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Figure 1. Structured domains and intrinsically disordered regions (IDRs) are two fundamental classes of functional building blocks of proteins. The
synergy between disordered regions and structured domains increases the functional versatility of proteins. Adapted with permission from ref S0.
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1. INTRODUCTION

1.1. Uncharacterized Protein Segments Are a Source of
Functional Novelty

Over the past decade, we have observed a massive increase in the
amount of information describing protein sequences from a
variety of organisms."> While this may reflect the diversity in
sequence space, and possibly also in function space,® a large
proportion of the sequences lacks any useful function
annotation.”” Often these sequences are annotated as putative
or hypothetical proteins, and for the majority their functions still
remain unknown.®” Suggestions about potential protein
function, primarily molecular function, often come from
computational analysis of their sequences. For instance,
homology detection allows for the transfer of information from
well-characterized protein segments to those with similar
sequences that lack annotation of molecular function.®”"
Other aspects of function, such as the biological processes
proteins participate in, may come from genetic- and disease-
association studies, expression and interaction network data, and
comparative genomics approaches that investigate genomic
context."' "7 Characterization of unannotated and uncharac-
terized protein segments is expected to lead to the discovery of
novel functions as well as provide important insights into existing
biological processes. In addition, it is likely to shed new light on
molecular mechanisms of diseases that are not yet fully
understood. Thus, uncharacterized protein segments are likely
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to be a large source of functional novelty relevant for discovering
new biology.

1.2. Structure—Function Paradigm Enhances Function
Prediction

Traditionally, protein function has been viewed as critically
dependent on the well-defined and folded three-dimensional
structure of the polypeptide chain. This classical structure—
function paradigm (Figure 1; left panel) has mainly been based
on concepts explaining the specificity of enzymes, and on
structures of folded proteins that have been determined primarily
using X-ray diffraction on protein crystals. The classical concept
implies that protein sequence defines structure, which in turn
determines function; that is, function can be inferred from the
sequence and its structure. Even when protein sequences diverge
during evolution, for example, after gene duplication, the overall
fold of their structures remains roughly the same. Therefore,
structural similarity between proteins can reveal distant evolu-
tionary relationships that are not easily detectable using
sequence-based methods.'®'® Structural genomics efforts such
as the Protein Structure Initiative (PSI) have been set up to
enlarge the space of known protein folds and their functions,
thereby complementing sequence-based methods in an attempt
to fill the gap of sequences for which there is no function
annotation.””*" Specifically, phase two of the PSI aimed to
structurally characterize proteins and protein domains of
unknown function, often providing the first hypothesis about
their function and serving as a starting point for their further
characterization.

1.3. Classification Further Facilitates Function Prediction

Classification schemes provide a guideline for systematic
function assignment to proteins. Generally, proteins are made
up of a single or multiple domains that can have distinct
molecular functions. These domains, which are referred as
structured domains, often fold independently, make precise
tertiary contacts, and adopt a specific three-dimensional structure
to carry out their function. The sequences that compose
structured domains can be organized into families of
homologous sequences, whose members are likely to share
common evolutionary relationship and molecular function. The
Pfam database classifies known protein sequences and contains
almost 15000 such families, for most of which there is some
understanding about the function.”” Nevertheless, Pfam also
contains more than 3000 families annotated as domains of
unknown function, or DUFs.*® These families are largely made
up of hypothetical proteins and await function annotation.
Another powerful example of a protein classification scheme is
the Structural Classification of Proteins (SCOP), which provides
a means of grouping proteins with known structure together,
based on their structural and evolutionary relationships.****
SCOP utilizes a hierarchical classification consisting of four
levels, (i) family, (i) superfamily, (iii) fold, and (iv) class, with
each level corresponding to different degrees of structural
similarity and evolutionary relatedness between members. Using
this scheme, function of newly solved structures or sequences can
be inferred from their similarity with existing protein classes
through structure or sequence comparisons, for instance, as
available via the SUPERFAMILY database.'® In this direction,
another major initiative is Genome3D, which is a collaborative
project to annotate genomic sequences with predicted 3D
structures based on CATH?® (Class, Architecture, Topology,
Homology) and SCOP**** domains to infer protein function.””
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Figure 2. The number of protein-coding genes in the human genome
with various amounts of disorder. Histograms of the numbers of human
genes with annotation (A) and without annotation (B), grouped by the
percentage of disordered residues. (C) A comparison of the fraction of
annotated and unannotated human genes with different amounts of
disorder. Residues in each protein are defined as disordered when there
is a consensus between >75% of the predictors in the D*P* database™® at
that position. The set of human genes was taken from Ensembl release
63," and the representative protein coded for by the longest transcript
was used in each case. The annotation was taken from the description
field with “open reading frame”, “hypothetical”, “uncharacterized”, and
“putative protein” treated as no annotation.
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Figure 3. The fraction of disordered residues located in domains in
human protein-coding genes: (A) residues inside (left) and outside
(right) of SCOP domains,** and (B) residues inside (left) and outside
(right) of Pfam domains (only curated Pfam domains were considered,
i.e., Pfam-A).>* The SCOP domains in human proteins are defined by
the SUPERFAMILY database.'® Disordered residues were taken from
the D?P? database® (when there is a consensus between >75% of the
disorder predictors). The set of human genes was taken from Ensembl
release 63."

1.4. Intrinsically Disordered Regions and Proteins

While many proteins need to adopt a well-defined structure to
carry out their function, a large fraction of the proteome of any
organism consists of polypeptide segments that are not likely to
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form a defined three-dimensional structure, but are nevertheless
functional”® ** These protein segments are referred to as
intrinsically disordered regions (IDRs; Figure 1; right panel).*”
Because IDRs generally lack bulky hydrophobic amino acids,
they are unable to form the well—o4r§anized hydrophobic core that
makes up a structured domain®"** and hence their functionality
arises in a different manner as compared to the classical
structure—function view of globular, structured proteins. In this
framework, protein sequences in a genome can be viewed as
modular because they are made up of combinations of structured
and disordered regions (Figure 1; bottom panel). Proteins
without IDRs are called structured proteins, and proteins with
entirely disordered sequences that do not adopt any tertiary
structure are referred to as intrinsically disordered proteins
(IDPs). The majority of eukaryotic proteins are made up of both
structured and disordered regions, and both are important for the
repertoire of functions that a protein can have in a variety of
cellular contexts.® Traditionally, IDRs were considered to be
passive segments in protein sequences that “linked” structured
domains. However, it is now well established that IDRs actively
participate in diverse functions mediated by proteins. For
instance, disordered regions are frequently subjected to post-
translational modifications (PTMs) that increase the functional
states in which a protein can exist in the cell.*>*® In addition, they
expose short linear peptide motifs of about 3—10 amino acids
that permit interaction with structured domains in other
proteins.*”** These two features in isolation or in combination
permit the interaction and recruitment of diverse proteins in
space and time, thereby facilitating regulation of virtually all
cellular processes.*” The prevalence of IDRs in any genome (see,
for example, the D*P? database,” Box 1) in combination with
their unique characteristics means that these regions extend the
classical view of the structure—function paradigm and hence that
of protein function. Thus, functional regions in proteins can
either be structured or disordered, and these need to be
considered as two fundamental classes of functional building
blocks of proteins.>®

1.5. The Need for Classification of Intrinsically Disordered
Regions and Proteins

IDRs and IDPs are prevalent in eukaryotic genomes. For
instance, 44% of human protein-coding genes contain disordered
segments of >30 amino acids in length ? (similar data shown in
Figure 2A). In the human genome, 6.4% of all protein-coding
genes do not have any function annotation in their description in
Ensembl’ (Figure 2B). Further investigation using the D”P*
database of disorder in genomes® revealed that most of these
genes with no function annotation encode at least some disorder
(Figure 2B) and that genes with no annotation contain
proportionally more IDRs (Figure 2C). Given the absence of
structural constraints, IDRs tend to evolve more rapidly than
protein domains that adopt defined structures.> 75° As a result,
identifying homologous regions is harder for IDRs and IDPs than
it is for structured domains. This complicates the transfer of
information about function between homologues and thus the
prediction of function of IDRs and IDPs. Furthermore, much of
protein annotation is based on information on sequence families
and structured domains. However, less than one-half of all re-
sidues in the human proteome fall within such domains (Figure 3).
Not only do most residues of human proteins fall outside
domains, a large fraction of these residues are also disordered
(Figure 3A and B, right bars). Moreover, although it is expected
that SUPERFAMILY domains based on known protein
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structures have very little disorder (Figure 3A, left bar), Pfam
domains based on sequence clustering do not contain much
more (Figure 3B, left bar). These observations suggest that there
is a large pool of protein segments that are not considered by
conventional protein annotation methods, because the sequen-
ces of disordered regions are difficult to align, or because the
methods do not explicitly consider disordered and nondomain
regions of the protein sequence. Taken together, these
considerations raise the need to devise a classification scheme
specifically for disordered regions in proteins that may enhance
the function prediction and annotation for this important class of
protein segments.

In this Review, we synthesize and provide an overview of the
various classifications of intrinsically disordered regions and
proteins that have been put forward in the literature since the
start of systematic studies into their function some 15 years ago.
We discuss approaches based on function, functional elements,
structure, sequence, protein interactions, evolution, regulation,
and biophysical properties (Table 1). Finally, we discuss
resources that are currently available for gaining insight into
IDR function (Table 2), we suggest areas where increased efforts
are likely to advance our understanding of the functions of
protein disorder, and we speculate how combinations of multiple
existing classification schemes could achieve high quality
function prediction for IDRs, which should ultimately lead to
improved function coverage and a deeper understanding of
protein function.

2. FUNCTION

Dunker and co-workers®” distinguished 28 separate functions for
disordered regions, based on literature analysis of 150 proteins
containing disordered regions of 30 residues or longer. These
functionalities can be summarized as molecular recognition,
molecular assembly, protein modification, and entropic chains.
Further development of this scheme resulted in one comprising
six different functional classes of disordered protein regions:
entropic chains, display sites, chaperones, effectors, assemblers,
and scavengers (Figure 4).3°® In another classification scheme,
Gsponer and Babu classified IDR function into three broad
functional categories: (i) facilitated regulation via diverse post-
translational modifications, (ii) scaffolding and recruitment of
different binding partners, and (iii) conformational variability
and adaptability (Figure 5).** A single protein may consist of
several disordered regions that belong to different functional
classes.*” The following section will address and exemplify the six
functionalities of disordered regions.

2.1. Entropic Chains

Entropic chains carry out functions that benefit directly from
their conformational disorder; that is, they function without ever
becoming structured. Examples of entropic chains include
flexible linkers, which allow movement of domains positioned
on either ends of the linker relative to each other, and spacers that
regulate the distances between domains. Evidence that flexibility
is a functional characteristic that needs to be maintained came
from studies on a family of flexible linkers in the 70 kDa subunit
of replication protein A (RPA70), which display conserved
dynamic behavior in the face of negligible sequence con-
servation.”” The microtubule-associated protein 2 (MAP2)
projection domain exemplifies spacer behavior as it repels
molecules that approach microtubules, thereby providing
spacing in the cytoskeleton. Another subcategory of entropic
chains are entropic springs, such as those present in the titin
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Review

surajoxd Surpurq-yNy pue s103oey uondunsuen

wmuﬁm\umwmunm 2IN3jdNIS

+0T‘991 mQ_Jm
-Uomne[ar I[quuas

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631

Chemical Reviews

ur SIUI| YPU-ULS) ‘saduanbas you-A[D) pue -usy  Arepuodss juedyrudis Jo proasp Aerousd are jey) sanqold uuioy uayo spoe ourwe rejod ur paydLIUS SAYDIANS dduanbas spen rejode -us [eanyonys—aduanbas ouanbas
urpe ‘urqod
-OWAY ‘SUTEWOP JULIqUIDWISULI) ‘SIWAZU Jsour 9INJONI)S [EUOISUIWIP-IIY) paunap e yim surpjord pamionns papioje
urajoxd Surpuiq
gD Jo urewop Surpurq 10JeAIIEOD IEPNU amonns Arepuodss Sunenyongy jo suoidar yym uoneuriojuod pasdefod Ajreqoyd 3[nqo[3 uajjoure
urmsanbases srod ueyy edwod arow wayy) sayew agreyd am
T€T ‘€TT ‘81S ‘TIS surajoxd [ewrosoqur ‘Xepy 19U 1M ‘sjuaad Jurpurq uodn Jurpjoy 105 pastod uayyo ‘ammyonys Arepuodas renprsar yym suordar uwjord parsprosip  -qo[d udjjow-arde
» usow s3[nqo[3 parapiosip
-Ayyoxd ‘61S ‘SOE ‘£TT ‘2T sujord [ewosoqu w0y sy} SYeNUIIPIP a31eyp Jou ySiy Linyponns Arepuodads Aue A[pIey YIM UOTIEULIOJUOD PIPUIIXD JO SUOISAI J[qIXI) [10> JIsuLule oo?m&muotmsw urajord
$IJE)S A} UIIMIIQ SILIEPUNOQ JOUIS OU pue udamiaq ur Surpdrans yym ‘parapiosip La3arduwios
0} pamypnns Ay woly JUIPUIIXS ‘SUOHEULIOJUOD PIIIPIOSIP AJUIISYIP JO WNNUNIUOD € UIYIIM uonduny surajord ,cWnNURUOD [er)onns amypnns
NEJEEO&Q parap
-I0SIP [JIM SUTeWop
surewop urajoxd sywads yym adusnbas sures ayy ur md>0-0d Apuanbaxy suordar parspiosip remonred urajoxd jo dua1MI30-0d
omdmm%mDDC surewrop
surewop (D ‘CHY “TAId ‘CHM paxapiosip Aa8xe[ 10 A[ny s1e saydeordde paseq-souanbas Jursn paynuapr surewop ursjoxd swos PpaIapIosIp A[[estsuLiur
HPD ~ dSVM ‘TTX ~ #V ¢ projfue Surpuiq 1281e) uodn amyonns Arepuodas jo sad4£) JUIIAPIP JO SUOHEUIGUIOD UTEIUOD JBY) SJOUI PAIIPIOSIP xa[dwooe
0 undepe-v ~ ursydiydure 4y urpLo-gyp) ~ €5d Burpurq 1981e) uodn amonys Arepuodas IeNFIT WLIO) JeY) SJOW PIIIPIOSIP ejoTe
aseurdjord 7 snumouspe ~ SIAd TaVIA
~ w) ‘esefroydsoyd spnospnukjod ~ g aseNy Surpuiq 1081e) uodn spuerns-g w0y Jey) SHOW PIIIPIOSIP ej2qe
vy oseurajoxd
~ €V I0NqIUUI Dse[OUd ~ T ISENY :%mmm&\é $9IN38j
‘(99)g001S ~ £5d ‘0Lvad ~ £5d ‘Tuwpy ~ ¢sd Surpurq 3081e) uodn sad1EY-v WLIOJ JEY) SJHOUW PIIIPIOSIP eydpee uonrudosar remosfour
sypow 3uppyyen 1o0ydepe sisoifsopus Sunpy
gnowr Xoq uLyyep ‘eudis UONEZI[EdO] Ie3dNU surajoxd dygen) 0y e 1o safpuedio remppoqns xemoned urgm suajord aziesof ey says [eudis  -jen 10 SunoSiere
sayis Suppop MJIVIA ‘voidsp xoq NA aoepms Surpurq reuonippe ue Surpraoid £q sjuasd uonedypouwr jo Aduspiyd pue AJpYHds ay) dseaIdUI Jey) syHow Sunpope
SAVIN ur sypow Surpuiq
-IVYI ‘mow Supuiq-zqd ‘mow Surpuiq-gHS uononpsuen Sur
xd xoq wipA> gnowr Surpuiq-¢Hs you-surjord euSts ym pajenosse uayo ‘uoneurioy xaduwod 10§ jueyroduwr suonoerdjur urjord—urejord syerpaw jey) sypowr  -jowoid xajdwode
ay1s uone[Asod4[3-N ‘airs uoneA QNS uontppe
‘ons uoneifroydsoyd aseuny juapuadep-urd4o [eAowa1 10 uontppe Ajarowr JALTJ Surzd[eres sswzus Jmidal jeryy saduanbas Jurpurq syads /TeAowdI AL Je
a8e
s3I uoIssps [asedsey ‘aseredas /- /¢-asedsen) sa1s uorssps afeaeapd on[oajoxd 10 sjuaad Surssasoxd euonesuen-sod Jo sayis  -aeap dnkjosjorde
uoned FERE)
sayis Tulg aserswost suen—so [Ajoxdi{pndad suoqydeq apndad e jo uoneId)[E [EUONEULIOJUOD JO SIS -YIPOW [BINJONIISe cor gy SyROW TESU [euonouny
SddDS 1yio pue
surased ‘surd)oxdodf[3 you-o1g ‘v uruerdoworyd spuedi[ [[ews JZMennau pue 3103s s19ZUIAEIS PIIIPIOSIP s1ouasedse
UIXY ‘Urewop IojeAndesuen) qayd saxa[dwos urajoxd rapro-raydiy
“b/€ PL 0TT TI'T ‘LT ‘ST suroxd [ewosoqur J0 uoneuwoy ay) Aowoid pue sroupred Jurpuiq sidnmur progess jeyy sadeprajur Surpurq are] aaey sy Surquiasse SI9[quIdsste
urewop
Burpurg-ase 15 JSYM ‘unessedpes ,zd ‘7¢d surajoxd rouyred 1Ay Jo Aranoe ayy Ajipour 03 s103999 mofe sorueyddw Jurpurq uodn Jurpjoy S10303]00
suonouny suoradeyd 10y J[qeams
gedsy ‘uneisdn-n ‘01D Ty INYUY  sdAI ew (3urpurq uodn Surpoj pue ‘wonepossesp/uoneposse pider ‘sraured juatapp Luewr) sapiadoid Surpuiq 1oty sauoraderpe
urewrop
spqonpur-aseuny gy ‘Lzd ‘srey suoysty ‘esd SJN.Ld Pea1 pue aonponur jey) surdjoxd 10§ ssadde Asea pue synow jo aansodxd sajeyie) syl Jjo Aqayy sayis Aefdsipe
SVAW ‘oLvdd
‘urewop YAHJ unn ‘urewop uondasford gIvA s1ooeds pue soyul| J[qIXa[y “89 “IOPIOSIP [EUONBWLIOJUOD IR} WOy A2IIp JYauaq Jey) suonduny no Juikired syqy sureyd didonjuse ecLsseies uonouny

sajdurexa

uondruosap

SUId}01J pue suoISoy paIdpIosSI(] A[[ESISULUT JO sUOnedyIsse)) T d[qeL

$3sSE[D

UONedYISSE 10§ SIseq

6593



Review

Chemical Reviews

Sur
10)1qIyUT 3SENY ~ T3seN ‘VNA ~ T9ONH *aoeyms Jurpuiq ayy 10§ reured aannaduros remos[ourenur ue se saArds uoidar Azzny ay)  -purq 2annaduode
uone|
VNA ~ gSS ‘VNd ~ -9 Adonyus Surpurq saSueyd pue soeprayur Surpuiq ayy Jo AN[IqIxay Yy sajenpow uordar Azzny ayy  -npowr AN[IqX[Je
uordI[As sz WUSTUEYIW
VNA ~ TdDN ‘VNd ~ Xe wmnuqrmbs evoneuwrrojuods oty Sunyys £q wiroy juajedwod-Jurpurq sy Jo uonewLIoy AY) SAEIE) UOIFAT AzZny Ay [eUONjEULIOJUOD @ N@ saxa[duros Azzny

$OPD ~ T2IS ‘A[quuasse-Jjas unsepd 9Je)s punoq Ay} ur udAd drwreukp A[ySry urewar jeryy suoiSar parspIosip wopuele
TIPO-WPAS ~ g /7d ‘sSUrewop ¢HS ~ PAISPIOSIP UTewax

sopndad you-auroxd ‘Jyzn ~ 10108y Junds 1.4 ey suoidar omy £q payuey quawSes urejoad parspiosip [enudd e jo Surpuiq uodn Surpjoy ySnoryy uoneunoy xardwod Supjuepye
YNa paIapiostp

