important architectural proteins involved in gene

regulation. In humans, there are three paralogs: HP1a, HP1b, and HP1g. Of these, HP1a is strongly asso-

ciated with heterochromatin and gene repression, whereas HP1b and HP1g are associated with both

gene repression and activation. All HP1 family members contain a structured chromodomain (CD) that

can associate with methylated lysines. In particular, recognition of H3K9me3 was found to be important

in formation of heterochromatin. Another structured domain present in HP1, the chromoshadow domain

(CSD), is capable of homodimerization and heterodimerization (e.g. across paralogs). This dimerization

was proposed to promote bridging of nucleosomes to facilitate heterochromatin formation (Canzio
iScience 24, 102070, February 19, 2021 5



Figure 4. HP1 IDR function

(A) HP1 has three paralogs (HP1a, HP1b, HP1g) each containing a chromodomain (CD), a chromoshadow domain (CSD),

and three IDRs (IDR1, IDR2, IDR3). The sequence identity of HP1b and HP1g is shown compared to HP1a for each region

(right).

(B) HP1a three IDRs (shown in red) modeled as conformational ensembles with fast exchange between states (blur).

Phosphorylated IDR1 has been found to associate with IDR2 intermolecularly, and IDR1 and IDR2 have both been found to

form contacts with DNA. Together, these interactions are proposed to lead to phase-separated droplets sequestering

nucleosomes [shown as a complex of histones (dark gray circles) wrapped by DNA (black rings)] and compacting DNA

critical in the formation of heterochromatin.
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et al., 2011). Notably, the CD and CSD are highly similar between paralogs (Figure 4A), and thus, the

differences in paralog function is not thought to arise from these structured domains.

In addition to the CD and CSD, HP1 contains three low complexity regions (Figure 4A). Modeling and NMR

spectroscopy have revealed that these regions are intrinsically disordered (Munari et al., 2012; Velez et al.,

2015); IDR1 (also known as the N-terminal extension or NTE) is N-terminal to the CD, IDR2 (also referred to

as the hinge region) links the CD and CSD, and IDR3 is C-terminal to the CSD. The major differences be-

tween paralogs are found in these IDRs (Figure 4A), and as such, it has been hypothesized that it is these

regions that uniquely regulate each HP1 paralog.

IDR1 and IDR2 have been found to interact with DNA in all paralogs, contributing to multivalent associ-

ation with nucleosomes (Munari et al., 2012; Meehan et al., 2003; Zhao et al., 2000). Due to the smaller

size of the HP1 proteins, NMR spectroscopy studies can be carried out on the full-length proteins. Chem-

ical shift and linewidth analysis reveal that the IDRs retain their disordered conformation even in the

DNA-bound state, consistent with a fuzzy complex. It was proposed that IDR2 may function to associate

with linker DNA to aid in bridging two nucleosomes. Though this was not resolvable by NMR studies,

cryo-EM structures of HP1a, HP1b, and HP1g with a di-nucleosome allowed this to be addressed. Surpris-

ingly, these structures revealed that IDR2 associates primarily with nucleosomal DNA leaving the linker

DNA open. Consistent with NMR studies, IDR2 is not well resolved in these structures supporting that

it remains highly conformationally dynamic in the bound state (Munari et al., 2012; Machida et al.,

2018). Notably, the mechanism of association with di-nucleosomes was found to be nearly identical be-

tween all paralogs.

Only recently has a major difference in IDR function between paralogs been identified. Specifically, phos-

phorylation of IDR1 in HP1a was shown to promote oligomerization through intermolecular interactions
6 iScience 24, 102070, February 19, 2021
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with IDR2, driving phase separation and formation of heterochromatin (Figure 4B) (Strom et al., 2017; Lar-

son et al., 2017). Importantly, these phosphorylation sites are missing in HP1b and HP1g, making this a

unique property of HP1a. The interaction of HP1a IDR2 with DNA also promoted phase separation, and

while HP1b IDR2 can associate with DNA, this interaction did not promote phase separation. Thus, the

composition and modifiability of IDRs in HP1 paralogs can uniquely regulate the activity of these proteins.

