
REVIEW
Bioinformatics www.proteomics-journal.com

Intrinsically Disordered Proteome of Human
Membrane-Less Organelles

April L. Darling, Yun Liu, Christopher J. Oldfield, and Vladimir N. Uversky*

It is recognized now that various proteinaceous membrane-less organelles
(PMLOs) are commonly found in cytoplasm, nucleus, and mitochondria of
various eukaryotic cells (as well as in the chloroplasts of plant cells). Being
different from the “traditional” membrane-encapsulated organelles, such as
chloroplasts, endoplasmic reticulum, Golgi apparatus, lysosomes,
mitochondria, nucleus, and vacuoles, PMLOs solve the cellular need to
facilitate and regulate molecular interactions via reversible and controllable
isolation of target molecules in specialized compartments. PMLOs possess
liquid-like behavior and are believed to be formed as a result of biological
liquid-liquid phase transitions (LLPTs, also known as liquid-liquid phase
separation), where an intricate interplay between RNA and intrinsically
disordered proteins (IDPs) or hybrid proteins containing ordered domains and
intrinsically disordered protein regions (IDPRs) may play an important role.
This review analyzes the prevalence of intrinsic disorder in proteins
associated with various PMLOs found in human cells and considers some of
the functional roles of IDPs/IDPRs in biogenesis of these organelles.

1. Diversity of Proteinaceous Membrane-Less
Organelles

The intracellular space of a typical eukaryotic cell is crowded and
inhomogeneous, containing both the well-known membrane-
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encapsulated organelles, such as chloro-
plasts, endoplasmic reticulum, Golgi
apparatus, lysosomes, mitochondria,
nucleus, and vacuoles, and numerous
proteinaceous membrane-less organelles
(PMLOs), which were neglected for ages,
despite being observed for the first time
more than 150 years ago.[1] Such PMLOs
are numerous (see Figure 1). They are
cell-size dependent and highly dynamic,
often optically observed as spherical
micron-sized droplets,[2] have unique
morphologies, and specific distribution
patterns within a cell, contain specific
sets of resident proteins and typically
have RNA, and therefore are commonly
known as ribonucleoprotein (RNP)
granules/bodies or RNP droplets.[3]

Physically, PMLOs are characterized
by liquid-like behavior, being able to
drip, fuse, wet, and relax to spherical
structures upon fusion.[4–7] Although
such fluidity is determined by the lack of

membrane encapsulation, the structural integrity and biogene-
sis of PMLOs are supported by dynamic protein–RNA, protein–
protein, and protein–DNA interactions.[8] Furthermore, due to
the lack of membranes, PMLO are highly dynamic and their
interior and components are engaged in direct contacts with
the cytoplasm, nucleoplasm, mitochondrial matrix, or stroma
of the chloroplasts.[9,10] Biophysical characterization suggested
that PMLOs might represent a different liquid state of cy-
toplasm/nucleoplasm/matrix/stroma, whose major biophysi-
cal properties are rather similar to those of these intracel-
lular fluids.[3] In fact, the density of PMLOs is only slightly
higher than that of the surrounding intracellular fluids.[11,12]

As a result, these organelles are characterized by high inter-
nal dynamics, and classified as liquid-droplet phases of the
cytoplasm/matrix/nucleoplasm/stroma.[4–7,13,14]

Figure 1 illustrates the diversity of PMLOs found in eukary-
otic cells by schematically showing various cytoplasmic, nuclear,
mitochondrial, and chloroplast PMLOs. Figure 1 indicates that
in cytoplasm of a eukaryotic cell, one can find centrosomes,[15]

germline P-granules (germ cell granules or nuage),[4,16] neu-
ronal RNA granules,[17] processing bodies or P-bodies,[18] and
stress granules (SGs).[7] Mitochondria and chloroplasts have
only one PMLO type, mitochondrial RNA granules,[65] whereas
nuclear PMLOs are more numerous and diversified, includ-
ing Cajal bodies (CBs[19]), chromatin,[20] cleavage bodies,[21] his-
tone locus bodies (HLBs),[22] nuclear gems (gemini of coiled of
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Significance of the study

Eukaryotic cells contain different proteinaceousmembrane-
less organelles (PMLOs) that possess liquid-like behavior and
are formedas a result of the biological liquid–liquid phase tran-
sitions. PMLOsare highly dynamic entities that facilitate and
regulatemolecular interactions via reversible and controllable
isolationof targetmolecules in specialized compartments.
Fluidity of PMLOs is determinedby the lack ofmembrane en-
capsulation, but their structural integrity andbiogenesis are
supportedby dynamic protein–RNA, protein–protein, and
protein–DNA interactions.Oneof the important features of
proteins engaged in the formationof PMLOs is thepresenceof
high levels of intrinsic disorder.Weanalyze here theprevalence
of intrinsic disorder in proteins associatedwith variousPM-
LOs found inhumancells anddescribe someof the functional
roles of intrinsically disorderedproteins in biogenesis of these
organelles.