~ -0 JUSWE[Y UMDE ~ [A UWISOAW ‘€SN ~ G3)§  surewnl jey) 1ayul| e £q pajoauuod ‘syuswdas ursjoad pazapiosip omy jo Surpurq uodn Surpjoy ySnoxyy uoneurroy xaduwod durepe

urewop 7HM soupred Surpuiq 88010 suorjoe
~ unoe ‘p-uniodurr ~ SN 401, ~ UIUAed-g Y} U0 $1I3R JudIPIp Suraey £q suonouny PUNSIp SUIAISS SUOHEULIOJNUOD PUNOJ JATEUINE YIIM “ISPIOSIP JIEIS JO ULIOJ B oydrowdjode  -doj £q saxodwios Azzny  -193ur urajord

SI91}0e

supnuw UONEULIOJ SNONUWI UT PIAJOAUT dI€ SINPISAI dULIdS pue ‘Duruoary) ‘durjord ur your suordar paje[sodL[3 Aparsuaixe S/L/de

surodoapnu Jomeyaq 3uned HIN sdousnpur sjeadar sunf[S-surueeifusyd yim surewrop paspIosip D/de

TH 2uojsiy VN Iour] swosodpnu Jurpuiq ur uonduny surjoxd pue ‘uruee ‘Qurs4| Jo pasodurod syeadar wapuey d/v /e
Ajquiasse awrosoadrds

14SYS ‘SIS TIS/ASV ur spo1 e Aefd pue ‘pazapiosip pue pajeffroydsoyd are sanprsar sutres pue suruidie jo pasodurod syeadar wapue) N/Se
uonedai3de nyurey

zdog 1) ‘dgain ‘dsedng ‘unSununy asnes> 0y duoxd pue uonduNy Te[n|Pd [euriou 1oy jueyrodwr yloq are suordar sujord you-surderedse pue -surwreyn|d N/Oe w:.t.mwumomuu wapue)
[Puueyd uor ‘rojeande/rossaxdar uonduosuern [eUTULID)-D @
Burpurq-yN ‘Tore[ngar uondunosuen [euIlUTe

[Puueyd uor ‘Surpuiq-yNJ
Ayuanpe L1ojemnar
ased LD ‘sjpuueyd uor ‘Surpuiq uor ([ejour)

suonouny aseyeydsoyd pue aseuny
uonduosueny

sanpisal O¢< Aqeord£y
10301paid oty
uo Jurpuadap 21005 1apIosIp dFersAe wnurUW

13pIOSIP %00T—0€/0€—01/01—0

suoidar D

paapiostp pue edwod ayendod surewrop painy
-ONI)S UIIMII SIUI| PAISPIOSIP UM surdjord

uonperyur pue Surpurq ey jey) surajord
surewrop Surpurq apueydoesodijo pue -Ajod
surajoxd [ewosoqur o) iy

sedng uoud 3seaf ‘urewrop
MATJ unn ‘s1opoey unrds ‘sauoradeys YN
o uisowfyyoxd you-dsy/n[o ‘ssurwrejord you-3ry

sajdurexa

suonduny Jo sad£) JUSIAYIP 10J PAYDLIUS 1k 35uanbas 3y UT SUOEI0] JUSIIYIP J& SUOIZAI PIISPIOSIP Urejuod Jey) surajord

suorpuny Jo sad4) Juarayip 10§ paypLIuS e sYISuS JUIAHPIP JO suordar PaIAPIOSIp ureuod Jeyy surjord
SINPISAI PIIIPIOSIP JO SAYDIPNS SNONUIIUOD JO DUISAe 10 ddudsard
urajo1d J[0yM 3} 10§ $II03S IIPIOSIP [[EIIA0

—umum@HOw:u 0& 0] —uMuu_—uuH& wwﬁ—uuwuu WO :Oﬁum.@ uﬂu uo ﬁmwwﬁ wEwOuOu& MO EO_umekowwumu

suonnquysip Lxa(duwod 25uanbas—I9pIOSIp JOUNSIP MOYS SISSE[D [BUONOUNJ JUSIPIP WO ST
aquyye Jueprodun jsow ayy se
Ayxapdwos souanbas jo amseaw e sey yorym ‘§z-TA 10301pard £q pajorpaid 1saq ‘SI9YI0 Y3 UBY) JUIPNSTY SSI] (IIM IOAR[]
SIOAE[J J9YJO ) UEY) SINPISII JUIUE[E PUE ‘QUILOIYIIW ‘DUIPHSIY SI0W Sy YDIYM ‘0 JoAe[y 10§ 10301paxd 3saq a3 st DT-TA
SOINQIIJE [EIUIN[UI JSOW Y} dre sppe ourure diqoydorpAy sy yorgm 10§ “a03o1pard AT-TA Y3 £q 3soq payorpaid
a8reyp [e301 a3 uo Surpuadop ‘suonewiojuod 1eNqo[S 10 [od-wopuer ydope saduanbas paSreyd paxtur-am
Jrym ‘sanqo[3 03 Surpeay sadreyd aysoddo jo uonedaidas yym ‘sonprsax padreyds Apisoddo Jo uonnqmsip reaur] ayy
£q pauranog are saydjoydurejod jo suonewrrojuod ‘sadreys aanedsu pue aanisod jo sraquinu enbs A[y3nox yym saouanbas
s[oo> papuedxa
wioy (a8reyd 3ou ydry) saikjondsphod Suons ©dLy suo jo senpisar padreyd premoy paserq suonsodwod pe ourwre

uondruosap

[eUTLID)-N®

SINpISAI OS> e
sanp

-Isa1 00S—00¢®

sanpIsal goS<e
SaYPIPIS

snonunuode

9I00S [[eI2A0e

Eomuumuw L]

safjoydurefjode

sajh[ondaahjode

$3sSE[D

suordax
e

paiapiosip jo uonisod

suoigd
e .

-91 ﬁmummﬁOm_—u Jjo &u.wﬁmﬁ

60T'80C 191’89 5'58™ P
-IOSIP JO 99I33p [[eI9A0

Ayxard

90T

-wod muﬁuﬁTMw|kwﬁ.—Ow_@

S

ONmMO\rm@ COEU%MM&

UONedYISSE 10§ SIseq

penunuod °T d[qe],

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631

6594



Review

Chemical Reviews

urajoxdoydsoydorers
unuap ‘¢ urajoxdofers suoq ‘unuodoayso ‘surases 1399) PUE JUOQ JO UONEULIOJ 3Y) SE YINS ‘UONEZI[EISUIWION] UT SI[OI M Surd}oId Ur UOWWIOD ST ISPIOSIP [eINIONI)S LpergUOIEZIEIOUILION]
suD
-nw ‘syqy Lixe[dwos-moy Jurureyuod surajord
Surpuiq-yNy Jo sarquuasse ayi-apnueid ‘uon sja801pAy 10 syajdorp paseq-uryoxd jo wonewrio oy Y1 suonIsULY
-exedoas aseyd ur synowr Surpurq-¢HS JusreAnNU aseyd oZrapun ues (sypow uopderdur 10 suoidar Ayxd[dwiod-mop dypads ureuod eyl S0Y) se Yons) sY] UreHdd esgr ¢ MOMISURL] 3seyd
uonoedwod
JSVM ‘ururgies 30 2213ap a1 se yons ‘sdiysuone[ar SjquIasus [erndnns—aduanbas £q pajempour K[ ST SIY) JOU JIe SIAYI0 I[IYM sanradoxd
‘1ds ‘2zd 1ed ‘gmyD ‘unessedpes 1ag-ay S[qeisoursayy are sq([ dwos ySnoyje ‘Aiqnios snoanbe yym pajeosse A[erausd are sq(Iy Jo sainjedj duanbas oy oowb:EEOm Tesrsydorq
oveyee iR
supnw ‘SHNTTIIS UOIJBZI[EIIUILION] pue -21>3s pue Juissad
‘surajoxd 19qy dnsepd ‘uniosouepwordo-ord-axd  xiew renppoenxs 3y ‘ssuouroyoxd “§-s ‘ur yuerodun st rapIosp [eydNNS Inq ‘S 10§ pa3d[dap are surajoxd pajaidas -oxd Teuonesuen-jsod
syeadar surwrenj3£jod pue syeadax Ayarssaooxd awoseajord
suruele-aupA[3 se yons seduanbas Axapdwos mof apadur jeyy suonisodwos adusanbas jo asnesaq “82 qr aseardur 10 AyiJrey urajord uo dUINUI OU dARY JeY) SYT s19Y10e
SI0JEI9[32 12E0TEBTIEDTESTE TN
11 Surureyuod ursyoxd a1y jo uonepeidsp ewosesjord sjersEdde pue adudN[UI Ued Jey) YL -oe uonepeidspe -n] uonepeidap
1oen3ar Supnds 1g1,d oy ur uordax
syads-uerewureur e ‘asnowr ur urajoxd T[T, suondeId)ur pue uonendar usjoxd ur suonouny Y PIPOIUD A e 716608 506 b0e
oy ur ayisoydsoyd e ym worax oymads-anssy B 1yeym ojur spydisur apraoid ues suoxa Zurposusa-yJJ JO UOISN[Xa pue uoisnur Jo surayjed Lreuonnjoas pue uonemnIar -1ds dAneUId)[Ee
suorpuny Jo £)arrea SJQI PazA[euE JO J[eY-aUO UBY) JIOW ‘syunoure d[qeidajopun ur jussaid are jeyy syduosuen) Surpoous-Jq]  JUSISUEI) IO MO[e
s19[q
-wassestp xa[dwod ‘sxojenJar uoneziuedio 23 uorssaxdxs oymads-anssny Ay yym sydrosuen Surpoous-gqr syads-anssie
uonemn3ar vonduosuen Surpuiq YN Aypoyoads-anssn awWos [IIm ‘S[PAI] wnIpawr Je passardxa are syduosueny Surpoous-Jqr 289y} wnipaure
SI9[quIasse
xapdwoo ‘s100ey Sumrds ‘sxoyqryur aseajord Ayoyoads anssy a1 pue sanssy Jsow ur s[pad] uorssaxdxs yiy Summoys syduosuerny Jurposus-gqr ySrge
surajord T [ewosoqu  surdjoxd [EWIOSOQU UAJO puE parspiosip APInud jsowre are syduosuen passaxdxe A[ySry Ajpanmmsuos £q paposus sgqr 2ATINIIISUOD @ socSuroned uorssardxe uonemar
syeadare;po urojoxd uoud uorsuedxs 1121 Jo adusnbasuod e se suonouny mau paured Jey) syeadax 11 2d{ e
(@1D) 11 sseswdjod YN 9ouanbas ay) UNyIM UONEIO] [ENUAIAYIP 10 UOHEINW YINOIY) SuondUNy 3sIAIp paxmboe jeyy sjeadar 11 2d41e
_cco_w:&xm
jeadar jo wistueydaw
surajoxd you-surjoxd Areares ‘urewrop MAHJ unn uorsuedxs 1a)Je UONEIYISIDAIP UONDUN OU pamoys Jey) sjeadar 12dre  pue £1ojsiy Areuornnjoss
SISNIIA
uonen3ar pue Sureudis ur suondeIAUI JUAISURL) pue sajofreynde
UOTIEULIO] s AL
xa[dwos ur pasjoaur suonpdesajur Junsey 1eSuoy suonouny Jo sad£) JUIIBHIP 10§ IOPIOSIP SN O} WIS AJI[ JO SWOPSUD| JUIAYIP wWoxy sapads sajohrexorde -ads samads pue ageaur|
supjord Surpuiq uor (eour) uonisodwiod PIoe OUTWE JO UONEAIISUOD I0U 35UaNDas JO UONLAIdSUOD I(IPU IM Y] LTdTe
SIIANOE ISEI[ONU PUE 3SEJ [V uor3ar a1y jo uonisodwod pe ourwe Y} JO UOHEAIdSUOd YSIY JNG UONEAIISUOD INPISII MO] YIM SY(L LHITe
oﬁcos_momES poe
Surpurq yN pue uvonemn3ar uonduosuern UOTJBAIISUOD npIsar Y3y yIm syl MHe OUUIE JO UOTJEATISUOD
g pue y surewop uosodsuenjonar 4], 3seak SIew[ey [euordUny 1eap ou ‘eouanbas Juif[ropun 3y Jo 10U ISPIOSIP IY) JO UOLEAIISUOD OU PpaAIasuOdUOUe
(06dsH)
souoradeyp urjoid ‘(Sidy) surejord rewosoqur soouanbas poe ourwe pasrasuod ATYSIy ALY OS[e Jey) ISPIOSIP PIAIISUOD JO SUOIZII paurensuode
(1mg ‘144S) surgord LroyemBar pue JureuSis a>uanbas 1exs 2y jo ssappredar Leuonouny 1oy xaprosip jo Aradoxd ayy axmbar yeyy suoiSar J[qrefe  , UOHEAIdSUOD ddusnbas uonn[oAd
sa[quiasud uonderajur ujord pue s)OEU0d pnop srureufpe

71 2m3rg 29s ‘sajdurexs 10§

9TdA ~ ¥0d 7ddN ~ TddN ‘VNA ~ Vad

sajdurexa

SI9YDe)S
‘srand ‘sapdeua) ‘s1oqqeid ‘sdodioy pue s19z3aM) ‘DINJEULIE ‘S10)O3UUOD ‘s1aUTeIU0d [esupurdd Suof ‘sSums paummiayur
s1233n1] ‘s103en9Uad ‘suoappureyd ‘saxa[duros juaeakjod/-ouour

SUOTIORIDUI JUSISUEI)
BIA )1 sI0YDUE 10 4a81e) 9y} Teau urewop Surpurq AJumgye-Yeam B Jo UONBIIUIIUOD [ED0] Y} sasea1dur uordar Azzng oy

uondruosap

paseq [109-pafiode

onejse

Buuayiere

$3sSE[D

SNQUSQE Burpurq

UONedYISSE 10§ SIseq

penunuod °T d[qe],

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631

6595



Chemical Reviews

noindng transient
display sites 1t

sites of post- blndlng
translational

modification

entropic chains

function due to
disorder

chaperones
assist the folding
of RNA or protein

effectors
modulate the
activity of a
partner molecule

scavengers
store and/or
neutralize
small ligands

assemblers
assemble

complexes or
target activity

permanent
binding

Figure 4. Functional classification scheme of IDRs. The function of
disordered regions can stem directly from their highly flexible nature,
when they fulfill entropic chain functions (such as linkers and spacers,
indicated in dark-tone red), or from their ability to bind to partner
molecules (proteins, other macromolecules, or small molecules). In the
latter case, they bind either transiently as display sites of post-
translational modifications or as chaperones (indicated in green), or
they bind permanently as effectors, assemblers, or scavengers (indicated
in dark-tone blue). More extensive descriptions and examples are found
in the main text. Adapted with permission from ref 58. Copyright 2005
Elsevier.

protein, which contains repeat regions rich in PEVK amino acids
that generate force upon overstretching to help restore muscle
cells to their relaxed length.®"*>

2.2. Display Sites

Post-translational modifications (PTMs) affect the stability,
turnover, interaction potential, and localization of proteins
within the cell.*® These aspects of PTMs are particularly relevant
for proteins involved in regulation and signaling, as are many
IDPs.>*373%6%%5 The conformational flexibility of disordered
protein regions as display sites provides advantages over
structured regions. (i) Flexibility facilitates the deposition of
PTM:s by enabling transient but specific interaction with catalytic
sites of modifying enzymes.*”*® This is because, upon binding, a
flexible, disordered region loses more conformational freedom
(ie., entropy), which reduces the overall free energy of binding,
leading to weaker and more transient binding as compared to a
folded protein region that interacts with equal strength (i.e., the
same binding enthalpy, or, equal specificity).*****” (i) The
flexibility of IDRs also allows for easy access and recognition of
the PTMs within the IDR by effector J)roteins that mediate
downstream outcomes upon binding.‘w’6 Indeed, experimental
and computational approaches have shown that disordered
regions are enriched for sites that can be phosphorylated,*>**¢”
and suggest that IDPs are likely to be substrates of a large number
of kinases and other modifying enzymes as they are heavily post-
translationally modified.***®®” Furthermore, PTM sites are often
located within short peptide motifs, modification of which
influences the affinity for interaction with diverse binding
partners (see section 3.1).”%”" In turn, disordered protein
regions are strongly enriched for these motifs,*””>~7* under-
lining the importance of intrinsic disorder as PTM display sites.
Well-characterized examples of IDPs in which PTMs are key to
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function and regulation include, among others, histones, pS3,
and the cyclin-dependent kinase regulator p27.”>~"7

2.3. Chaperones

Chaperones are proteins that assist RNA and protein molecules
to reach their functionally folded states.”®”® Disordered regions
make up over one-half of the sequences of RNA chaperones and
over one-third of the sequences of protein chaperones.*”®" The
versatility of disordered segments seems well suited for
chaperone function, although mechanistic evidence is still
scarce.®” First, their capacity to structurally adapt to many
different binding partners matches the need for chaperones to
bind a wide range of proteins. Second, disordered segments
enable fast macromolecular interactions. This is because the
highly dynamic nature of IDRs prolongs the lifetime of the
encounter complex of the binding event due to rapid sampling of
many different conformations, thereby increasing the number of
nonspecific interactions as compared to an encounter of a
structured protein. In turn, this results in a higher probability to
sample the specific conformation that results in the stable
interaction complex and increases the association rate of the
interaction.*>** The quick binding of misfolded proteins by
disordered chaperones could, for example, prevent the formation
of toxic aggregates by providing a solubilizing effect (see
section 9.1). Finally, the binding thermodynamics of disordered
regions are well suited for the cycles of repeated chaperone
binding and release that enable substrate folding. It has been
proposed that transient binding of disordered chaperone regions
to misfolded substrates induces local folding of the disordered
chaperone, and promotes unfolding of the substrate, thereby
providing the substrate with a chance to refold correctly.*® This
reversible exchange of entropy represents a distinct type of
chaperone function that relies on disordered regions and does
not require ATP. Loss of flexibility of disordered regions upon
substrate binding has been demonstrated for the chaperones
GroEL® and a-crystallin.**®” This mechanism can even be
switched on and off at need by regulated transitions between
folded and disordered states,*® as reported in the case of the redox-
regulated chaperone Hsp33.%””°

2.4. Effectors

Another functional class of disordered regions is that of the
effectors, which interact with other proteins and modify their
activity. Upon binding their interaction partners, IDRs often
undergo a disorder-to-order transition, also known as coupled
folding and binding.”"*> Examples of two effectors that fold upon
binding are p21 and p27, which regulate different cyclin-
dependent kinases (Cdk) that are responsible for the control of
cell-cycle progression in mammals.*® p21 and p27 exhibit
functional diversity by achieving opposite effects on different
Cdk—cyclin complexes, promoting the assembly and catalytic
activity of some (e.g, Cdk4 paired with D-type cyclins), and
inhibiting others (e.g,, Cdk2 paired with A- and E-type cyclins).*®
Another effector IDP is calpastatin, which undergoes significant
folding upon bindin§ calpain, thereby achieving specific and
reversible inhibition.”