MBD2 IDR

Methyl-CpG binding domain protein 2 (MBD2) contributes to gene repression by associating with methyl-

ated CpG islands in DNA and recruiting the nucleosome remodeling and deacetylase (NuRD) co-repressor

complex. The NuRD complex harbors the CHD4 chromatin remodeling protein and histone deacetylase 1/

2 (HDAC1/2), which together promote a repressive chromatin structure. MBD2 contains a large IDR that

plays an important role in protein and DNA interactions (Desai et al., 2015; Ghosh et al., 2010). Methyl-

CpG association is mediated by a structured MBD domain (Scarsdale et al., 2011). An adjacent IDR en-

hances DNA affinity. NMR chemical shift and linewidth indicate that the IDR does not become ordered

upon DNA binding and instead adopts a fuzzy complex (Figure 5A, left) (Desai et al., 2015). On longer

pieces of DNA, this IDR substantially reduces exchange between methyl-CpG sites, as well as dissociation

from the DNA, anchoring the MBD (Figure 5A, right) (Pan et al., 2017). Within the same IDR but C-terminal

to the DNA binding region is a stretch that facilitates interaction with HDAC1/2, leading to gene repres-

sion. While cryo-EM studies have been carried out on CHD4 in complex with the nucleosome (Farnung

et al., 2020), a structure of the MBD2/NURD complex has yet to be completed. This would provide substan-

tial insight into the mechanism of MBD2 IDR function in the proper context.

H1 C-terminal tail

Linker histone H1 associates with the linker DNA between nucleosomes and promotes the formation of

higher order chromatin structures associated with gene repression (Fang et al., 2016; Caterino and Hayes,

2011). H1 consists of an unstructured N-terminal region, followed by a structured winged-helix domain, fol-

lowed by a 100 residue C-terminal tail. NMR chemical shift and linewidth analysis have revealed that the

C-terminal tail is intrinsically disordered (Turner et al., 2018) and that it remains disordered in the DNA-

bound state, forming a high-affinity fuzzy complex (Turner et al., 2018). The association with DNA was

further shown to promote phase separation, which is modulated by phosphorylation of the C-terminal

tail. This modification is known to increase mobility in chromatin and promote a more open chromatin

structure (Contreras et al., 2003). NMR chemical shift and linewidth analysis of modified H1 reveals that

the C-terminal tail remains disordered upon phosphorylation but has decreased affinity for DNA and asso-

ciated decreased phase separation properties.

A combination of cryo-EM and X-ray crystallography allowed for structural analysis of H1 in complex with a

nucleosome. The structure is consistent with the NMR data, as low resolution of the C-terminal tail indicates

a fuzzy complex formed with the linker DNA (Figure 5B) (Bednar et al., 2017). However, despite the low den-

sity seen for the C-terminal tail, the structure revealed that the tail preferentially associates with one linker

arm over the other. This binding mode introduces asymmetry to the nucleosome, which is proposed to be

necessary in the formation of higher order chromatin structures.

FACT C-terminal domain

FACT is a histone chaperone that can assist both in nucleosome assembly and disassembly through rear-

rangements of the H2A/H2B dimer. FACT contains two subunits, SSRP1 and Spt16. At the C-terminus of

Spt16 is an acidic IDR that is critical in H2A/H2B binding and referred to as the acidic intrinsically disordered

(AID) segment or the C-terminal domain. Two recent cryo-EM structures of FACT or Spt16 in complex with

nucleosome substrates reveal that the unstructured AID adopts a structured conformation in complex with

nucleosome substrate (Figure 5C) (Liu et al., 2020; Mayanagi et al., 2019). Intriguingly, it acts as a DNA

mimetic, wrapping around the H2A/H2B dimer. It was proposed that this process depends on the phos-

phorylation of residues in the AID (pAID) to mimic the DNA (Mayanagi et al., 2019). As several studies

have found that the H3 N-terminal tails interact with DNA (Kan et al., 2007; Mutskov et al., 1998; Pilotto

et al., 2015; Gatchalian et al., 2017; Shaytan et al., 2015; Li and Kono, 2016; Lehmann et al., 2020; Stützer

et al., 2016; Morrison et al., 2018), it was also proposed that pAID association might affect the H3 tails.

Histone tails generally do not resolve in the cryo-EM structures and did not resolve in the FACT/nucleo-

some structures. However, NMR spectroscopy has proven very powerful in the study of histone tails in
iScience 24, 102070, February 19, 2021 7



Figure 5. MBD2, H1, and FACT IDR function

(A) MBD2 functions with theNuRD complex to remodel nucleosomes and facilitate formation of heterochromatin at methylated

DNA regions. DNA is shown in black, and nucleosomes are shown as a complex of histones (dark gray circles) wrapped by the

DNA. MBD2 contains a methyl-DNA binding domain (light gray) and an adjacent DNA binding IDR (red). NMR has shown that

the IDR forms a fuzzy complex with DNA, modeled as a broad conformational ensemble with fast exchange between states

(highly blurred). In the absence of DNA methylation, MBD2/NuRD can move quickly along DNA. Upon encountering DNA

methylation (black circles), the IDR reduces exchange between methyl-DNA sites and dissociation from the DNA, leading to

much slower movement of the MBD2/NuRD complex along chromatin (slightly blurred).

(B) Linker histone H1 contains a globular domain (light gray) and IDR called the C-terminal domain (CTD) (red). Shown on

the left is the crystal structure of the H1/nucleosome complex (PDBID:5NL0), and the position of the unresolved C-

terminus is marked by a red sphere. A model integrating cryo-EM and NMR data is depicted on the right. NMR

spectroscopy has shown that the CTD forms a fuzzy complex with DNA; thus, the CTD is shown as a broad conformational

ensemble with fast exchange between states (blur). The cryo-EM structure of the H1-nucleosome complex [the

nucleosome is shown as a complex of histones (dark gray circle) wrapped by DNA (black ring)] reveals that the CTD favors

one strand of linker DNA.

(C) Cryo-EM demonstrates that an IDR referred to as the AID in the Spt16 subunit of the FACT chaperone adopts a stable

structure and mimics DNA when in complex with a nucleosome. Shown on the left is a representative structure of FACT in

complex with the nucleosome (PDBID:6UPL), with the AID colored red. Shown on the right is the model combining the

cryo-EM structure and NMR analysis of the H3 tails upon pAID binding. NMR studies have demonstrated that both H3 tails

(red) form fuzzy interactions with DNA, and they are modeled as a broad conformational ensemble with fast exchange

between states (blur). However, binding of pAID (sharp red line) was found to alter the conformational ensemble of the

adjacent H3 tail, making it more accessible.
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the context of the nucleosome (Emmerik and Ingen, 2019). Through NMR chemical shift and linewidth anal-

ysis, it was found that the tails are intrinsically disordered and adopt a fuzzy complex with DNA in the nucle-

osome context (Stützer et al., 2016; Morrison et al., 2018). A recent NMR study also provided the ability to

determine the effect of pAID association upon the H3 tails. Analysis of the H3 tails chemical shift revealed

that pAID replacement of DNA alters the conformational ensemble of the adjacent H3 tail, while having

little to no effect on the other tail (Tsunaka et al., 2020). While the affected H3 tail still adopts a fuzzy com-

plex with the remaining DNA strand, it becomes more accessible in the presence of pAID (Figure 5C).

FUTURE DIRECTIONS

IDRs are being increasingly recognized to play critical roles in fundamental cellular processes, operating in

a manner that differs from structured domains. They are abundant in CAPs and implicated in diverse bio-

logical functions, including regulation of chromatin association, enzymatic activity, and liquid-liquid phase

separation. Post-translation modification can rapidly alter IDR function, allowing for dynamic process.

Given their important regulatory roles, these regions hold tremendous therapeutic potential. However,

a poor understanding of the mechanistic basis for their activities has made traditional structure-function

approaches insufficient. Thus, new approaches to characterizing the conformation, dynamics, and regula-

tion of IDRs are critical.

Advances in NMR methodology as well as cryo-EM have opened the door to better understand IDRs. As

studies outlined here highlight, NMR and cryo-EM analysis of IDRs is highly synergistic. NMR offers the abil-

ity to readily investigate conformational dynamics, the mechanism of binding, and effect of PTMs. Howev-

er, it is limited with respect to molecular size and therefore often cannot be used to investigate IDRs in their

proper context. On the other hand, cryo-EM is well suited to characterization of large complexes and is

tolerant to conformational heterogeneity. While IDRs are typically not well resolved, they are often visible

at low resolution. Together, these techniques allow for building a model of the IDR in its physiologically

relevant environment and provide substantial insight into the mechanistic basis of function. Moving for-

ward, this combined approach could not only reveal fundamental mechanisms of chromatin regulation

but also aid in the development of potential therapeutics that target IDRs.
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