IDRs can also affect the activity of other parts within the same
protein, either through competitive interactions or through
allosteric modulation. The intrinsically disordered GTPase-
binding domain (GBD) of the Wiskott—Aldrich syndrome
protein (WASP) illustrates competitive binding that controls
autoinhibition.”* Binding of the GBD to the Cdc42 protein
promotes the interaction of WASP with the actin cytoskeleton
regulatory machinery. However, GDB adopts a different

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631
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Figure S. Functional classification of IDRs according to their interaction features. (A) The flexibility of IDRs facilitates access to enzymes that catalyze
post-translational modifications and effectors that bind these PTMs. This permits combinatorial regulation and reuse of the same components in
multiple biological processes. (B) The availability of molecular recognition features and linear motifs within the IDRs enables the fishing for (“fly
casting”) and gathering of different partners. (C) Conformational variability enables a nearly perfect molding to fit the binding interfaces of very diverse
interaction partners. Context-dependent folding of an IDR can activate signaling processes in one case or inhibit them in another, resulting in completely
different outcomes. Adapted with permission from ref 39. Copyright 2009 Elsevier.

structure when it folds back on other parts of WASP to inhibit
actin interaction. Indeed, autoinhibitory regions are generally
enriched for intrinsic disorder and often have different structures
in the inhibitory and functionally active states of the protein.”> A
striking example of allosteric coupling in a disordered protein was
revealed between different binding sites in the adenovirus E1A
oncoprotein.”® Complexes of E1A with the TAZ2 domain of
CREB-binding protein (CBP) and the retinoblastoma protein
(pRb) can have either positive or negative cooperativity,
depending on the available E1A interaction sites (i.e., binding
of either pRb or CBP to E1A increases or decreases, respectively,
the probability that the other one will also bind). These findings
support earlier studies that suggest allosteric coupling does not
always require a well-defined structural route to propagate
through the protein, but can also be determined by the stabilities
of individual conformations of the protein that change upon
binding their interaction partners.”’ " Such a mechanism could
be one explanation for how the availability of different binding
partners regulates the outcomes of multiple binding events
involving disordered proteins in a cellular context.”®

2.5. Assemblers

Disordered assemblers bring together multiple binding partners
to promote the formation of higher-order protein com-
plexes,"*>'®" such as the ribosome (many ribosomal proteins
are disorderedwz), activated T-cell receptor complexes,58 the
RIP1/RIP3 necrosome,'® and the transcription preinitiation
complex.'® The presence of different functional regions within
the disordered segments, such as molecular recognition features
(MoRFs) and short linear peptide motifs (SLiMs), enables
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binding and can bring together different partners (see sections
3.1 and 3.2). Indeed, larger complexes are assembled from
proteins that tend to be more disordered,'”® and intrinsic
disorder is a common feature of hubs in protein interaction
networks.'®'”” The open structure of disordered assemblers is
largely preserved upon scaffolding their partner proteins,
resulting in a large binding interface that enables multiple
proteins to be bound by a single IDR.'**'” Furthermore,
disordered regions largely avoid the steric hindrance that
prevents the formation of comparably large complexes from
structured proteins.

Assembler function can be imagined in two ways. (i) The first
is structural mortar, which helps to bring together proteins by
stabilizing the complexes they form. A well-studied example of
this behavior is the assembly of the ribosome, which relies on a
sequence of cooperative binding steps of protein and RNA.'"
Although the initial stages of rRNA folding are probably driven
by the RNA itself,""" ribosomal proteins subsequently fold upon
binding the rRNAs,"*>''3 which induces structural changes in
both the RNA and the protein, and guides the complex toward its
native state.''® (ii) The second is scaffolds that serve as
backbones for the spatiotemporally regulated assembly of
different signaling partners. An example of this mechanism is
the Axin scaffold protein, which colocalizes f-catenin, casein
kinase Ia, and glycogen synthetase kinase 3/ by their binding to
Axin’s long intrinsically disordered region, thereby effectively
yielding a complex of structured domains with flexible linkers.'**
The assembly of all four proteins accelerates interactions
between them by raising their local concentrations and leads to

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631
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the efficient phosphorylation and subsequent destruction of -
catenin. Scaffolding regions have one of the highest degrees of
disorder of all functional categories.m9’115

2.6. Scavengers

The final distinct functional class of IDRs and IDPs are
scavengers, which store and neutralize small ligands. Chromo-
granin A, one of the earliest examples of an IDP, functions as a
scavenger by storing ATP and adrenaline in the medulla of the
adrenal gland.116 NMR studies showed that chromogranin is a
random coil in both the isolated form and in its cellular
environment in the intact adrenal gland.ué Caseins and other
calcium-binding phosphoproteins (SCPPs) are highly disor-
dered proteins that solubilize clusters of calcium phosphate in
milk and other biofluids (see section 9.3).""” Finally, salivary
proline-rich glycoproteins are scavenger IDPs that bind tannin
molecules in the digestive tract.>®

3. FUNCTIONAL FEATURES

Different types of functional regions in intrinsically disordered
proteins have been uncovered by investigations aimed both
directly at increasing the understanding of IDRs and indirectly by
linking previously studied functionality of proteins to disordered
regions. First, the majority of linear motifs (such as the SH2
domain interaction motif) have been found as enriched in
IDRs.**7>"® Second, the development of disorder prediction
methods (Box 3) has led to the identification of segments that
promote disorder-to-order transitions called molecular recog-
nition features (MoRFs),"'”~"** which have been verified using
known crystal structures. Third, some interaction domains
identified using crystallography, by sequence analysis, and by
other techniques, turn out to be intrinsically disordered in
solution (e.g, the BH3 domain'**). The following section
discusses these three interaction features separately and points
out the underlying connections between them.

3.1. Linear Motifs

A common functional module within IDRs is the linear
motif,*”**7% also known as LMs, short linear motifs
(SLiMs),"** or MiniMotifs.'"*® By regulating low-affinity
interactions, these short sequence motifs (annotated instances
are usually 3—10 amino acids long*®*) can target proteins to a
particular subcellular location, recruit enzymes that alter the
chemical state of the motif by post-translational modifications
(PTMs), control the stability of a protein, and promote
recruitment of binding factors to facilitate complex forma-
ion.*”*® Linear motifs, helped by the flexible nature of the
disordered regions that surround them,”" primarily bind onto the
surfaces of globular domains,"*”'** and their compact binding
surface Bromotes them to occur multiple times within one
protein.*”** Moreover, the short nature of many linear motifs
means they have a high propensity to convergently evolve and
emerge in unrelated proteins.”*® A consequence of these
properties is that pathogenic viruses and bacteria have evolved to
mimic these linear motifs, allowing them to manipulate
regulation of cellular processes.'>”'°

Linear motifs can be broadly divided into two major families:
those that act as modification sites and those that act as ligands,
with each having numerous subgroups (Figure 6)."*" The first
major family, the enzyme binding or modification motifs, can be
divided into three groups. (i) The first is post-translational
processing events or proteolytic cleavage. A well-known example
is the motif recognized by Caspase-3 and -7, which has an [ED]
xxD[AGS] consensus sequence. Caspases are a family of
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proteases that promote apoptosis and inflammation by cleaving
such motifs in their substrate proteins.'** Hundreds of proteins
have convergently evolved the Caspase-3/-7 motif, and thereby
have come under the regulation of the apoptotic pathway."** (ii)
The second is PTM moiety removal and addition. Many enzymes
that catalyze post-translational modifications recognize a specific
binding sequence on the substrate. For example, the cyclin-
dependent kinase recognition motif [ST]Px[KR] is present in
many mitotic proteins, and its fhosphorylation is key for
regulating cell cycle progression.'** (iii) The third is structural
modifications. This group of motifs is involved in the catalyzed
conformational alteration of a peptide backbone. The classic
example is the peptidylprolyl cis—trans isomerase (PPIase) Pinl,
which binds [ST]P motifs in a phosphorylation dependent
manner to catalyze the cis—trans isomerization of the proline
peptide bond. This modification can regulate the recognition of
phosphorylated [ST]P sites by phosphatases.'**

The second major family of motifs comprises ligand motifs,
which can also be divided into three main groups (Figure 6). (i)
Complex promoting motifs are the most well-known class of
motifs and include the phosphorylated tyrosine motif recognized
by SH2 (Src homology 2) domains, the C-terminal motifs that
bind PDZ domains, and the proline-rich PxxP motifs that interact
with SH3 (Src homology 3) domains.'*® These motifs often
function in protein scaffolding, and their multivalency (tendency
to occur multiple times in one sequence) can increase the avidity
of interactions and promote phase transition (see section 9.2)."’
(i) Docking motifs increase the specificity and efficiency of
modification events (e.g, addition or removal of PTMs, see
above) by providing additional binding surface. These docking
motifs are distinct from the modification sites, but are usually in
the same protein. Examples are the KEN box and D box degrons,
which act as recognition surfaces for ubiquitin ligases that
ubiquitinate the protein on a different position, leading to
degradation of the protein by the 26 proteasome.'*®'* The
KEN box motif occurs in several key mitotic kinases to ensure
their degradation or deactivation at mitotic exit.">® In some cases,
the docking site is present in a protein different from that which
contains the modification site, as exemplified by the F box motif.
Another part of F box proteins recognizes post-translationally
modified degradation motifs of substrates, while the F box itself
docks the Skpl components of SCF (Skp, Cullin, F box) E3
ligase complexes.'*° (iii) Targeting motifs can localize proteins
toward subcellular organelles. For example, importin proteins
involved in nuclear transport recognize the nuclear localization
signal (NLS), usually a motif containing a short cluster of lysines
and arginines, and translocate NLS-containing proteins into the
nucleus.'*! Targeting motifs can also act to traffic proteins, as in
the case of endocytic motifs. These are recognized by adaptor
proteins at different stages of endocytosis to ensure that cargo
proteins are packaged into vesicles and trafficked to the right
location.'**'*

An important feature of linear motifs is their propensity to act
as molecular switches. This is for two major reasons. (i) Linear
motif-mediated interactions are generally low affinity due to the
limited binding surface. This means that large, bulky post-
translational modifications have a big impact on their binding
properties.”" (i) Their small footprint (i.e., size) allows motifs to
occur multiple times in the same protein, thereby promoting high
avidity interactions and the recruitment of multiple factors (e.g.,
the LAT complex in T-cell receptor signaling'**).”” This also
means two different motifs can overlap, resulting in mutually
exclusive binding of interaction partners.”* The ability of a motif
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Figure 6. Functional classification of linear motifs. Linear motifs can be divided into two major families, which each have three further subgroups. The
modification class motifs all act as recognition sites for enzyme active sites, whereas the ligand class motifs are always recognized by the binding surface of
a protein partner. More detailed classification beyond the graph shown here is possible. For example, an important subgroup of docking motifs are the
degrons, which regulate protein stability by recruiting members of the ubiquitin—proteasome system. In the regular expressions, x corresponds to any
amino acid, while other letters represent single letter codes of amino acids; letters within square brackets mean either residue is allowed in that position.

150 200
Sequence index

Figure 7. Classification of molecular recognition features (MoRFs) based on the secondary structure of the bound state. MoRFs (red ribbons) undergo
disorder-to-order transition upon binding their partners (blue surfaces). (A) a-MoRF. BH3 domain of BAD (MoRF) bound to bclxl (partner) (PDB
ID: 1GSJ). (B) f-MoRF. Inhibitor of apoptosis protein DIAP1 (partner) bound to N-terminus of cell death protein GRIM (MoRF) (PDB ID: 1JDS).
(C) -MoRF. AP-2 (partner) bound to the recognition motif of amphiphysin (MoRF) (PDB ID: 1KY7). (D) Complex-MoRF. Phosphotyrosine-
binding domain (PTB) of the X11 protein (partner) bound to amyloid A4 protein (MoRF) (PDB ID: 1X11). Note that the PTB domain of X11
actually binds unphosphorylated peptides and is a PTB by sequence similarity. Panels A—D reprinted with permission from ref 122. Copyright 2007
American Chemical Society. (E) Promiscuity of disorder-controlled interactions illustrated by the pS3 interaction network. A structure versus disorder
prediction on the pS3 amino acid sequence is shown in the center of the figure (up = disorder, down = order) along with the structures of various regions
of p53 bound to 14 different partners. The predictions for a central region of structure, and the disordered amino and carbonyl termini have been
confirmed experimentally for pS3. The various regions of p33 are color coded to show their structures in the complex and to map the binding segments
to the amino acid sequence. Starting with the pS3—DNA complex (top, left, magenta protein, blue DNA), and moving in a clockwise direction, the
Protein Data Bank'*” IDs and partner names are given as follows for the 14 complexes: (1tsr — DNA), (1gzh — S3BP1), (1q2d — genS), (3sak — pS3
(tetramerization domain)), (1xgh — set9), (1h26 — cyclin A), (1Ima3 — sirtuin), (1jsp — CBP bromo domain), (1dt7 — s10048), (2h1l — sv40 Large T
antigen), (1ycs — S3BP2), (2gs0 — PH), (1ycr — MDM2), and (2b3g — RPA70). Reprinted with permission from ref 40. Copyright 2010 Elsevier.
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to rapidly switch between binding partners and create multi-
valent complexes is crucial for the creation of dynamic signaling
networks.”'

3.2. Molecular Recognition Features

Disordered segments can also contain another type of peptide
motif (10—70 amino acids) that promotes specific protein—
protein interactions. These functional elements are called
preformed structural elements (PSEs),""” molecular recognition
features (MoRFs) or elements (MoREs),"?°™"?% or prestruc-
tured motifs (PreSMos)."*® Importantly, MoRFs undergo
disorder-to-order transitions upon binding their interaction
partners (ie., folding upon binding),**'*"'** and often the
unbound form of these preformed elements is biased toward the
conformation that they adopt in the complex.'" Preformed
structural elements and MoRFs may serve as initial contact
points for interaction events, which have different kinetic and
thermodynamic properties than interactions between structured
protein regions as discussed before. Binding of preformed
elements is one version of conformational selection (see
section 6), suggested long ago for interactions with flexible
ligands.145 At the other extreme is induced folding, in which
structure formation and binding occur concomitantly after the
formation of the initial encounter complex. Given the complexity
of many complexes involving intrinsically disordered regions,
interactions involving both conformational selection of pre-
formed elements and induced folding likely occur.”>'*

MOoRFs occurring in the Protein Data Bank'*” can be classified
into subtypes according to the structures they adopt in the bound
state: a-MoRFs, f-MoRFs, and -MoRFs (Figure 7A—C),121
which form a-helices, f-strands, and irregular (but rigid)
secondary structure when bound, respectively. MoRFs that
contain combinations of different types of secondary structure
are called complex (Figure 7D).'*" The p33 protein contains
multiple MoRFs that are disordered in the absence of their
interactors (Figure 7E)."?%'*! The first p53 MoRF is located near
the N-terminus and undergoes a transition from a disordered to
an a-helical state upon interaction with the Mdm?2 protein. In
fact, this region of p53 exemplifies the high potential of IDRs for
multiple partner binding as it is known to bind more than 40
different partners. However, for most of these complexes, the 3D
structures are not determined, and therefore the MoRF type is
not always known. The region between p53 residues 40 and 60
features an @-MoRF that functions as a secondary binding site for
Mdm? as well as a primary binding site for RPA70.'*" In the
absence of any binding partner, this region shows evidence of
minimal helical secondary structure,'*’ whereas when bound to
either Mdm2'° or RPA70,"*! a stronger helical structure is
observed. The C-terminal region of p53 also contains a MoRF
that interacts with multiple partners, giving rise to different
bound structures. For example, the S100B(/33) protein induces a
helical structure, while interaction with the Cdk2—cyclin A
complex leads to an irregular i--MoRF. An example of the role of
MOoREFs in scaffolding 2proteins is RNase E, which assembles the
RNA degradosome.'>” The flexible C-terminal end of RNase E
contains several recognition motifs that are central to its
scaffolding function and serve as binding sites for other members
of the de§radosome.153 For example, an a-MoRF interacts with
enolase,”* and a S-MoRF binds polynucleotide phosphor-
ylase.">® The recognition features are connected by disordered
segments that accommodate assembly of the multiprotein
complex by providing the required space and flexibility. Lee
and co-workers'>® have annotated the secondary structure
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propensities of many other regions that display transient
structural elements and undergo disorder-to-order transitions,
all of which have been experimentally confirmed by NMR
spectroscopy.

Sequence context can play an active role in modulating the
degree of structural preorganization of a MoRF. An example
pertains to the study of DNA binding motifs in the basic regions
(bRs) of basic region leucine zipper transcription factors."® The
bRs are 28—30 residue long regions predicted to be highly
disordered and include a strongly conserved 10-residue DNA
binding motif (DBM). The a-helicity (i.e., preference for a-
helical conformation) of the DBM in the unbound form is
modulated by the sequence of the N-terminal segment that is
directly in cis to the DBM."*® For example, the N-terminal
sequence contexts of Gen4 and Cys3 DBMs contribute to a
higher level of helicity of the DBM than the same region in c-Fos
and Fral (whose DBMs have a low helicity). Essentially, the N-
terminal sequence contexts are helix caps, and these can be used
in different ways to ensure different levels of structural
preorganization within an a-MoRF, thereby suggesting that
investigating sequence contexts can provide useful clues when
classifying MoRFs and linear motifs.">”

3.3. Intrinsically Disordered Domains

Most protein domains that are identified using sequence-based
approaches are structured, but some can be fully or largely
disordered™>® or contain conserved disordered regions,159
known as intrinsically disordered domains (IDDs). For instance,
about 14% of Pfam domains have more than 50% of their
residues in predicted disordered regions. Many well-known
domains, such as the kinase-inhibitory domain (KID) of Cdk
inhibitors (e.g, p27°°) and the Wiskott—Aldrich syndrome
protein (WASP)-homology domain 2 (WH2) of actin-binding
proteins,*® have been shown experimentally to be fully
disordered in isolation and solution. Protein domains with
conserved disordered regions have a variety of functions, but are
most commonly involved in DNA, RNA, and protein binding."*
Furthermore, domains that were gained during evolution by the
extension of existin% exons contain the highest degree of
disordered regions.'®® This suggests that exonization of
previously noncoding regions could be an important mechanism
for the addition of disordered segments to proteins.

Interestingly, it has also been observed that particular
disordered regions frequently co-occur in the same sequence
with specific protein domains.'*”'*> Some domain families
appear only to require the presence of disorder in their
neighborhood for functioning, while others seem to rely on the
occurrence of disordered regions in specific locations relative to
the start or end of the protein domain."®" For example, particular
combinations of domains, involved mainly in regulatory, binding,
receptor, and ion-channel roles, only occur with a disordered
region inserted between them, while others only occur without a
disordered domain between them. These observations imply that
short disordered regions in the vicinity of protein domains
complement the function of a structured domain, and in some
cases may comprise separate functional modules in their own
right. Thus, the co-occurrence of IDRs and structured domains in
the same protein might be useful to gain insight into unannotated
disordered regions.

3.4. Continuum of Functional Features

A measure that is often used to distinguish the different types of
disordered binding modules is length; however, this is likely to
stem primarily from the different methodology used for their
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detection. Protein domain detection relies on hidden Markov
models,”* which is not the best approach for identifying short
sequences, and therefore domain annotation tends to focus on
larger sequence regions. In contrast, linear motifs in the ELM
database are biased toward short binding modules (~3—10
amino acids*®'*°) as these are more straightforward to annotate.
Finally, the tendency of MoRFs and preformed elements to
undergo disorder-to-order transitions and the statistics used for
their detection means that these features tend to be slightly
longer than annotated linear motifs.

Thus, although there are differences in the definitions of linear
motifs and MoRFs, they share many common features’>'®®
including a tendency to undergo disorder-to-order transition (all
MOoREFs by definition and ~60% of LMs*®), an enrichment in
IDRs (MoRFs by definition and ~80% of LMs are in IDRs**7?),
and a tendency to promote complex formation,*¥'°%!**
Intrinsically disordered domains (IDDs) can also have significant
overlap with MoRFs and linear motifs. For example, the WH2
domain is considered an IDD"*® and is also defined as a motif in
the ELM database.'””®> One feature that is probably more
common in IDDs is that some are not only capable of binding
to well-folded, structured domains (a mechanism shared with
motifs and MoRFs), but can also bind each other in a process of
mutually induced folding. For example, the nuclear coactivator
binding domain (NCBD) of CREB-binding protein (CBP) and
the activator for thyroid hormone and retinoid receptors
(ACTR) domain of p160 are both disordered on their own but
upon interaction form a complex by mutual synergistic
folding.'* The overlap between linear motifs and MoRFs
especially, but also IDDs, suggests that these functional features
are different states in the same continuum of binding
mechanisms involving disordered regions.

Disorder * » Order
)j transient q
compact molten disordered folded
extended ssetﬁggﬂﬁg globule globule loop protein
=
Compaction

Figure 8. Schematic representation of the continuum model of protein
structure. The color gradient represents a continuum of conformational
states ranging from highly dynamic, expanded conformational
ensembles (red) to compact, dynamically restricted, fully folded
globular states (blue). Dynamically disordered states are represented
by heavy lines, stably folded structures as cartoons. A characteristic of
IDPs is that they rapidly interconvert between multiple states in the
dynamic conformational ensemble. In the continuum model, the
proteome would populate the entire spectrum of dynamics, disorder,
and folded structure depicted.

4. STRUCTURE

Intrinsically disordered regions and proteins show a wide variety
of structural subtypes. These different types of disorder can be
characterized using an array of experimental techniques (Box 2),
and several resources collect computationally identified and
experimentally verified disordered regions (Box 1). The
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following section discusses classification schemes that are
based on structural features of disordered proteins.

4.1. Structural Continuum

Proteins have been proposed to function within a conformational
continuum, ranging from fully structured to completely
disordered.>” The spectrum covers tightly folded domains that
display either no disorder or only local disorder in loops or tails,
multidomain proteins linked by disordered regions, compact
molten globules containing extensive secondary structure,
collapsed globules formed by polar sequence tracts, unfolded
states that transiently populate local elements of secondary
structure, and highly extended states that resemble statistical coils
(Figure 8). In this model, there are no boundaries between the
described states and native proteins could appear anywhere within
the continuous landscape. IDRs are highly dynamic and fluctuate
rapidly over an ensemble of heterogeneous conformations (see
section 4.2)."% Thus, an IDR may fluctuate stochastically between
several different states, transiently sampling coil-like states, localized
secondary structure, and more compact globular states. Transient
localized elements of secondary structure (most often helices) are
common in amphipathic regions of the sequence and potentially
play a role in binding processes.”” The structural characteristics and
populations of the individual states in the conformational ensemble
and the degree of compaction of the polypeptide chain are
determined by the nature of the amino acids and their distribution
in the IDR sequence (see section 5.1)."*~'% For example, low and
high average charges typically lead to disordered globules and
swollen coils, respectively.'**'¢”

4.2. Conformational Ensembles

Disordered regions in the native unbound state exist as dynamic
ensembles of rapidly interconverting conformations,¢>'6%!7°
which can be described by relatively flat energy land-
scapes.””'”"'7> Conditions, post-translational modifications,
and binding events (see section 6) change the relative free
energies of individual conformations as well as the energy
differences between conformations.””'7>™17% As a result, the

populations of individual conformations within the ensemble

Ordered

Pre-molten globule

Molten globule

Random coil

Figure 9. The protein quartet model of protein conformational states. In
accordance with this model, protein function arises from four types of
conformations of the polypeptide chain (ordered forms, molten
globules, pre-molten globules, and random coils) and transitions
between any of these states.
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change under different conditions. These individual states are
often important for function. Thus, the dynamic nature of IDPs is
best modeled by statistical approaches that describe the
probabilities of individual conformations in the ensem-
ble,"”>*"717® and is best measured by experimental techniques

that prevent conformational averaging (Box 2).'7%~'%>

4.3. Protein Quartet

The protein quartet model proposes that protein function can
arise from four types of conformational states and the transitions
between them: random coil, pre-molten globule, molten globule,
and folded (Figure 9).>*** In this model, unbound disordered
regions could fall into all categories except for “folded”. Proteins
in the pre-molten globule state are less compact than molten
globules, but still show some residual secondary structure. In
contrast, proteins in the random coil state show little or no
secondary structure. The pre-molten globule state has a high
propensity to participate in folding upon binding events, >
which would make this structural state suitable for disordered
regions acting as effectors and scaffolds. On the basis of the
notion that IDPs and IDRs possess great structural and sequence
heterogeneity, proteins may also be considered as modular
assemblies of foldons (independently foldable regions),
inducible foldons (foldable regions that can gain structure as a
result of interaction with specific partners), semifoldons (regions
that are alwags partially folded), and nonfoldons (regions that
never fold)."** The four distinct conformational states of the
quartet model are a subset of the continuous spectrum of
differently disordered states (see section 4.1),>” which extends
from fully ordered to completely structure-less proteins, with
everything in between. A single description of structure (such as
the quartet states) may be suitable for the conformational
average of a protein, while a structural continuum is a better
description of an ensemble of different conformations (see
section 4.2).

FG nucleoporins are an example of the functional significance
that different disordered conformations can have. The porins
make up the central part of nuclear pore complexes (NPCs) and
regulate nucleocytoplasmic transport.'®® Intrinsically disordered
regions with multiple phenylalanine-glycine (FG) motifs make
up large parts of the NPC gates. FG regions adopt various
disordered conformations with specific functions.'®® Some
regions have the low charge characteristics of collapsed coils,
while others are characterized by a high degree of charged amino
acids, giving rise to relaxed and extended coil structures.
Molecular dynamics simulations have shown that extended
coils are more dynamic than collapsed coils, suggesting distinct
functionalities for the two structural groups. Interestingly, some
FG nucleoporins feature both types of disorder along their
polypeptide chain. Combinations of disorder subtypes in
nucleoporin domains are likely to contribute to NPC gating
behavior by creating “traffic” zones with distinct physicochemical
properties that influence the dynamics of substrate translocation
through the nuclear envelope.'® ™"

4.4. Supertertiary Structure

IDRs allow for complex regulatory phenomena, as witnessed in
the case of multidomain proteins in signaling and regula-
tion, 3007071136190 Because of the presence of structural
disorder, functional domains, and short motifs, multidomain
proteins are characterized by a dynamic ensemble of tertiary con-
formations. Some conformations are dominated by intramolecular
domain—domain and domain—motif interactions and are closed
and structured in nature, while other conformations are more open
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and disordered. This state of conformational variability within a
protein lies between the tertiary structure of proteins and the
quaternary structure of multiprotein assemblies, and has been
termed supertertiary structure.'”’ Complex regulatory function
stems from transitions in the ensemble of these structures, as
demonstrated by several well-characterized proteins, such as the
Wiskott—Aldrich syndrome protein (WASP, see section 2.4),”*
the Src-{e;rsnily tyrosine kinase Hck,'> and the E3 ubiquitin ligase
Smurf2.

5. SEQUENCE

The sequences of IDPs and IDRs have distinct compositional
biases. They are enriched in charged and polar amino acids and
depleted in bulky hydrophobic groups.>"**'**'%> These biases
have led to the inference that disorder is a natural consequence of
weakening the hydrophobic effects that drive folding of
polypeptides into compact tertiary structures. Although
disordered regions generally lack the ability to fold independ-
ently due to these biases in amino acid composition, distinct
subsets of sequences that have different structural and functional
characteristics can be identified within IDRs. The special
sequence properties of disordered regions are the basis for
many disorder prediction methods (Box 3). The following
section covers sequence-based classification schemes of IDRs.

5.1. Sequence—Structural Ensemble Relationships

Systematic efforts combining experiments and computations
have addressed the relationship between information encoded in
amino acid sequences and the ensemble of conformations (see
section 4.2) these sequences can sample in different conditions.
These studies have focused on three major archetyge sequences:
polar tracts, polyelectrolytes, and polyampholytes.'”® Polar tracts
are sequence stretches enriched in polar amino acids such as
glutamine, asparagine, serine, glycine, and proline, and deficient
in charged as well as hydrophobic residues. These polar tracts
(especially glutamine, asparagine, and glycine-rich sequences)
form globules that are generally devoid of significant secondary
structure preferences'’”'*” "% and can be as compact as well-
folded domains.'”® Collapse of polar tracts arises from the
preference for self-solvation over solvation by the aqueous
milieu. In this case, disorder derives from a lack of specificity for a
single compact conformation as instead heterogeneous ensem-
bles of conformations with similar stabilities and compactness are
formed. The free energy landscape of polar tracts is weakly
funneled and resembles an “egg carton”.**" Interestingly, the
drive to collapse, which implies a drive to minimize the interface
between the IDR and the surrounding solvent, can also give rise
to the significant aggregation and solubility problems™" as is the
case with several glutamine, asparagine, and glycine-rich
sequences that are implicated in amyloid formation and phase
separation.202

Another end of the compositional spectrum are polyelec-
trolytes. Their amino acid compositions are biased toward
charged residues of one type such as the ar%inine-rich
protamines'® or the Glu/Asp-rich prothymosin a.'®” Experi-
ments and simulations have shown that the tendency of
polypeptide backbones to form ensembles of collapsed structures
can be reversed by increasing the net charge per residue past a
certain threshold (Figure 10A). The transition between globules
and expanded coils is sharp, suggesting that small changes to the
net charge per residue through post-translational modifications
such as serine or threonine phosphorylation or lysine acetylation
could cause reversible globule-to-coil transitions. These
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1: Weak Polyampholytes & Polyel lytes:
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3 : Strong Polyampholytes:
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4 & 5: Strong Polyelectrolytes:
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Figure 10. Originallé6 and modified*** diagram-of-states to classify predicted conformational properties of IDPs (and IDRs modeled as IDPs). (A) The
original diagram predicts that sequences with a net charge per residue above 0.25 will be swollen coils. The three axes denote the fraction of positively
charged residues, f,, the fraction of negatively charged residues, f_, and the hydropathy. All three parameters are calculated from the amino acid
composition. Green dots correspond to 364 curated disordered sequences extracted from the DisProt database.”*® These sequences have hydropathy
values that designate them as being disordered; that is, they lie in the bottom portion of the pyramid by definition. Additional filters were used for chain
length (more than 30 residues) and the fraction of proline reSIdues (fpm <0.3).97% of sequences used in this annotation have a net charge per residue of
less than 0.26 and are thus predicted to be globule formers.”** Adapted from ref 166. Copyright 2010 National Academy of Sciences of the United States
of America. (B) Modified dlagram -of-states from panel (A) with a focus only on the bottom portion of the pyramid (i.e., stipulating that the hydropathy
is low enough to be ignored).”** The polyampholytic contribution expands the space encompassed by nonglobule-formers by subdividing the
disordered globules space in panel (A) into three distinct regions of which sequences in regions 2 and 3 actually may not form globules. In these
polyampholytic regions, one has to account for the total charge, in terms of the fraction of charged residues (FCR), as well as the net charge per residue
(NCPR) as opposed to NCPR alone. Conformations in regions 2 and 3 are expected to be random-coil-like if oppositely charged residues are well mixed
in the linear sequence. Otherwise, one can expect compact or semicompact conformations. The classification scheme uses only the amino acid sequence
as input. Reprinted with permission from ref 204. Copyright 2013 National Academy of Sciences of the United States of America.

transitions might control the accessibility of SLiMs and MoRFs well-mixed oppositely charged residues, the effects of electro-
or even modulate the conformations of these elements. static repulsions and attractions counterbalance. These mixed
The impact of the net charge per residue on the conforma- sequences adopt random-coil or globular conformations,

tional properties of IDRs can be summarized in a diagram-of-
states (Figure 10A),"*® which generalizes the original charge-
hydropathy plot.>* The diagram classifies IDRs on the basis of
their amino acid compositions. Annotation usin, ing curated

depending on the total charge (in terms of the fraction of
charged residues) (Figure 10B). Many IDPs are strong
polyampholytes with well-mixed linear patterns of oppositely

disordered sequences from the DisProt database’® (Box 1) charged residues.”** Thus, IDPs are actually enriched in different
initially suggests that a vast majority (~95%) of IDPs have amino classes of random coils that form swollen, loosely packed
acid compositions that predispose them to be globule formers conformations (Figure 10B). Such random-coil sequences are
(Figure 10A).** However, most of these predicted globule likely to help improve the solubility profiles of connected
formers are actually polyampholytes in that they are enriched in structured domains (see section 9.1) and to promote the
charged residues bUt have roughly equal numbers of positive and flexibility that is required for functions such as entropic tethers,

negative charges.”** Although such sequences are classified as
globule formers on the basis of their low net charge per residue,
in reality the conformational properties of polyampholytes are
governed by the linear sequence distribution of oppositely
charged residues. If the oppositely charged residues are

which promote high local concentrations of connected protein
parts, or entropic bristles, which occupy large volumes by rapid
exploration of conformations. These biophysical principles of
sequence—structural ensemble relationships enable the use of de

segregated in the linear sequence, then electrostatic attractions novo sequence design as a tool for modulating these properties
between oppositely charged blocks cause chain collapse and and assessing their impact on functions associated with IDPs and
result in hairpin or globular conformations. In sequences with IDRs.
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5.2. Prediction Flavors

Methods for predicting disordered regions have generally been
successful (Box 3), but their prediction accuracies vary for
different types of disordered regions.”® Some predictors
accurately predict certain disordered regions but have lower
accuracy predicting others, whereas other predictors give
opposite results. Vucetic and co-workers>® classified protein
disorder into three different “flavors” based on competition
between disorder predictors. These V, C, and S disorder flavors
(corresponding to the names of the disorder predictors that best
predict them: VL-2V, VL-2C, and VL-2S) show differences in
sequence composition, and combinations of flavors could be
associated with different protein functions. For example,
disordered regions that bind to other proteins are enriched for
flavor S, while disordered ribosomal proteins predominantly
belong to flavor V. Flavor C gave strong disorder predictions for
sugar binding domains.

5.3. Disorder—Sequence Complexity Space

The relationship between sequence complexity and disorder
propensity provides further insight into the structural and
functional variations of IDRs.”* Different functional classes of
proteins often show a different disorder—sequence complexity
(DC) space distribution. A frequently observed DC-distribution
is composed of a compact structured part and a section extending
out into the low-complexity and high-disorder space before
looping back into the structured region. This pattern describes a
disordered linker region between structured domains. An
example is the bacterial translation initiation factor, which
contains a sequence that locates to the low-complexity, high-
disorder region of DC space. This loop connects the N- and C-
terminal domains, which are high-structure and high-complex-
ity.2°***” Functionally related proteins have similar disorder—
sequence complexity distributions, suggesting that these
distributions might be useful for predicting the function of a
disordered region.

5.4. Overall Degree of Disorder

Large-scale studies into IDP function often group the proteins on
the basis of some measure of disorder. For example, protein
sequences have been categorized on the basis of the overall
degree of disorder (i.e., the fraction of residues that is shown or
predicted to be disordered),*®** resulting in groups of
structured proteins (0—10% disorder), moderately disordered
proteins (10—30% disorder), and highly disordered proteins
(30—100% disorder). For 24% of human protein-coding genes,
at least 30% of residues are predicted to be disordered
(Figure 2A). Other studies classified proteins on the basis of an
overall score of disorder for the whole protein,*® and the presence
or absence of continuous stretches of disordered residues with a
specific length.35’51’161’208 Largely structured proteins are enriched
for metabolic functions, while highly disordered proteins function
predominantly in regulation. Hence, classification of disordered
proteins based on the level of disorder provides clues about what
types of functions are likely.

5.5. Length of Disordered Regions

The length of IDRs in human follows a power law distribution:
there are large numbers of short disordered regions and
increasingly smaller numbers of longer ones.*'® Other eukaryotic
and prokaryotic proteomes show similar disorder length profiles.
44% of human protein-coding genes contain substantial
disordered segments of >30 amino acids in Iength49 (similar
data shown in Figure 2A). Short IDRs may function as linkers
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and contain individual linear motifs or MoRFs, whereas longer
disordered regions might be entropic chains or contain
combinations of motifs or domains functioning in recognition.
Very long disordered regions (more than S00 residues) are
typically over-represented in transcription-related functions,*"!
whereas proteins containing IDRs of 300—500 residues in length
are enriched for kinase and phosphatase functions. Shorter IDRs
(less than S0 residues) tend to be linked to metal ion binding, ion
channels, and GTPase regulatory functions. Thus, the length of a
disordered region can also provide a useful indication about the
functional nature of the protein containing it.

5.6. Position of Disordered Regions

Almost all human proteins have some disordered residues within
their terminal regions.”” For example, 97% of proteins have
predicted disorder in the first or last five residues.'®" Disordered
N-terminal tails are common in DNA-binding proteins, and have
been shown to contribute to efficient DNA scanning.*'?
Furthermore, proteins that are relatively rich in disordered
residues at the C-terminus are often associated with transcription
factor repressor and activator activities as compared to proteins
rich in internal or N-terminal disorder.*!* Membrane proteins,
depending on their topology of insertion, also contain disordered
regions in the N- or C-terminus, but their sequence composition
is different as compared to disordered regions in cytosolic
proteins.”'® Ton channel proteins are enriched for disordered
residues at the N-terminus, and the same is true to a lesser extent
for C-terminal disorder.”'" These terminal disordered regions are
often functionally relevant, as illustrated by their role in the
inactivation of voltage-gated potassium channels.*'* Similarly,
many G-protein-coupled receptors (GPCRs) have large
disordered regions in their C-terminus, and often in the
intracellular loops.*"> Several of them harbor peptide motifs
that link ligand binding in the transmembrane region of the
receptor to intracellular effectors, or contain PTM sites or linear
motifs that govern their stability.*'® Finally, proteins that are
relatively rich in internal disordered regions are weakly enriched
for transcription regulator and DNA binding activity.”"" Thus,
the relative position of a disordered region in a sequence provides
clues about the function of the protein containing it.

5.7. Tandem Repeats

Short tandem repeats are common in IDRs and IDPs.®"*!7~22°

For instance, as much as 96% of polyglutamate and polyserine
stretches lie within disordered regions.”*? Similarly, large
fractions were found for proline, glycine, glutamine, lysine,
aspartate, arginine, histidine, and threonine repeats. In contrast,
polyleucine stretches occur predominantly within structured
regions. These observations agree with the compositional bias of
disordered regions (see section 5.1); the most common tandem
repeats in IDRs are made up of disorder-promoting residues**'**
and of sequence patterns that are typically associated with
disorder.'”> Moreover, a distinction between perfect and
imperfect tandem repeats suggests that as the repeat perfection
increases, so does the disorder content.**

Repeats of different composition have been linked to specific
functions.*'***! Consequently, the presence of particular types
of repeats is likely to contribute to IDR functioning. Descriptions
and examples of different classes of disordered tandem repeats
and their structural characteristics have been reviewed
previously.*'® For instance, polyproline and polyglutamine
stretches are associated with protein and nucleic acid binding
and transcription factor activity.uz'223 Protein segments
enriched for glutamine and asparagine often occur in disordered
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Topological categories of fuzzy complexes

Figure 11. Classification of fuzzy complexes by topology (upper panel) and by mechanism (lower panel). Blue arrows indicate interactions between
fuzzy disordered regions and structured molecules. Protein Data Bank'*” identifiers for the structures are given in parentheses. Topological categories:
(A) Polymorphic. The WH2 domain of ciboulot interacts with actin in alternative locations: via an 18-residue segment (3u9z) or via only three residues
(2f83). The flanking regions remain dynamically disordered. (B) Clamp. The Oct-1 transcription factor has a bipartite DNA recognition motif. The two
globular binding domains are connected by a 23 residue long disordered linker (1hf0), shortening of which reduces binding affinity. (C) Flanking. The
p275%! cell-cycle kinase inhibitor binds to the cyclin—Cdk2 complex (1jsu). The kinase binding site is flanked by a ~100 residue long disordered linker,
which enables T187 at the C-terminus to be phosphorylated. (D) Random. UmuD?2 is a dimer that is produced from UmuD by RecA-facilitated self-
cleavage (1i4v). The resulting proteins exhibit a random coil signal in circular dichroism experiments at physiologically relevant concentrations.
Mechanistic categories: (E) Conformational selection. The fuzzy N-terminal acidic tail of the Max transcription factor (1nkp) facilitates formation of the
DNA binding helix (dark red) of the leucine zipper basic helix—loop—helix () HLH) motif. (F) Flexibility modulation. The disordered serine/arginine-
rich region of the Ets-1 transcription factor (Imdm) changes DNA binding affinity by 100—1000-fold by modulating the flexibility of the binding
segment via transient interactions. (G) Competitive binding. The acidic fuzzy C-terminal tail of high-mobility group protein B1 (2gzk) competes with
DNA for the positively charged binding surfaces. (H) Tethering. The binding of the virion protein 16 activation domain to the human transcriptional
coactivator positive cofactor 4 (2phe) is facilitated by acidic disordered regions, which anchor the binding segments.

regions>>* and are abundant in eukaryotic proteomes,”** despite repeats associated with a specific function include sequences
their propensity to aggregate or form coiled-coil structures.”® enriched in lysine, alanine, and proline in the histone H1 C-
The aggregation propensity of the Q/N-enriched segments is terminal domain, which are involved in the formation of 30 nm
exploited in the formation of physiologically relevant assemblies chromatin fiber by binding linker DNA between the
such as P-bodies (e.g., Ccr4 and Pop2), stress granules, and nucleosomes.>>¥*** A final example is dentin sialophosphopro-
processing bodies.”?” However, expanded polyglutamine repeats tein (DSPP), which contains extensively phosphorylated repeats
are also associated with neurodegenerative disorders, the most of aspartic acid anci ;Serine involved in calcium phosphate binding
well-known being Huntington’s disease.”*® Moreover, several (see section 9.3).” Some repeat-containing regions are also

prone to undergo phase transitions from a soluble monomeric
state to an insoluble large assembly form, as demonstrated for
regions rich in proline, threonine, and serine residues in mucins
(see section 9.2).%%

prion-like yeast proteins (e.g, Sup3Sp and Ure2p) contain
intrinsically disordered Q/N-rich protein segments that have
been implicated in the switch between a soluble and an insoluble,
aggregated form.**>**” Another example of functional disor-
dered repeats occurs in the SR protein family of splicing factors

(e.g, ASF/SF2 and SRp75).>****! SR proteins mediate the 6. PROTEIN INTERACTIONS

assembly of spliceosome components. They consist of an N- Disordered region-mediated molecular interactions have been
terminal RNA-recognition motif and a disordered C-terminus proposed to work using a combination of conformational
with tandem repeats of arginine and serine residues (RS selection and induced folding.”>'****” These mechanisms of
domain). Phosphorylation switches the RS domain of the binding are two extreme possibilities and are not mutually
serine/arginine-rich splicing factor 1 (SRSF1) from a fully exclusive. Both play a role in the interaction between two
disordered state to a more rigid structure.”** Other disordered proteins, the dominant mechanism depending, for example, on
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Figure 12. A portrait gallery of disorder-based complexes. Illustrative examples of various interaction modes of intrinsically disordered proteins are
shown. Protein Data Bank'*’ identifiers for the structures are given in parentheses. (A) MoRFs. Aa, @-MoRF, a complex between the botulinum
neurotoxin (red helix) and its receptor (a blue cloud) (2NM1); Ab, i-MoRF, a complex between an 18-mer cognate peptide derived from the a1 subunit
of the nicotinic acetylcholine receptor from Torpedo californica (red helix) and a-cobratoxin (a blue cloud) (1LXH). (B) Wrappers. Ba, rat PP1 (blue
cloud) complexed with mouse inhibitor-2 (red helices) (208A); Bb, a complex between the paired domain from the Drosophila paired (prd) protein and
DNA (1PDN). (C) Penetrator. Ribosomal protein s12 embedded into the rRNA (1N34). (D) Huggers. Da, E. coli trp repressor dimer (1ZT9); Db,
tetramerization domain of pS3 (1PES); D, tetramerization domain of p73 (2WQI). (E) Intertwined strings. Ea, dimeric coiled coil, a basic coiled-coil
protein from Eubacterium eligens ATCC 27750 (3HNW); Eb, trimeric coiled coil, salmonella trimeric autotransporter adhesin, SadA (2WPQ); Ec,
tetrameric coiled coil, the virion-associated protein P3 from Caulimovirus (201]). (F) Long cylindrical containers. Fa, pentameric coiled coil, side and
top views of the assembly domain of cartilage oligomeric matrix protein (1FBM); Fb, side and top views of the seven-helix coiled coil, engineered version
of the GCN4 leucine zipper (2HY6). (G) Connectors. Ga, human heat shock factor binding protein 1 (3CI9); Gb, the bacterial cell division protein
ZapA from Pseudomonas aeruginosa (IW2E). (H) Armature. Ha, side and top views of the envelope glycoprotein GP2 from Ebola virus (2EBO); Hb,
side and top views of a complex between the N- and C-terminal peptides derived from the membrane fusion protein of the Visna (1JEK). (I) Tweezers or
forceps. A complex between c-Jun, c-Fos, and DNA. Proteins are shown as red helices, whereas DNA is shown as a blue cloud (1FOS). (J) Grabbers.
Structure of the complex between fPIX coiled coil (red helices) and Shank PDZ (blue cloud) (3L4F). (K) Tentacles. Structure of the hexameric
molecular chaperone prefoldin from the archaeum Methanobacterium thermoautotrophicum (1FXK). (L) Pullers. Structure of the ClpB chaperone from
Thermus thermophilus (1QVR). (M) Chameleons. The C-terminal fragment of pS3 gains different types of secondary structure in complexes with four
different binding partners, cyclin A (1H26), sirtuin (1MA3), CBP bromo domain (1JSP), and s100 (1DT7). Panels A—M reprinted with permission
from ref 257. Copyright 2011 The Royal Society of Chemistry. (N) Dynamic complexes. Schematic representation of the polyelectrostatic model of the
Sic1—Cdc4 interaction. An IDP (ribbon) interacts with a folded receptor (gray shape) through several distinct binding motifs and an ensemble of
conformations (indicated by four representations of the interaction). The intrinsically disordered protein possesses positive and negative charges
(depicted as blue and red circles, respectively) giving rise to a net charge q;, while the binding site in the receptor (light blue) has a charge g,. The effective
distance (r) is between the binding site and the center of mass of the intrinsically disordered protein. Panel N was reprinted with permission from ref 243.
Copyright 2010 John Wiley & Sons, Inc.

the concentrations of the individual proteins®*® and the binding.''*'*>'7*!7% This mechanism has been observed in both

173

association rate constants.** In conformational selection,
addition of binding partners can result in a population shift in
the conformational ensemble of a disordered protein (see
section 4.2) toward the conformation that is most favorable for
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protein—protein and protein—nucleic acid interactions.
Evidence for the role of conformational selection in IDP binding
comes, for example, from the interaction between PDEy and the
a-subunit of transducin,* which is important in phototransduction.
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The dynamic ensemble of unbound PDEy includes a loosely folded
state that resembles its structure when bound to transducin. In
induced folding, a protein undergoes a disorder-to-order
transition upon association with its binding partner.”>! #6240
Evidence for this mechanism in IDP binding comes, for example,
from a study investigating the disordered pKID region of CREB
and the KIX domain of CREB-binding protein. Upon binding of
pKID to the KIX domain, an ensemble of transient encounter
complexes forms, which appear to be stabilized primarily by
hydrophobic contacts and evolve to form the fully bound state
via an intermediate state without disassociation of the two
domains.”"**!

6.1. Fuzzy Complexes

Although disordered protein regions frequently fold upon
interacting with other proteins, complexes with IDPs often
retain significant conformational freedom and can only be
described as structural ensembles.** The conformations that
disordered proteins adopt in the bound state cover a continuum,
similar to the structural spectrum of free, unbound IDPs,*** and
range from static to dynamic, and from full to segmental
disorder.”** In static disordered complexes, disordered regions
can adopt multiple well-defined conformations in the complex,
whereas in dynamic disorder they fluctuate between various
states of an ensemble in the bound state.

Disorder in the bound state can be classified into four
molecular modes of action, each of which is associated with
specific molecular functions (Figure 11A—D)."”**** (i) The
polymorphic model is a form of static disorder, with alternative
bound conformations serving distinct functions by having
different effects on the binding partner. Examples are the Tcf4
P-catenin binding domain®** and the WH2 binding domains of
thymosin f34 or ciboulot,”* which have been shown to adopt
several distinct conformations upon f-catenin and actin binding,
respectively. Different actin—-WH2 domain complexes have
alternative interaction interfaces and result in actin polymers with
different topologies.”* The (ii) clamp and (jii) flanking models
represent forms of dynamic disorder in which complex formation
either involves folding upon binding of two disordered segments
that are connected by a linker that remains disordered, or the
reverse situation, respectively. The cyclin-dependent kinase
(Cdk) inhibitor p21, for example, acts as a clamp. It contains a
dynamic helical subdomain that serves as an adaptable linker that
connects two binding domains and enables these to specifically
bind distinct cyclin and Cdk complex combinations.>*® In both
the clamp and the flanking models, disordered regions near the
interacting protein segments (often short peptide motifs)
contribute to binding by influencing affinity and specificity.****’
This phenomenon relates to the importance of the sequence
context in modulating disordered binding elements (see section 3).
Finally, (iv) the random model is an extreme version of dynamic
disorder in protein complexes, which occurs when the IDR
remains largely disordered even in the bound state. In this
case, interaction is achieved via linear motifs that do not get fixed
upon binding. An example is the self-assembly of elastin, where
solid-state NMR has provided evidence for dynamic disorder
within elastin fibers, which exhibit random-coil like chemical shift
values.*** Another case is the complex between the Cdk inhibitor
Sicl and the SCF ubiquitin ligase subunit Cdc4, which is formed
in a phosphorylation-dependent manner.”* At any given time,
only one out of nine Sicl phosphorylation sites interact with the
core Cdc4 binding site, while the others contribute to the binding
energy via a secondary binding site or via long-range electrostatic
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interactions (Figure 12N). Hence, binding interchanges
dynamically within the Sicl—Cdc4 complex to provide ultrafine
tuning of the affinity.”***>

Bound disordered regions can impact the interaction affinity
and specificity of the complex and tune interactions of folded
regions'’® with proteins or DNA.>*' Four different mechanisms
have been proposed for the formation of fuzzy complexes (Figure
11E—H). (i) The first is conformational selection, when the
disordered region shifts the conformational equilibrium of the
binding interface toward the bound form. The fuzzy N-terminal
tail of the Max transcription factor, for example, reduces
electrostatic repulsion in the basic helix—loop—helix (bHLH)
domain and thereby facilitates formation of the DNA recognition
helices, which increases binding affinity by 10—100-fold.”>* (ii)
In the second mechanism, the disordered region(s) modulate
flexibility of the binding interface. The serine- and arginine-rich
region of the Ets-1 transcription factor exemplifies this
mechanism, which reduces DNA binding affinity by 100—
1000-fold.*** (iii) The third mechanism is competitive binding of
the disordered region. Here, the IDR acts as a competitive
inhibitor of other regions in the same protein for binding to a
partner. The acidic fuzzy C-terminal tail of high-mobility group
protein Bl (HMGB1) negatively regulates interaction of the
HMG DNA binding domains by occluding the basic DNA-
binding surfaces.”** (iv) In the fourth mechanism, the disordered
region serves to tether a weak-affinity binding region to increase
its local concentration. For example, a fuzzy N-terminal domain
anchors the human positive cofactor 4 (PC4) to several
transactivation domains including the herpes simplex virion
protein 16 (VP16).*> All mechanisms of disordered complex
formation affect binding to different degrees and can be further
tuned by post-translational modifications.'’***" PTMs in the
disordered region may act as affinity tuners by modulating the
charge available for biomolecular interactions.”>°

6.2. Binding Plasticity

Structural analysis of a large number of intrinsic disorder-based
protein complexes resulted in another categorization of IDRs
based on their binding plasticity (Figure 12).>*” Examples of
relatively static IDR-based complexes are (i) mono- and
polyvalent complexes, which typically consist of interactions
between disordered segments and one or multiple spatially
distant binding sites on their binding partners, respectively, (ii)
chameleons, such as pS3, that have different structures when
binding to different proteins, (iii) penetrators that bury
significant parts of the protein inside their binding partners,
and (iv) huggers, which function in protein oligomerization, for
example, by coupled folding and binding of disordered
monomers. In addition to these relatively static complexes
involving IDRs, one can identify coiled-coil-based complexes.
Regions that make up coiled coils are typically highly disordered
in monomeric state and gain helical structure upon coiled-coil
formation, giving rise to several distinguishable types of
complexes, such as intertwined strings, connectors, armatures,
and tentacles.

7. EVOLUTION

Disordered re%ions typically evolve faster than structured
domains.® 75*'”” This behavior largely stems from a lack of
constraints on maintaining packing interactions, which drives
purifying selection in structured sequences.”*® However,
disordered residues do display a wide range of evolutionary
rates (Box 2). The following section discusses the evolutionary
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classifications of disordered protein regions. IDRs with similar
functions and properties tend to have similar evolutionary
characteristics.

7.1. Sequence Conservation

While the amino acid sequence of disordered regions evolves at
different rates, the property of disorder is usually conserved for
functional sequences.”*">® Sequence conservation of IDRs varies
according to their specific functions and provides another means
for their classification.”****?% Three biologically distinct classes
of IDRs with specific function were identified using a
combination of disorder prediction and multiple sequence
alignment of orthologous groups across 23 species in the yeast
clade (Figure 13): (i) flexible disorder describes regions where
disorder is conserved but that have quickly evolving amino acid
sequences (i.e., there is a requirement to be disordered,
regardless of the exact sequence), (ii) constrained disorder
describes regions of conserved disorder with also highly
conserved amino acid sequences, and (iii) nonconserved
disorder, where not even the property of being disordered is
conserved in closely related species. For flexible disorder, low
sequence conservation is expected if the property of disorder
itself, as opposed to disorder in combination with specific
sequence, is the only requirement for function. Examples of
functions that mainly require the biophysical flexibility of
disordered regions are entropic springs, spacers, and flexible
linkers between well-folded protein domains.>”**>”>® The linker
in RPA70 is an example where the dynamic behavior is conserved
even when the sequence conservation is low.%’ Flexible disorder
is the most common of the three evolutionary classes with just
over one-half of disordered residues in yeast. It appears to
account not just for the “flexibility” functions mentioned above,
but also for many of the characteristics traditionally associated
with disordered regions, such as stron§ association with signaling
and regulation processes,>>>"'*%! 0261262 rapid sequence
evolution,® 7>*'%” the presence of short linear motifs (which
are themselves conserved, see below),‘w’72 and tight regulation
(see section 8).%%% By contrast, constrained disorder (about a
third of disordered residues in yeast) is associated with different
properties and functions, such as chaperone activity and RNA-
binding ribosomal proteins.”* Many proteins that contain the
evolutionarily constrained type of disorder can adopt a fixed
conformation, suggesting that these regions might undergo
folding upon binding to their targets. This structural transition
might impose a high degree of local structural constraints, which
results in constraints on the protein sequence alongside
requirements to be flexible.>* Constrained disordered residues
also occur more often in annotated protein sequence families
(domains) than flexible disorder, but both types are strongly
depleted in domains compared to structured regions. In human,
both flexible and constrained disorder are enriched in proteins
functioning in differentiation and development,*** which reflects
the importance of IDPs in these processes. Finally, nonconserved
disorder accounts for around 17% of disordered residues in yeast
and appears to be largely nonfunctional.

Short linear motifs (see section 3.1)**'>* constitute a special
case. Even though SLiMs almost exclusively lie within disordered
regions, their own amino acid sequence tends to be conserved.**
These properties, together with the difficulty of aligning rapidly
evolving disordered sequences, result in the motifs to move
around when comparing their position in different sequences. In
fact, not only do motifs move around (due to insertions and
deletions of amino acids around the motif in the sequence®”*%°),
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they can also permute their positions with respect to other
structural and functional modules. For example, SUMO
modification sites in pS53 are seen after and before the
oligomerization domain in human and fly, respectively.”*® Such
behavior could emerge by convergent evolution and loss of the
motif in the original site, as only a few amino acids need to mutate
to make a new motif elsewhere in the sequence. As long as the
position of the motif with respect to the other modules does not
affect function, such permutations will not affect fitness and
hence may emerge relatively easily during evolution. These are
indeed confounding issues when aligning disordered regions
among orthologous proteins to identify functional motifs.

In many ways, the disordered regions that contain SLiMs
constitute flexible disorder as by the above classification, as their
main role is to provide flexibility to enable access to the linear
motif for proteins that will bind them as Iigand5267 or introduce
post-translational modifications.*”** Phosphorylation sites are
closely related to short linear motifs that function in binding, but
are often too short and weakly conserved to recognize via
computational means.”*® More than 90% of sites phosphorylated
by the yeast Cdkl are in predicted disordered regions,”’ as
consistent with previous studies highlighting the importance of
IDRSs as display sites for phosphorylation and other PTMs (see
sections 2.2 and 3.1).** Comparison of the phosphorylation
sites in orthologues of the Cdkl substrates revealed that the
precise position of most phosphorylation sites is not conserved.
Instead, clusters of sites move around in the alignment of rapidly
evolving disordered r(egions.69’250’269 Another example of the role
of flexible disorder in signaling and regulation is the yeast serine-
arginine protein kinase Skyl, which regulates proteins involved
in mRNA metabolism and cation homeostasis. The Skyl C-
terminal loop is intrinsically disordered and contains phospho-
sites that are important for regulating its kinase activity.””’
Conservation analysis has shown that the loop is conserved for
disorder but not for sequence.**

The combination of sequence conservation of IDRs and
conservation of their amino acid composition between human
and seven other eukaryotes (chimp, dog, rat, mouse, fly, worm,
and yeast) also identifies functional preferences.”*® IDRs with
high residue conservation (HR) are enriched in proteins involved
in transcription regulation and DNA binding. Low residue
conservation in combination with high conservation of the amino
acid type composition (LRHT) of the IDR (i.e., high similarity of
overall amino acid composition between the human IDR and its
orthologs) is often associated with ATPase and nuclease
activities. Finally, IDRs that show neither conservation of
sequence nor conservation of amino acid composition (LRLT)
are abundant in (metal) ion binding proteins.

7.2. Lineage and Species Specificity

Increasingly complex organisms have higher abundances of
disorder in their proteomes.’>*”" An average of 2% of archaeal,
4% of bacterial, and 33% of eukaryotic proteins have been
predicted to contain regions of disorder over 30 residues in
length,35 although there is much variation within king-
doms.”’**”* In human, 31% of proteins are more than 35%
unstructured,®® and 44% contain stretches of disorder longer
than 30 residues*'®"** (similar data shown in Figure 2A).
Human IDPs are spread relatively uniformly across the
chromosomes, with percentages ranging from 38% (for genes
encodin% IDPs on chromosome 21) to 50% on chromosomes 12
and X."*" A computational analysis of disorder in prokaryotes has
corroborated the higher abundance of disorder in Bacteria as
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compared to Archaea.””* Moreover, in agreement with the low
abundance of disorder in prokaryotes, none of the 13
mitochondrial-encoded proteins are disordered.'®" Systematic
analysis of IDP occurrence in 53 archaeal species showed that
disorder content is highly species-dependent.””> For example,
Thermoproteales and Halobacteria proteomes have 14% and 34%
disordered residues, respectively. Harsh environmental con-
ditions seem to favor higher disorder contents, suggesting that
some of the archaeal IDPs evolved to help accommodate hostile
habitats.>”®

Structural disorder is more common in viruses than in
prokaryotes.””” The characteristics of IDRs seem well suited for
especially small RNA viruses with extremely compact ge-
nomes.””**”® For example, disordered regions could buffer the
deleterious effects of mutations introduced by low-fidelity virus
polymerases better than would structured domains.””” The
flexibility of IDRs to interact with many different proteins, such
as proteins of the host immune system, is another useful feature
for compact viruses because it maximizes the amount of
functionality they encode while minimizing the required genetic
information.”®® At the same time, several human innate
immunity proteins have predicted disordered regions that
could be important for their pathogen defense function.*®' For
example, the RIG-I-like receptors (RLRs) RIG-I and MDAS
recognize different types of viral double-stranded RNA
(dsRNA).*®* This functional divergence is partly achieved by
differential flexibility of a loop that is rigid in RIG-I, but
disordered in MDAS, resulting in different RNA binding
preferences.283 Furthermore, the disordered linker between the
RNA-binding domains and the two N-terminal CARD (caspase
activation and recruitment) domains of MDAS helps facilitate
oligomerization of the CARD domains, which initiates down-
stream signaling.”® Activated RIG-I and MDAS promote the
formation of prion-like aggregates of the CARD domains of
MAVS (mitochondrial antiviral-signaling).*** MAVS has a highly
disordered central region that contains multiple phosphorylation
sites and interacts with several proteins, such as TRAF2 and
TRAF6 through their respective consensus bindin% motifs
(PxQx[TS] and PxExx[FYWHDE], respectively).”®> These
interactions are part of a signaling pathway that activates the
transcription factors IRF3/7 and NF-kB, leading to the
expression of proinflammatory cytokines such as IFN-a/f and
various proteins with direct antiviral activity.”** For example, to
counteract viral infection, protein kinase R (PKR) phosphor-
ylates the translation initiation factor eIF2a in the presence
dsRNA, which reduces global protein synthesis in the cell 26
PKR contains a long disordered interdomain region that may
become ordered upon RNA binding and could affect PKR
dimerization.”*”%* Interestingly, viruses counteract PKR action
by mimicking eIF2a and competing for PKR binding, as has been
shown in the case of the poxvirus protein K3L.**” PKR is under
intense positive selection to keep recognizin% elF2a while
minimizing interaction with viral antagonists.”® Many of the
changing sites in PKR are in a dynamic loop near the interaction
interface with both elF2a and K3L.**° Similarly, recognition of
retrovirus capsids by the restriction factor TRIMSa is mediated
by disordered regions in the SPRY domain, which bear many
positively selected residues that are essential for the antiviral
activity.””" The SPRY domain exists as an ensemble of disordered
conformations that determine the specificity and affinity of the
interaction between TRIMSa and the viral capsid.**>~>** In this
way, the evolutionary flexibility of disordered regions (see
section 7.1) provides opportunities for proteins of the host
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immune system to compete with rapidly changing pathogens
while maintaining their functionality.

In addition to the variation in prevalence of disordered regions
between species, different kingdoms oflife seem to use conserved
IDRs for different functions: eukaryotic and viral proteins use
disorder mainly for mediating transient protein—protein
interactions in signaling and regulation, while prokaryotes use
disorder mainly for longer lasting interactions involved in
complex formation.">® Thus, knowledge on the lineage, species,
and origin of a disordered region could help in predicting its
likely function.

7.3. Evolutionary History and Mechanism of Repeat
Expansion

Tandem repeats are enriched for intrinsic disorder (see
section S5.7), and IDRs are increasingly abundant in increasingly
complex organisms (see section 7.2). The genetic instability of
repetitive genomic regions in combination with the structurally
permissive nature of IDRs might have driven the increase in the
amount of disorder during evolution. Disordered repeat regions
have been shown to fall into three categories, based on their
evolutionary history and acquired functional properties (Figure 14):5"
type I regions have not undergone functional diversification after
repeat expansion (e.g, the titin PEVK domain), type II repeats
have acquired diverse functions due to mutation or differential
location within the sequence (e.g, the C-terminal domain of
eukaryotic RNA polymerase II), and type III regions have gained
new functions as a consequence of their expansion per se (e.g,,
the prion protein octarepeat region).

0000
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Figure 14. Repeat expansion creates IDRs. IDRs are abundant in
repeating sequence elements, which suggests that repeat expansion is an
important mechanism by which genetic material encoding for structural
disorder is generated. The expanding repeats may fall into three classes
(types) in terms of their functional diversification following expansion.
Individual repeats may remain functionally equivalent (type I), or
diversify (type II), or collectively acquire a completely new function
(type II). Dark-tone red indicates structural disorder of the repeat,
which may undergo full (dark-tone blue) or partial (green) induced
folding upon binding to a partner. Adapted with permission from ref 61.
Copyright 2003 John Wiley & Sons, Inc.

8. REGULATION

Altered availability of IDPs is associated with diseases such as
cancer and neurodegeneration.190’263’295_299 Indeed, genes that
are harmful when overexpressed (i.e, dosage-sensitive genes)
often encode proteins with disordered segments.**® Multiple
mechanisms at different stages during gene expression (from
transcript synthesis to protein degradation) control the
availability of IDPs.® Their tight regulation ensures that IDPs
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are available in appropriate levels and for the right amount of
time, thereby minimizing the likelihood of ectopic interactions.
Disease-causing altered availability of IDPs may result in
imbalances in signaling pathways by sequestering proteins
through nonfunctional interactions involving disordered seg-
ments (ie, molecular titration®®®). The following section
discusses possible functional roles of proteins with IDRs based
on their cellular regulatory properties such as transcript
abundance, alternative splicing, degradation kinetics, and post-
translational processing.

8.1. Expression Patterns

Five different expression patterns were identified for transcripts
encoding highly disordered proteins by investigating the mRNA
levels from over 70 different human tissues and comparing the
number of tissues in which IDP transcripts are expressed against
the level of expression (Figure 15).>°® The expression classes are
associated with specific functions. (i) The first subgroup (Figure 15,
light blue markers) shows constitutive high expression in all tissues
and consists exclusively of large ribosomal subunit proteins, which
are almost entirely disordered. (ii) The second group (blue-green)
represents transcripts that show high expression levels in the majority
of tissues. These often function as protease inhibitors, splicing factors,

and complex assemblers. (iii) Moderately expressed transcripts
(green) typically encode disordered proteins involved in DNA
binding and transcription regulation. (iv) IDPs that are expressed in a
tissue-specific manner (yellow) are enriched for cell organization
regulators, transcription cofactors, and factors that promote complex
disassembly. Finally, (v) the remaining transcripts form a group
(gray) not detected to be abundant in any of the tissues studied. This
low and transient expression group contains more than one-half of
the IDP transcripts analyzed and has a variety of functions.

8.2. Alternative Splicing

Trends in transcriptional regulation (alternative promotor and
polyadenylation site usage) and post-transcriptional regulation
(alternative splicing by inclusion or exclusion of exons) can also
be informative of the role that specific disordered protein regions
play in the cell (Figure 16). Alternatively spliced exons are overall
more likely to encode intrinsically disordered rather than
structured protein segments.'®"**'73% This tendency is even
more pronounced in alternative exons whose inclusion or
exclusion is regulated in a tissue-specific manner.*** IDRs that are
encoded by these tissue-specific alternative exons frequently
influence the choice of protein interaction partners and can be
instrumental in protein regulation®***** by embedding binding

High expression

receptor ligands
transcription cofactors
transcription corepressors
complex disassembly
nucleosome disassembly

Few /
tissues /

| GTPase binding
chromatin binding
/ morphogenesis

\ / axonogenesis

\ //" organ development
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cell differentiation
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Figure 15. A summary of expression—function trends for human transcripts encoding highly disordered proteins. The x-axis represents the log;, number
of tissues in which the transcript is expressed; the y-axis represents the log,, average magnitude of expression within the tissues. From the data, five
distinct functional classes of highly disordered human proteins become apparent. Adapted with permission from ref 208. Copyright 2009 Springer

Science + Business Media.
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Figure 16. Transcriptional and post-transcriptional gene regulation can be informative of IDR function. How inclusion of exons that code for IDRs is
regulated during gene transcription and alternative splicing can give insights into the functional roles of the encoded disordered regions. For example,
tissue- or developmental-specific regulation of alternative splicing or alternative promoter and polyadenylation site usage can be associated with
important roles of the encoded IDRs in protein regulation and cellular interactions through, for example, the presence of binding motifs and
phosphosites. Additionally, information on the conservation of patterns of exon inclusion (i.e., events shared among different evolutionary lineages
versus species-specific events) can aid in better characterization of the encoded IDRs. The figure illustrates a hypothetical example where an exon
(largest red box) that is included in a tissue-specific manner both in human and in mouse encodes an IDR that embeds a phosphosite (P) and is involved
in protein regulation. The human gene depicted in the figure has an additional exon (smallest red box), which encodes an IDR with a short interaction
motif and which is also included in a tissue-specific manner in humans. Gene structures, mature mRNAs, and corresponding protein isoforms are shown
for human and mouse brain and heart tissues. On the right, possible functional roles of the IDRs encoded by the brain isoforms are illustrated. The
examples illustrate how protein functional space can increase due to alternative splicing of exons that encode IDRs. Adapted with permission from ref
304. Copyright 2012 Elsevier.

d 304

motifs, and residues that can be post-translationally modifie spliced either in a single species or in a whole evolutionary

However, simple alteration of the length of a disordered regionsoé lineage, are enriched in short binding motifs, and alternative
can also modulate the overall protein function (Figure 16). Changes inclusion of disordered regions encoded by these exons is
in IDR length can be an effective mechanism for modifying conceivably a source of evolutionary novelty.312

the affinity of interactions that a protein makes, particularly In addition to the tendency of cassette alternative exons to
in instances where a disordered region is responsible f300r7t3}(1§ frequently encode IDRs, exons adjacent to the alternatively

positioning of protein binding motifs or domains.
Among the alternative exons, those that exhibit conserved
splicing patterns across different species are particularly likely to
have important regulatory roles. For example, tissue-specific
exons, which are alternatively spliced in multiple different
mammals, remarkably often contain IDRs with embedded
phosphosites.*® Disordered regions encoded by these exons
are hence likely to act as modulators of protein function
depending on the tissue where they are expressed.’® While
tissue-specific exons that are alternatively spliced in a conserved
fashion often code for phosphosites, the emergence of novel

spliced ones are also likely to code for disordered regions around
the insertion point for the alternatively spliced segment.>****>
These disordered regions not only provide the structural
flexibility that tolerates both presence and absence of the
alternatively spliced segment, but they can also contain
interaction motifs themselves.”** Furthermore, on the transcrip-
tional level, diversity in protein isoforms can be created through
both alternative splicing and usage of alternative promoters and
polyadenylation sites. Protein segments that are encoded by the

two latter mechanisms can contain disordered regions with

exons in a gene, although at first likely detrimental,®'° is a motifs that define protein localization and stability.313 Taken
possible template for the evolution of short interaction motifs.>"" together, these examples illustrate how better understanding of
Furthermore, changes in exon regulation can also be important gene regulation and knowledge of evolutionarily conserved and
for the emergence of novel adaptive functions. Accordingly, novel isoforms can provide insights into possible functional roles
protein segments encoded by exons, which are alternatively of whole proteins and specific protein regions.
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8.3. Degradation Kinetics

Another emerging functionality of disordered regions is their role
in protein degradation.*'*7**' Protein half-life 6%enerally
correlates with the fraction of disordered residues,®*>'” and
proteins that get ubiquitinated specifically upon heat shock stress
are typically disordered.**> Although ubiquitination by E3 ligases
has a dominant role in recruiting proteins to the proteasome for
degra(i21ti0n,323’324 some IDRs of sufficient length allow for
efficient initiation of degradation by the proteasome independent
of the ubiquitination status. This idea is supported by in vitro
experiments showing that degradation of tightly folded proteins
is accelerated when a disordered region is attached to model
substrates.”">**! Efficient degradation only occurs when the
disordered terminal region is of a certain minimal length,321 and
degradation may be initiated by IDRs either at the protein
terminus or internally.>'*~**' Proteins that contain IDRs of
sufficient length may therefore have increased turnover, although
the exact length requirements will depend on the substrate. At
the same time, not all IDRs influence protein half-life. For
example, disordered polypeptides with specific amino acid
compositions such as glycine-alanine and polyglutamine repeats
can attenuate rather than accelerate degradation by the
proteasome.>*>~**” The formation of protein complexes or
transient interactions with other proteins may also protect IDPs
from degradation. Thus, we can distinguish a novel functional
class of IDRs: those that influence protein degradation
(degradation accelerators) versus those that do not. These
properties might be associated with specific protein function. For
example, proteins that contain IDRs of a given length are
probably more susceptible to degradation, possibly linking them
to functions of IDPs with low expression.

Some highly disordered proteins (e.g., pS3, p73, IkBa, BimEL)
can, at least in vitro, be degraded bgr the 20S proteasome
independent of ubiquitination.***73*® Specialized proteins
termed “nannies” have been shown to bind to and protect
IDPs from ubiquitin-independent 20S proteasomal degrada-
tion.** A free IDP, such as newly synthesized p53, might be
degraded by the 20S proteasome, which leads to fast degradation
kinetics. After a nanny binds the IDP (Hdmx in the case of pS3),
slower, ubiquitin-dependent degradation by the 26S proteasome
takes place. This biphasic decay has been proposed as a way to
distinguish structured proteins from IDPs and the proteins that
protect them from degradation.***

8.4. Post-translational Processing and Secretion

The majority of secretory proteins are targeted to the
endoplasmic reticilum (ER) via an N-terminal signal peptide,
which helps to initiate translocation of nascent chains into the
ER.***% Bioinformatic analysis of proteins containing N-
terminal ER signal peptides has identified only 10% of these
proteins as IDPs (>70% disordered), suggesting that IDPs are
under-represented in the secretome.>>’ The fact that secreted
proteins are rarely IDPs might be partially explained by the
requirement for largely disordered proteins to contain an a-
helical prodomain for correct import into the ER lumen,**® as
demonstrated for intrinsically disordered prohormones.>*” IDPs
lacking this structured, a-helical domain were subjected to ER-
associated degradation (ERAD) despite the presence of a signal
peptide.>*

Despite the relative depletion of IDPs in the secretome, a
number of important IDPs are Erocessed within the ER,
including many 4prohormones,337’33 components of the extra-
cellular matrix,>** and proteins involved in biomineralization
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. 117,341,342 . .
(see section 9.3). »*** Pre-pro-opiomelanocortin (pre-

POMQC) is a disordered 285 amino acid protein whose signal
peptide is removed during translation to create the 241-residue
pro-opiomelanocortin (POMC). This prohormone has at least
eight putative basic-rich cleavage sites and is able to yield as many
as 10 biologically active peptides including adrenocorticotropic
hormone (ACTH) and f-endorphin. The processing of POMC
is tissue-specific and depends on the type of convertase enzyme
expressed.’* Other prominent examples of disordered extra-
cellular 4proteins are elastin and other components of elastic
fibers,*** small integrin-binding li§and N-linked glycoproteins
(SIBLINGs) (see section 9.3),>**73**** and mucins (see
section 9.2).%*® Thus, although secreted proteins are not
particularly enriched for structural disorder overall, some IDPs
are essential for biomineralization, tissue organization, and
hormonal signaling. In line with the features of intracellular IDPs,
extracellular structural disorder is heavily post-translationally
modified and involved in extensive interactions that organize
large molecular assembles while binding multiple interaction
partners, 11734342

9. BIOPHYSICAL PROPERTIES

A large range of biophysical work has been carried out on
structural disorder in proteins using a variety of experimental
techniques (Box 2).3*¢ Previous sections have touched on several
aspects. Disordered regions rapidly shift within a continuum of
variably extended or globular conformations and are best
described as dynamic ensembles (see section 4). The amino
acid sequence of a disordered region determines which
conformations it can sample, depending for example on the
charge properties (see section S5.1). Disordered proteins
frequently fold upon binding, and their binding thermodynamics
allow for fast, transient, but highly specific interactions (see
sections 2, 3, and 6). The following section discusses three other
physical properties that are essential for the biology of some
IDRs and IDPs: solubility, the ability to undergo phase
transitions, and the role in biomineralization.

9.1. Solubility

The solubility of a protein depends upon the favorability of its
interactions with water. Globular proteins bury hydrophobic
amino acids within their solvent-excluded cores, while their
surfaces are generally enriched in polar and charged amino acids
that interact favorably with water, leading to aqueous
solubility.**”*** The presence of hydrophobic surface residues,
for example, binding sites for other proteins, and the
denaturation of otherwise folded proteins lead to the exposure
of hydrophobic residues to water and reduce solubility,
sometimes leading to aggregation and precipitation. Disordered
proteins do not spontaneously fold into globular structures
because their sequences are depleted in hydrophobic amino acids
that, in globular proteins, drive folding (see section 5).>"** The
accompanying enrichment in polar and charged amino acids, as a
general rule, causes disordered proteins to be soluble in aqueous
solutions. In addition, IDPs are generally resistant to heat-
induced aggregation and precipitation, because disordered
proteins, in isolation, lack extensive secondary and tertiary
structure that in folded, globular proteins is subject to thermal
denaturation. Heat-stability was observed for some of the earliest
examples of IDPs. For example, the highly disordered cyclin-
dependent kinase (Cdk) inhibitor p21 remains soluble and
structurally unaltered from 5 to 90 °C.*® In fact, the related Cdk
inhibitor p27 was purified by boiling, although at that time it was

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589—6631



Chemical Reviews

A

ﬂ SH3 domain

SH3-binding motif

l_,) IDR

Low-complexity IDRs

RNA-binding domains

B>

Figure 17. Involvement of IDRs in phase transitions. (A) Interactions between proteins that contain multiple copies of a specific domain (an SH3
domain in the figure) and IDRs with multiple instances of its interaction motif (proline-rich SH3 motif here) can, at appropriate concentrations, produce
sharp liquid—liquid-demixing phase separations. This phase transition is likely to increase local “active” protein concentrations exploitable for signaling
switches. (B) High concentrations of low-complexity IDRs found in certain RNA binding domains lead to a reversible phase transition with the
formation of highly dynamic hydrogels. These RNA granule-like assemblies consist of heteromeric protein aggregates and allow localization and storage
of functionally related but nonidentical RNA molecules. Adapted from ref 100. Copyright 2013 the Biochemical Society.

not known to be a disordered protein.>* In that study, boiling
was used as a means to release p27 from its highly stable
complexes with Cdks and cyclins, which, because they are folded
proteins, underwent thermal denaturation and precipitated while
heat-stable p27 remained soluble. This heat-treated preparation
of p27 was subsequently demonstrated to potently inhibit Cdk2-
cyclin A%

Sequence analysis algorithms have predicted a high prevalence
of IDRs and IDPs in sequenced genomes (see section 7.2).>>*"!
To experimentally address the issue of the disordered protein
content of a proteome, Galea and co-workers”” treated the
soluble extract of mouse embryo fibroblast cells with heat to
precipitate folded proteins and then used large-scale liquid
chromatography and mass spectrometry methods to identify
~1300 proteins that remained soluble. Disorder predictions
showed that more than two-thirds of these thermostable proteins
are substantially disordered. This demonstrates that disordered
proteins, as a structural class, are more heat stable and soluble
than their folded counterparts, consistent with their sequence
features and the principles of amino acid solubility. However,
disordered proteins exhibit varying degrees of compaction, which
is influenced by the presence and patterning of charged residues
within the polypeptide chain (see section 5.1).'%*~'%%196 While
the influence of compaction on disordered protein solubility has
not been addressed, it is reasonable to expect that the extent of
compaction will influence the exposure of solubility-promoting
amino acids for interactions with water and therefore aqueous
protein solubility.
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It is possible that solubility has influenced the evolution of
disordered protein sequences, with low abundance disordered
proteins involved in signaling and regulation being less
dependent on high solubility than other disordered proteins
that are highly abundant in certain cell types (e.g, titin in muscle
cells). Several extracellular IDPs use their solubility to great effect
in the sequestration of inorganic molecules in the extracellular
environment (see section 9.3). Apart from evolutionary
considerations, there are practical applications of the high
solubility associated with some disordered protein sequences.
For example, proteins with higher degrees of disorder have an
increased success rate of expression in a cell-free protein
synthesis system.350 Furthermore, Dunker and co-workers
demonstrated that fusion of a variety of disordered polypeptide
tags containing repetitive, highly negatively charged sequences
(termed “entropic bristles”) enhanced the aqueous solubility of
many proteins previously shown to be poorly soluble upon
expression in E. coli.**' Whether the solubilizing effect of these
disordered tags is simply due to an increase in the fraction of
solubility-promoting amino acids or to other effects, such as a
potential molecular chaperone function, has not been
determined. Clearly, however, disordered regions within multi-
domain proteins that also contain folded domains are likely to
influence overall protein solubility.

9.2. Phase Transition

The involvement of IDRs in phase transitions provides another
biophysical angle to the characterization of proteins that harbor
disordered regions.”” Li and co-workers'*” observed that
interactions between recombinant proteins that contain multiple
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copies of an SH3 domain and IDRs with multiple instances of the
proline-rich SH3 interaction motif (see section 3.1) produced
sharp liquid—liquid-demixing (phase separations) that resulted
in micrometer-sized liquid protein-based droplets (Figure 17A).
The concentrations needed for the phase transition depend on
the valency (i.e, number of repeating units) of the interacting
elements. Importantly, experiments with the natural NCK—
nephrin—N-WASP (neuronal Wiskott—Aldrich syndrome pro-
tein) complex, which contains multiple copies of the same SH3
interaction partners, showed the formation of similar dynamic
droplets, which lead to a significant increase in the activity of the
actin nucleation factor Arp2/3."*” The formation of the droplets
is controlled by the degree of phosphorylation of one of the
interaction partners, which potentially explains how the phase
transitions may be regulated in the cell.

Arelated phenomenon occurs with RNA-binding proteins that
contain IDRs of low sequence complexity. Such regions have
been associated with the regulated formation of cellular RNA
granules.>>> Various types of RNA granules are used to modulate
the fate of specific mRNAs, but their assembly mechanism has
remained unclear. Kato and co-workers>>* reconstituted granule-
like RNA assemblies in vitro by exploiting low complexity IDRs.
They demonstrated that the low-complexity IDRs of certain
RNA-binding proteins were necessary for the formation of
granule-like assemblies and that high concentrations of these
regions lead to a reversible phase transition with a highly dynamic
hydrogel state (Figure 17B). Interestingly, hydrogels formed by
the low-complexity IDR of one purified member of the granules
are capable of binding IDRs of other members and thereby
enable the assembly of heterogeneous macromolecular struc-
tures.>>> Many IDRs that can form such functional aggregates
have been shown to be under tight regulation to modulate their
availability in the cell.*** Regulation of IDR abundance can shift
the equilibrium between the monomeric and oligomeric/
aggregate form, thereby preventing formation of undesirable
aggregates and keeping functional assemblies under control.***
Together, these findings indicate that the biophysical properties
of certain IDRs (such as those that contain specific low-
complexity regions or linear motifs) enable phase transitions that
are likely to be exploited in various macromolecular assemblies
and could function to bridge the length scale of proteins with that
of organelles.>>*

Disorder-mediated phase transitions also occur extracellularly,
as exemplified by the mucin family of proteins. These proteins
rely on structural disorder for the formation of gel-like networks
of mucus, which function in the protection of epithelial surfaces
such as those in the airway and the gut.*>**° Extensive
glycosylation of very large disordered regions that are rich in
proline, threonine, and serine residues contributes to the
formation of these structures.”>” Mucin-1 can contain up to
120 such repeats, depending on the genetic variant an individual
carries.>*® Regulated order-to-disorder transitions of Mucin-2 are
important in the formation of colon mucus aggregates.88’236’359
Mucin-2 trimers are compact structures under the conditions of
the secretory pathway, where the pH is low and calcium is
present, but these structures partially unfold and greatly expand
in more basic environments, such as in the colon, triggering a
phase transition into a mucus polymer gel.%*3%3%

9.3. Biomineralization

Most animals are able to produce hard tissues for various
physioloé%ical purposes by mineralization of the extracellular
matrix.>°>>*! Bone and teeth, for example, consist of collagen and
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other proteins in conjunction with inorganic calcium phosphate
in the form of hydroxyapatite (HA).***%* Proteins involved in
hard tissue mineralization are predicted to have very high levels
of disorder,**°>** and disordered proteins are important in
mineral homeostasis in general,""” indicating an important role
for IDRs in these processes. For example, unfolded phospho-
proteins sequester calcium phosphate by forming stable
complexes in which the phosphorylated side-chains of the
proteins occupy the phosphate positions on the surfaces of
calcium phosphate nanoclusters.''” The disordered nature of
these proteins allows them to readily adjust their shapes to
surround and solubilize clusters of calcium phosphate. In this
manner, proteins such as the milk caseins achieve high
concentrations of calcium and phosphate while preventing the
precipitation of the corresponding salts (i.e., calcification).""”
Caseins belong to the highly disordered secretory calcium-
binding phosphoprotein (SCPP) gene family,>*" which includes
bone, tooth, milk, and salivary proteins.”

Humans encode five small integrin-binding ligand N-linked
glycoproteins (SIBLINGs), which are a subset of SCPPs
involved specifically in regulating bone and teeth formation by
bringing together hydroxyapatite, cell-surface integrins, and
collagens.345’360 These are osteopontin (OPN, or bone
sialoprotein 1), bone sialoprotein 2 (IBSP), dentin matrix acidic
phosphoprotein 1 (DMP1), matrix extracellular phosphoglyco-
protein (MEPE), and dentin sialophosphoprotein (DSPP).>*®
SIBLINGs are highly disordered®**~>****> and undergo
extensive phosphorylation in the Golgi before they are secreted,
as demonstrated in the case of DSPP, which has approximately
200 phosphoserines.”** DSPP has a particularly extreme serine
and aspartic acid content, and its maturation product dentin
phosphoprotein (DPP, or phosphophoryn) is likely to be one of

the most acidic natural proteins known.

10. DISCUSSION

To get closer to a full understanding of living cells, we need to
know the function of each of their elements. The human genome
project and the many sequencing projects since have helped
reveal the number and makeup of the genes. Experimental
research focused on understanding how individual proteins work
on the molecular level has enabled enormous progress in our
understanding of the workings of proteins in general and of the
systems they work in. However, the majority of studies
investigate a minority of individual proteins, which are
interesting for a variety of reasons, such as their relevance for
disease or because they are classical study objects. Thus, many
genes and the proteins they encode have not been studied in
detail and still have unknown function.

It is likely that many of the functionally uncharacterized
proteins will be similar to already characterized ones.® ' This
notion forms the basis for computational methods that aim to
improve annotation coverage by predicting the function of novel
and undefined proteins based on information from better-
studied proteins. Databases such as Pfam*> and SCOP** attest to
the success of these approaches. However, existing methods are
focused primarily on sequences that give rise to well-folded
protein structures and domains. As a result, it is much harder to
gain insight into the function of intrinsically disordered regions
(IDRs) and proteins (IDPs), despite the increasing evidence
of their prevalence and importance for protein functionality
(Figure 1).°° Many important disease proteins such as p53, Myc,
a-synuclein, and BRCA1 are highly disordered, underscoring the
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Table 2. Current Methods for Function Prediction of Intrinsically Disordered Regions and Proteins

basis for method description

linear motifs annotation of well-characterized linear motifs, which can be
mapped onto other protein sequences

identification of putative uncharacterized motifs in protein
sequences

PTM sites resources of experimentally verified PTM sites, mostly
phosphorylation

identification and collection of peptide motifs that direct post-
translational modifications

molecular collection of verified sequence elements that undergo coupled
recognition folding and binding
features prediction of sequences that undergo disorder-to-order

transitions

intrinsically annotation of disordered protein domains, which can be
disordered detected by sequence profiles
domains

other prediction of gene ontology functions using protein sequence

features such as intrinsic disorder

function annotation of experimentally verified disordered
protein regions

predictions of disordered regions combined with information
on MoRFs, PTM sites, and domains

method Web site
ELM'*® http://elm.eu.org/
MiniMotif'2® http://mnm.engr.uconn.edu/
SLiMPrints*”> http://bioware.ucd.ie/slimprints.html
phylo-HMM>*" http://www.moseslab.csb.utoronto.ca/phylo HMM/
DiliMot®”* http://dilimot.russelllab.org/
SLiMFinder®”® http://bioware.ucd.ie/slimfinder.html
Phospho. ELM>%* http://phospho.elm.eu.org/
PhosphoSite®”® http://www.phosphosite.org/
PHOSIDA®"” http://www.phosida.com/
ScanSite>®° http://scansite.mit.edu/
NetPhorest®®! http://netphorest.info/
NetworKIN>*? http://networkin.info/
PhosphoNET?* http://www.phosphonet.ca/
IDEAL**® http://www.ideal force.cs.is.nagoya-u.ac.jp/IDEAL/
MoRFpred**® http://biomine.ece.ualberta.ca/MoRFpred/
ANCHOR?® http://anchor.enzim.hu/
Pfam* http://pfam.sanger.ac.uk/
FFPred*" http://bioinf.cs.ucl.ac.uk/psipred/
DisProt*® http://www.disprot.org/
D?p* ¥ http://d2p2.pro/

importance of disordered regions for understanding the
molecular basis of human diseases.>¢>**%%%

In this Review, we have assembled an overview of the major
approaches used to classify and categorize IDRs and IDPs (Table 1).
These classification schemes help us understand how disordered
protein functionality is defined and could be used to enhance
function prediction for disordered protein regions in general. In
these final sections, we discuss the resources that are currently
available for gaining insight into IDR function (Table 2), we
address potential areas for improvement of the current
approaches, and we propose that combinations of multiple
existing classification schemes could achieve higher-quality
function prediction for IDRs. Finally, we suggest areas where
increased efforts are likely to advance our understanding of the
functions of structural disorder in proteins.

10.1. Current Methods for Function Prediction of IDRs and
IDPs

Which methods and resources can a researcher use to gain insight
into the functions of the disordered regions in a protein? Current
approaches (Table 2) are mainly based on the presence of
functional features such as short linear motifs (SLiMs), post-
translational modification (PTM) sites, molecular recognition
features (MoRFs), and intrinsically disordered domains (IDDs)
(see section 3). These aspects have the potential to shed light on
which interaction partners an IDR may have and how many, as
well as the mode of binding.

10.1.1. Linear Motif-Based Approaches. Mapping of well-
characterized linear motifs onto other protein sequences holds
particular promise for discovering novel functionality. For
example, proteomic characterization of the motif (RxxPDG)
that recruits Tankyrase ADP-ribose polymerases has led to the
identification of novel Tankyrase substrates and explains the
basis for mutations causing cherubism disease.>** Similarly,
proteome-wide searches for the SxIP motif have resulted in the
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identification of previously uncharacterized microtubule plus-
end tracking proteins.>®® However, these types of individual
studies require considerable resources.

MiniMotif'*® and ELM'*® are two major efforts aimed at the
annotation of known instances of linear motifs, which are
primarily found in IDRs, and their binding partners. The
MiniMotif and ELM databases aim to categorize linear motifs of
all functions based on in-depth manual annotation of
experimentally validated instances from the literature. Similar
approaches have also been taken specifically for PTM site motifs
(see section 10.1.2). Although these resources are excellent
repositories of the functional sites that occur in IDRs, they do
have certain shortcomings. For example, the annotations from
MiniMotif are not publicly available. Although the ELM database
is the most comprehensive database of functional features within
IDRs, at present it does not have the resources to annotate all
motifs in the literature; ELM contains ~200 classes of linear
motifs with over 2400 instances, but more than 250 classes await
annotation with this number constantly increasing.'*® This has
meant ELM is limited to annotating (a fraction) of the shorter
motif classes and does not explicitly consider the longer binding
modules in disordered regions.

Complementary to the annotation efforts, the linear motif
resources employ prediction methods that map functionality
onto regions of proteins with unknown function (i.e.,
unannotated regions). For example, MiniMotif and ELM use
regular expressions derived from experimentally validated and
curated motif instances to search protein sequences. These
searches bring up functional descriptions of sequence instances
that match the regular expressions. A major problem in the
computational detection of short motifs in particular is the high
false positive rate, which means that it is very difficult for users to
identify the instances that are most likely to be functional from
the large total of mostly nonfunctional motif instances that result
from these searches. To overcome this issue, both databases have
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developed additional methods to improve prediction accuracy
that rely on the use of additional context information, such as
accessibility (using structural models**® and predictions of
intrinsic disorder’?), evolutionary conservation,>*”3%% cell
compartment (based on annotation) ,126’369 and protein—protein
interactions."***”%*”! These efforts will need to be combined in
the future with a clearer user interface so researchers can more
easily identify the most relevant instances.

De novo predictors make up the final category of motif
resources. These predictors computationally identify putative
uncharacterized motifs in protein sequences. There are two
broad types: predictors that identify clusters of amino acids that
are more conserved than surrounding residues (e.g, SLiM-
Prints®”* and phylo-HMM?>"?) or those that find short peptide
patterns that are over-represented in a set of sequences (e.g.,
DiliMot®"* and SLiMFinder®”). Although both approaches have
been combined with the gene ontology terms of the identified
proteins, further development is required to define potential
functionality.

10.1.2. PTM Site-Based Approaches. In terms of PTM
sites within disordered regions, resources such as Phos-
pho.ELM,**® PhosphoSite,*”® and PHOSIDA®"” curate exper-
imentally verified phosphorylation sites and sometimes other
types of modifications from the literature and genome-scale
studies. Integration of such information with data on SNPs that
are seen in natural populations or in cancer genomes can provide
important insights into the functionality of a PTM site.””>*”
Important progress has been made in identifying and cataloging
peptide motifs that direct post-translational modifications.
ScanSite primarily identifies linear motifs that are likely to be
phosphorylated and play key roles in signaling, such as the SH2
and 14—3—3 motifs.”** Annotation of these sequence motifs is
based on results from binding experiments with peptide libraries
and phage display experiments.’* NetPhorest contains con-
sensus sequence motifs of 179 kinases and 104 phosphorylation-
dependent binding domains.>®" In addition, approaches such as
NetworKIN®"® systematically integrate experimentally derived
PTM sites with evolutionary information, and define motifs
around the PTM sites that may be recognized by the kinase. In
this manner, site-specific interactions between 123 kinases and
specific PTM sites (often in disordered regions) in SS1S
phosphoproteins are predicted.*®* Another resource, Phospho-
NET, provides predictions of potential kinases for over 650 000
putative phosphosites.”®> Extending these approaches to other
post-translational modifications is an area of intense research,
and a number of such PTM site prediction programs currently
exist,*®* although linking the PTM sites to the modifying
enzymes remains to be addressed for the other types of
modifications.

10.1.3. Molecular Recognition Feature-Based Ap-
proaches. Two important methods exist for identifying novel
binding modules in IDRs based on the concept of molecular
recognition features (MoRFs). MoRFpred predicts sequences
that undergo disorder-to-order transitions of all types of MoRFs
(a, B, coil, and complex) using a combination of sequence
alignment and machine learning predictions based on amino acid
properties, predicted disorder, B-factors, and solvent accessi-
bility.**> ANCHOR also predicts parts of disordered regions that
are likely to fold upon binding with their interactors, but does so
by identifying segments that cannot form enough favorable
intrachain interactions to fold on their own and are likely to gain
stabilizingg energy by interacting with a globular partner
protein.3 0387
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An important shortcoming of the MoRF predictions is the
difficultly in identifying which of the binding sites are relevant
and what their functionality might be. This is primarily because
the results are not linked to known MoRF instances with
annotated functions, as is the case for linear motifs, and no clues
are provided regarding the potential role of a binding site or its
interacting partners. The IDEAL database®®® collects verified
elements in disordered regions that undergo coupled folding and
binding upon interaction (Box 1). The careful annotation of well-
described MoRFs in terms of their sequence propensities or
interaction interfaces as well as their known binding partners, and
integration of these annotations with MoRF predictions, would
likely improve the use of these predictions for gaining insight into
IDR functionality.

10.1.4. Intrinsically Disordered Domain-Based Ap-
proaches. Few attempts have been made to systematically
annotate protein domains that are largely made up of intrinsic
disorder. Pfam** models are able to predict several intrinsically
disordered domains (e.g., KID, WH2, RPEL, and BH3 domains).
However, this seems to be a simple consequence of the fact that
these disordered domains can be described and detected by
sequence profiles, rather than an effort directed at annotating
long IDRs. ELM'*® has also annotated a small number of long
disordered domains, such as the WH2 motif; however, the main
focus of the database remains on short motifs. Finally, some of
the IDRs that are present in annotated domains are in fact
MoRFs or linear motifs, and linear motifs also frequently fold
upon binding like MoRFs, underscoring the underlying
connections between linear motifs, MoRFs, and IDDs as
functional elements (see section 3.4).

10.1.5. Other Approaches. Only a few IDR classifications
that are not based on linear motifs, MoRFs, or IDDs have so far
been exploited for function prediction. FFPred is a correlation-
based approach that uses the length and position of IDRs along a
sequence (see sections 5.5 and 5.6), among other general protein
features, to predict the function of the protein in terms of gene
ontology categories (molecular activities and biological
processes).”'*® 731 The DisProt database of protein disor-
der®® (Box 1) lists functions of individual disordered regions,
when known from experiments, the major limitation here being
the small number of regions for which exact function has been
characterized. The Database of Disordered Protein Prediction
(D*P*)* (Box 1) stores predictions of IDRs in whole genomes,
which together with information on MoRFs, PTM sites, and
domains can be used to obtain insight into the possible function
of the IDR and the protein containing it.

10.2. Requirement for Annotation

Future effort in the classification of IDRs and IDPs must be
directed at annotation. Substantiating classes with more
examples will lead to refinement of their function descriptions
and will likely reveal inaccuracies in existing classification
schemes. For example, there are only a limited number of well-
characterized examples of proteins that contain the evolutionarily
flexible (e.g., RPA70 and Skyl) or constrained types of disorder
(RplS and Hsp90). The same is true for the different classes of
dynamic disorder in protein complexes, although efforts are
ongoing there.!”® In terms of the functional features of IDRSs,
there is a need for annotating MoRFs and longer disordered
binding regions as described in the previous section. Efforts
directed at short linear motifs have been very successful, but only
a small fraction of the potentially thousands of motifs*>> have
been annotated. Pfam contains almost 15000 curated protein
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families,>* while ELM contains less than 200 motif classes,*®

suggesting that significant numbers of functional features are still
to be identified and further annotation is required. High-quality
resources that collect all of the experimentally validated
functional regions of intrinsically disordered regions will provide
a strong basis to map functional features onto novel proteins of
unknown function.

10.3. Integration of Methods for Finding IDR and IDP
Function

The current methods for finding and classifying IDR and IDP
function have been successful in the area of their focus. However,
not all functional characteristics of disordered regions have been
fully exploited, and neither is there a resource that brings all of
these aspects together. The combination of multiple catego-
rizations and features of IDRs is likely to provide a better
understanding of the functionalities encoded in these regions.
A comprehensive IDR function resource should have several
aspects. It starts with a reliable consensus disorder prediction for
the protein sequence of interest (Box 3), such as available in the
D?P? database (Box 1).* Functional features, such as SLiMs (see
section 3.1), MoRFs (see section 3.2), and disordered domains
(see section 3.3), can then be mapped on every disordered part of
the protein. The disorder profile allows for the identification of
individual IDRs in the protein, as well as the calculation of
disorder properties of the whole protein, such as which disorder
predictors support which IDRs (see section $.2), the overall
degree of disorder (see section 5.4), the length of the individual
disordered regions (see section S.5), or the amount of disorder at
the termini (see section 5.6). These can be used to assign general
function to the proteins, such as gene ontology terms that
correlate with these properties. Patterns in amino acid sequence
could reveal additional function. For example, the presence of
tandem repeats or enrichment in certain amino acids (see
sections 5.7 and 7.3) may point toward involvement in certain
processes. The overall sequence composition and the distribu-
tion of charges (see section 5.1) could indicate the solubility of a
polypeptide chain (see section 9.1) and conformational
properties such as the degree of compaction (see section 4).
The combination of sequence complexity and disorder
propensity could suggest function as well (see section 5.3).
Integration of other types of information will determine what
classifications can additionally be used. Addition of domain
information, such as Pfam, can provide insight into the role of
disordered segments that are commonly associated with specific
structured domains (see section 3.3). Protein—protein inter-
actions and structures of protein complexes could indicate
interacting partners of IDR binding elements and the mode of
interaction (see section 6). Information about sequence
conservation (see section 7.1) is another important aspect and
could provide clues about evolutionarily constrained or flexible
types of disorder, which are implicated in different types of
functions. Knowledge on the origin of a disordered region in
evolution or the species containing the protein sequence of
interest suggests possible functions as well (see section 7.2).
Furthermore, data describing regulatory properties such as gene
expression levels (see section 8.1), alternative splicing (see
section 8.2), and degradation kinetics (see section 8.3) could
implicate IDRs in regulating protein availability and may suggest
or reject roles as interactions hubs, for example. Finally,
biophysical properties of the protein, such as the potential of
multivalent elements to undergo phase transitions (see section 9.2)
and occurrence inside or outside the cell (see sections 8.4 and 9.3),
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may suggest involvement in the spatiotemporal organization of
(extra)cellular assemblies.

The hypothetical resource might be able to suggest function
for some of the following examples, although it is clear that in
other cases the biology will be too complicated and the outlook
of function prediction as described here will be unrealistic.
Therefore, the following examples should at this point be
considered as speculative. A long (more than 30 residues) IDR
that shows signs of evolutionarily flexible disorder and contains
no short motifs or other predicted binding regions could be a
flexible linker between domains or an entropic chain. A region
containing a PxxPx[KR] motif flanked by evolutionarily flexible
disorder that is likely to retain an open conformation in the
unbound form (based on the primary structure) probably binds a
class II SH3 domain, and might be involved in transcription
processes if the IDR constitutes the C-terminus of a protein with
an otherwise small degree of disorder. Long IDRs that are
encoded by alternatively spliced exons and have several
nonoverlapping functional motifs and MoRFs might be part of
signaling hubs or assemble multiprotein complexes, the type of
which might be inferred from the combination of binding sites
present. A constitutively expressed, largely disordered IDP with
an amino acid composition promoting intrinsic coil conforma-
tions and conservation of both primary and disorder sequence is
likely to be a ribosomal protein or part of another rigid
multisubunit complex.

It is clear that some classifications will provide more useful and
direct information about function than others. Some classi-
fications have been proposed to contrast IDPs with structured
proteins, which does not necessarily make them useful for a
detailed description of disorder function per se. Others have
limited use for prediction because they are conceptual only, or
because of overlap in the properties they describe with other
schemes. Moreover, not all approaches can realistically be
incorporated in a tool. Binding functionality and sequence-based
predictions will generally be possible, but predictions based on
other types of data may be harder. For example, assignment of
evolutionarily constrained or flexible disorder requires automatic
alignment of amino acid and disorder sequences, while gene
expression subtypes can be derived from the wealth of microarray
and RNA sequencing data. Various types of information are
already brought together in the D*P? database,*” which contains
information on disordered regions, MoRFs, PTM sites, and
structured domains, and in ELM,'?® which shows information on
linear motifs, disorder, phosphorylation, domains, protein—
protein interactions, and secondary structure. Further extension
of resources like these, with information on both structured and
disordered regions, holds great promise toward creating a
comprehensive overview of the functional elements and
properties of a protein.

10.4. Future Directions

A major area of improvement in the description of disordered
protein regions pertains to their dynamic behavior.'”>'”® IDRs
fluctuate rapidly over an ensemble of heterogeneous con-
formations (see section 4.2), the relative free energies and
propensities of which are determined by the amino acid sequence
(see section S.1). The relationship between sequence and
structural ensemble is important because it describes what part of
the time the chain is in a compact state, and what part of the time
it is more accessible. Knowledge about these structural subtypes
and about how sequence contexts and chemical modifications of
the chain (e.g, by PTMs) modulate the structural ensemble is
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vital for the correct description of IDR behavior and has direct
implications for the functional roles such regions can have in the
cell.™”’

Classical methods are not optimally designed to take structural
dynamics into account. For example, current disorder prediction
technology is successful at distinguishing sequence stretches that
are likely to be disordered versus those that are likely to be part of
autonomously folded domains, resulting in a binary verdict
(disordered versus structured) within a certain confidence limit
(Box 3). Although predicted disordered regions correlate well
with experimentally determined backbone dynamics,*”* detailed
prediction of conformational subtypes requires a more
sophisticated description of disorder. A recent method for the
prediction of protein backbone dynamics, trained based on order
parameters estimated from experimental chemical shifts, is not
only capable of distinguishing different structural organizations
with varying degrees of flexibility, such as folded domains,
disordered linkers, molten globules, and MoRFs, but regions that
are predicted to be dynamic also correspond well with
conventional predictions of IDRs.*** Furthermore, high-
throughput atomistic simulations of sequence ensembles can
provide information about the degree of conformational
heterogeneity,>”® which can be quantified by various parameters,
such as an information theory measure®”® or an order parameter-
like measure.””” One could imagine a multiple-component
scheme describing structural and dynamic characteristics that
would assign, for example, residues in a random coil small values
for the fractional population of secondary structure, a large value
for spatial fluctuations, a fast interconversion rate, and large
values for structural heterogeneity. Conversely, molten globule
residues would be assigned a relatively large value for the
fractional population of secondary structure, a smaller value for
spatial fluctuations and structural heterogeneity, and a slower
interconversion rate. Progress in the objective description of
conformational ensembles will likely require development of
novel structural classifications. Such efforts will be greatly
encouraged by the new pE-DB database of structural ensembles
(Box 1).*® There is considerable room for growth at the
interface between atomistic simulations, physical theories,
machine learning methods, and experiments, to enable the
unmasking of the connection between disorder dynamics and
molecular and system level functions of IDRs and IDPs.

Full understanding of the cellular functions of IDPs will also
require knowledge of their abundance, their interactions, and
their physical state in the physiological context. Are IDPs always
bound to target proteins, are they chaperoned, or are there pools
of unbound IDPs? Answers to these questions will vary among
different IDPs and will depend on the exact context in the cell.
However, the discovery of features that can help classify and
categorize IDRs in terms of their cellular status will lead to more
insights into their function. For example, entropic chains may
mostly be disordered even in the cell, whereas effectors and
assemblers may mostly be associated with other proteins in
folded conformations and exchange binding partners by
competition rather than by dissociation to the free, disordered
state. Scavengers likely populate both disordered and ordered
states, depending on whether or not their ligand is bound. Thus,
investigations of the in-cell status of IDPs**® will be crucial
toward understanding their biological roles.

11. CONCLUSION

The functional versatility of intrinsically disordered regions in
proteins is remarkable. Our hope is that the overview of different
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Box 1. Databases of Intrinsically Disordered Regions and
Proteins

Several resources exist that collect experimental or computa-
tional information on disordered regions in proteins. The
Database of Protein Disorder (DisProt, http://www.disprot.
org/) was developed to facilitate research on protein disorder by
organizing the rapidly increasing knowledge about the
experimental characterization and the functionalities of IDRs
and IDPs.”%*** The database includes the location of the
experimentally determined disordered region(s) in a protein
and the methods used for disorder characterization. Addition-
ally, where known, entries list the biological function of an IDR
and how it performs this function. As of the latest release (6.02,
May 24, 2013), DisProt contained 694 IDP entries and 1 539
IDRs.

The IDEAL database (http://www.idealforce.cs.is.nagoya-u.
acjp/IDEAL/) also collects annotations of experimentally
verified IDPs.**® This database focuses on regions that undergo
coupled folding and binding upon interaction with other
proteins (regions for which there is evidence for both a
disordered isolated state and an ordered bound state), such as
MoRFs and certain linear motifs (see section 3). It also suggests
putative sequences for which there is only evidence of an
ordered bound state, but that are thought to undergo induced
folding based on, for example, the presence of a verified folding-
upon-binding element in a homologue. The latest version (30
August 2013) contained 340 proteins with annotated IDRs of|
which 148 contain verified or putative elements that undergo
folding upon binding.

MobiDB (http:/ /mobidb.bio.unipd.it/ ) collects experimen-
tal data on IDRs from DisProt,”®> IDEAL,*®*® and the Protein
Data Bank'*’ (missing residues in crystal structures and
structurally mobile regions in NMR ensembles).*”" It also
stores disorder prediction data from three methods. The total of]
disorder information is summarized in a weighted consensus.
The latest version (1.2.1, August 28, 2012) contained 26 933
proteins for which there is experimental data on the presence or
absence of disorder and disorder predictions for 4 662 776
proteins from 297 proteomes.

pE-DB (http://pedb.vib.be/) is the first database for the
deposition of structural ensembles (see section 4.2) of]
intrinsically disordered proteins.**® Entries contain the primary
experimental data (mainly NMR and SAXS, Box 2), the
algorithms used in their calculation, and the coordinates of the
structural ensembles, which are provided as a set of models in
Protein Data Bank'*’ format. Development of pE-DB is
intended to support the evolution of new methodologies for
the structural descriptions of the disordered state. pE-DB stored
45 ensembles in 10 entries as of 17 January 2014.

Finally, the Database of Disordered Protein Prediction (D*P?,
http://d2p2.pro/) stores disorder predictions (Box 3) made by
nine different predictors for proteins from completely
sequenced genomes.*” Alongside the disorder é)redictions, it
contains information on MoRFs (ANCHOR?®*®), PTM sites
(PhosphoSitePlus**?), and domains (SCOP** and Pfam®?). As
of January 2014, D*P? contained disorder predictions for 10 429
761 sequences in 1765 genomes from 1256 distinct species.

groups, categories, types, and classes of IDRs and IDPs provided
in this Review can serve as a basis for understanding how this
functional versatility is achieved and that it offers novel ways of
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Box 2. Experimental Characterization of Intrinsically
Disordered Regions and Proteins

IDPs and IDRs have been studied using a variety of experimental
techniques, including NMR, SAXS, and smFRET. Nuclear
magnetic resonance (NMR) spectroscopy is the key method to
characterize protein disorder, due to its ability to provide
residue-level information on protein structure and dynamics in
solution.**® Many aspects of structural disorder can be detected
directly using NMR, including local disorder, folding upon
binding, and disorder in complex. In contrast to NMR methods,
detection of disorder using X-ray crystallography techniques is
mainly indirect as it relies on missing electron density.”
Another powerful method for detecting and characterizing IDPs
is small-angle X-ray scattering (SAXS), which assesses protein
dimensions and shape by measuring the scattered X-ray
intensity caused by a sample. SAXS can be used to determine
hydrodynamic parameters and the degree of globularity of a
protein, which are good indicators to determine whether a
protein is compact or unfolded."®**** Single-molecule methods
are also emerging for the study of structural disorder.'””~"**
These techniques minimize averaging over the heterogeneous
ensembles of conformations in which disordered proteins
naturally exist and thus are able to measure dynamics of]
individual molecules. For example, single-molecule fluorescence
resonance energy transfer (smFRET) can measure dynamics
and individual conformations of the unbound ensemble,
intermediates durinﬁ induced folding, and internal friction in
the folding process. *°~'** Atomic force microscopy (AFM) is
also useful for the characterization of the conformational
heterogeneity of single proteins.'** High-throughput proteomic
approaches are mainly used to identify IDPs. These techniques
enrich cellular extracts for disordered proteins, and then
separate structured from disordered proteins, followed by
identification (e.g., by mass spectrometry). For example, heat
treatment enriches cell extracts for IDPs and depletes for
proteins containing folded domains (see section 9.1).>% IDPs
can also be identified on the basis of their susceptibility to
degradation by the 20S proteasome under conditions in which
structured proteins are resistant (see section 8.3).>>* The
degradation assays can be used to identify binding partners of]
IDPs that provide protection against degradation. Finally,
computational techniques such as molecular dynamics (MD)
simulations complement experimental approaches and provide
important insights into IDP behavior.'®**> The DisProt,
IDEAL, MobiDB, and pE-DB databases collect experimentally
verified disordered regions and proteins (Box 1).

combining this knowledge to gain insight into the functions of
uncharacterized proteins.

Finally, we would like to stress that it is not all about intrinsic
disorder. This Review has focused on classifications for
intrinsically disordered regions and proteins, because function
annotation for these regions is lagging behind annotation of
structured regions. However, proteins are modular, and their
functional regions can be structured or disordered, or somewhere
in between. The synergy between these fundamental building
blocks of proteins leads to combinatorial diversity of function.
Therefore, understanding how structure and disorder work
together will be crucial for uncovering the full extent of protein
function.
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Box 3. Prediction of Intrinsically Disordered Regions and
Proteins

Predicting disordered regions from amino acid sequence allows
the analysis of disordered proteins at a genome-wide scale and
provides initial hypotheses about the presence of structural
disorder in individual proteins.>**°° A large number of]
prediction methods have been developed and are regularly
benchmarked as part of the Critical Assessment of Techniques
for Protein Structure Prediction (CASP).**”*%® Excellent
overviews of disorder prediction methods are given else-
where,"09%9°#1% and nonexhaustive lists of publicly available
prediction software and webservers can be found at http://en.
wikipedia.org/wiki/List_of disorder_prediction_software and
http://www.disprot.org/predictors.php.
Three general prediction strategies currently exist:

e Disorder prediction based directly on sequence proper-
ties. For instance, IUPred is a physicochemical sequence-
based method that estimates residue interaction en-
ergies.*'’ Sequences with lower predicted pairwise
interaction energies are considered more likely to be
disordered due to a lack of stabilizing contacts. Similarly,
FoldIndex considers weakly hydrophobic regions of high
net charge. Such regions are likely to be disordered due to
their low energy benefit when adopting a compact
conformation.>"*

Machine learning is used in the majority of predictors, for
example, by usin% unresolved residues in X-ray structures
as a training set.*1® For example, DISOPRED?2 uses linear
support vector machines (SVMs) trained on PSI-BLAST
sequence profiles surrounding unresolved residues.>
Similarly, PONDR XL1 employs a feed-forward neural
network trained on sequence attributes found associated
with unresolved residues.””!

Meta-predictors that combine several individually
successful disorder prediction methods have been
developed more recently, resulting in increases in
prediction accuracy.407 For instance, metaPrDOS*"
and MFDp*'* both apply SVM-based machine learning
to the results of a number of individual prediction
methods to arrive at a final score. Similarly, the
MobiDB**' and D?P* databases® (Box 1) provide a
consensus overview of several independent prediction
methods.

Curated databases containing experimentally determined
disordered regions, such as DisProt’” and IDEAL**® (Box 1),
provide a gold standard for assessing disorder prediction
methods. Overall, the quality of the predictions appears to have
reached a reasonable plateau of accuracy, with modest recent

progress.*””*%* Additional data on biologically relevant long

disordered regions may lead to future improvements in
predicting IDRs and IDPs.**®
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Box 4. Evolution of Intrinsically Disordered Regions and
Proteins

IDRs generally evolve faster than their structured counter-
parts.® %' However, comparison of the rates of evolution of]
structured and disordered regions in 26 protein families has
shown that this is not always the case.>' To get more insight into
the evolution of disordered regions, we predicted disorder in the
human proteome using MULTICOM-REFINE.*"® We inte-
grated the disorder status of the protein residues with their
evolutionary rates across multiple sequence alignments of]
homologous proteins from 53 (mostly vertebrate) species in
Ensembl Compara," calculated using the Rate4Site program.*'®
As observed previously,*'” protein residues that are predicted to
be disordered generally evolve more quickly (i.e, have much
higher evolutionary rates) than those in structured regions
(Figure Box 4, P value < 107", Mann—Whitney U test).
However, the distributions of evolutionary rates for disordered
and structured residues are wide and overlap, which confirms
that some disordered residues are conserved. In line with this, it
has been shown that particular residue types, such as Leu, Tyr,
Trp, and Pro, are more conserved in IDRs than other residue
types.>> Conserved residues and elements in IDRs are
potentially important for function and might be part of]
protein—protein interaction interfaces or peptide motifs (see
section 7.1). However, sometimes, rapid divergence of
disordered regions indicates functionality, as in the case of]
several human antiviral proteins (see section 7.2).

w

N

Evolutionary rate (rate4site)

-

ol |

structured disordered

Figure Box 4. Boxplots of the distributions of evolutionary rates for
predicted structured (blue) and disordered (red) residues across the
human proteome. Residues with a high evolutionary rate are less
conserved. Boxes represent the 50% of data points in the two
quartiles above and below the median (the horizontal bar within each
box). Vertical lines (whiskers) connected to the boxes represent the
highest and lowest nonoutlier data points, with outliers being defined
as >1.5 times the interquartile range from the median. Outliers are
not shown for visual clarity.
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ABBREVIATIONS

ACTH adrenocorticotropic hormone

ACTR activator for thyroid hormone and retinoid
receptors

AFM atomic force microscopy

bHLH basic helix—loop—helix domain

bRs basic regions

CARD caspase activation and recruitment domain
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CASP

CATH
CBP
Cdk
CREB
D’P?
DBM
DC space
DisProt
DMP1
DPP
DSPP
dsRNA
DUF
ELM
ER
ERAD

FCR

FG motif
GBD
GPCR
HA
HMGBI1
IBSP
IDD
IDEAL

IDP
IDR
KID
MAP2
MAVS
MD
MEPE
MoRE
MoRF
NCBD
NCPR
NLS
NMR
NPC
OPN
PC4
PDB
PKR
POMC
PPlase
pRb
PreSMos
PSE
PSI
PTM
RLR
RPA70
RS domain
SAXS
SCF
SCOP
SCPP
SH2
SH3

critical assessment of techniques for protein
structure prediction

class, architecture, topology, homology
CREB-binding protein

cyclin-dependent kinase

cAMP response element-binding protein
database of disordered protein prediction
DNA binding motif

disorder-sequence complexity space
database of protein disorder

dentin matrix acidic phosphoprotein 1
dentin phosphoprotein

dentin sialophosphoprotein
double-stranded RNA

domain of unknown function

eukaryotic linear motif

endoplasmic reticulum
endoplasmic-reticulum-associated protein degrada-
tion

fraction of charged residues
phenylalanine-glycine motif
GTPase-binding domain
G-protein-coupled receptor
hydroxyapatite

high-mobility group protein B1

bone sialoprotein 2

intrinsically disordered domain
intrinsically disordered proteins with extensive
annotations and literature

intrinsically disordered protein
intrinsically disordered region
kinase-inhibitory domain
microtubule-associated protein 2
mitochondrial antiviral-signaling
molecular dynamics

matrix extracellular phosphoglycoprotein
molecular recognition element
molecular recognition feature

nuclear coactivator binding domain

net charge per residue

nuclear localization signal

nuclear magnetic resonance

nuclear pore complex

osteopontin

positive cofactor 4

Protein Data Bank

protein kinase R

pro-opiomelanocortin

peptidylprolyl cis—trans isomerase
retinoblastoma protein

prestructured motifs

preformed structural element

protein structure initiative
post-translational modification
RIG-I-like receptor

70 kDa subunit of replication protein A
arginine-serine domain

small-angle X-ray scattering

Skp, Cullin, F box

structural classification of proteins
secretory calcium-binding phosphoprotein
Src homology 2

Src homology 3
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SIBLING  small integrin-binding ligand N-linked glycoprotein

SLiM short linear motif

smFRET  single-molecule fluorescence resonance energy
transfer

SRSF1 serine/arginine-rich splicing factor 1

SVM support vector machine

VP16 virion protein 16

WASP Wiskott—Aldrich syndrome protein

WH2 WASP-homology domain 2
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