CBs),[23,24] nuclear pores,[25] nuclear speckles or interchromatin
granule clusters,[26] nuclear stress bodies (nSBs),[27,28] nucleoli,[29]

Oct1/PTF/ transcription (OPT) domains,[30] paraspeckles,[31] PcG
bodies (polycomb bodies, subnuclear organelles containing poly-
comb group proteins),[32] perinucleolar compartment (PNC),[33]

promyelocytic leukaemia nuclear bodies (PML nuclear bodies)
or PML oncogenic domains (PODs),[34] and the Sam68 nuclear
bodies (SNBs).[33] Detailed description of these PMLOs and illus-
trative examples are given elsewhere.[35] PMLOs are many, dif-
ferent, and are present in cytoplasm, chloroplasts, mitochondria,
and nucleus of eukaryotic cells. Although these sub-nuclear or-
ganelles are diverse, have very different functions, possess rather
different morphologies, have divergent cellular distribution, and
typically have highly dissimilar composition, they all have some-
thing in common, being membrane-less, highly dynamic, and

always containing proteins and often including RNA (or, in some
cases, DNA). Therefore, assembly/disassembly cycles, dynamics,
morphology, and structure of PMLOs are all critically dependent
on proteins, which thereby serve as a common denominator. Cu-
riously, contents of only a few PMLOs partially overlap, raising
an important question on what define the capability of different
proteins located in different cellular regions to regulate the bio-
genesis of different PMLOs. Importantly, the presence of signifi-
cant levels of intrinsic disorder in some proteins associated with
PMLOs was pointed out,[35–46] indicating that the intrinsic disor-
der phenomenon might be a part of an answer to that question,
and, therefore, it clearly requires careful consideration.
Phase separation can typically take place only when a spe-

cific concentration threshold of the macromolecule undergoing
liquid–liquid phase transition (LLPT) is reached.[47,48] Many dif-
ferent proteins and nucleic acids can be present at high enough
concentrations to promote LLPTs, thereby defining the capabil-
ity of living cells to simultaneously have several coexisting liquid
phases.[47,49–51]

2. Phenomenon of Intrinsic Disorder in Proteins

Recent years witnessed important decoupling of protein func-
tionality from the presence of unique structure. In fact, the lack
of specific tertiary structure in many biologically active proteins
is associated now with a wide spectrum of crucial functions.[52–58]

Such structure-less proteins or domains are known as intrinsi-
cally disordered proteins (IDPs) and intrinsically disordered pro-
tein regions (IDPRs). Therefore, crudely, the universe of func-
tional proteins can be split into four general categories: globular
proteins, fibrous proteins, membrane proteins, and IDPs, with
IDPs/IDPRs being very common in various proteomes.[55,59–65]

Obviously, many natural proteins are order-disorder hybrids con-
taining ordered domains and IDPRs. There are multiple lev-
els that differentiate such IDPs/IDPRs from their structural

Figure 1. Diversity of PMLOs found in eukaryotic cells. Schematic representation of themultitude of cytoplasmic, nuclear, mitochondrial, and chloroplast
PMLOs.
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counterparts, ranging from amino acid composition to charge,
sequence complexity, hydrophobicity, and flexibility. For example,
typical IDPs/IDPRs are critically enriched in several disorder-
promoting amino acids (Ala, Arg, Gln, Glu, Gly, Lys, Pro, and
Ser), being substantially depleted in Asn, Cys, Ile, Leu, Trp,
Tyr, Phe, and Val, which are, therefore, considered as order-
promoting residues.[55,66–68]

Although IDPs/IDPRs can be rather accurately predicted
based on the specific sequence features,[69] a common criticism
of the existing disorder predictions is their bias towards X-ray
and NMR-derived experimental input data. However, multiple
biophysical methods are currently available for the multifaceted
analysis of IDPs/IDPRs,[70,71] and there is a plethora of recently
emerging orthogonal experimental approaches to discover, vali-
date, and describe intrinsic disorder both in vivo and in in vitro,
and also as a function of space and time.[

[72,73]]

The most suitable structural description of an IDP/IDPR in-
volves consideration of the disordered structure as a highly dy-
namic conformational ensemble containing multiple forms that
interconvert on a number of timescales. This defines high struc-
tural heterogeneity and plasticity of IDPs/IDPRs, which can be
compact or extended, and their various parts can be heteroge-
neous as well. In other words, such dynamic conformational
ensemble representation emphasizes the spatiotemporal hetero-
geneity of IDPs/IDPRs, where different parts of a molecule are
ordered (or disordered) to a different degree, and this distribution
is changing with time.[74] Therefore, typical IDP/IDPR is charac-
terized by a mosaic structure that represents a combinations of
different foldons (independent foldable units of a protein), in-
ducible foldons (disordered regions that can fold at least in part
due to the interaction with binding partners), non-foldons (non-
foldable protein regions), semi-foldons (regions which are always
in semi-folded state), and unfoldons (regions that have to un-
dergo an order-to-disorder transition to become functional).[74,75]

Indirect support of the functional importance of IDPs/IDPRs
follows from their high natural abundance that increases with
the increase in the organism complexity.[55,59–65] Also, proteins
without unique 3D structures have unique functionality, play-
ing determining roles in control of various signaling path-
ways, recognition, and regulation.[76–78] Obviously, this functional
repertoire complements catalytic and transport functions of or-
dered proteins,[68,79–81] emphasizing importance of both order
and disorder for endless and highly diversified biological ac-
tivities ascribed to proteins. Just a few illustrative examples
of disorder-based or disorder-related advantages include “hub-
ness” of IDPs/IDPRs (i.e., their ability to serve as highly con-
nected nodes in protein–protein interaction networks),[77,82–87]

the ability of IDPs/IDPRs to be engaged in specific but weak
interactions[88] allowing them to serve as dynamic and sensitive
“on-off” switches,[89] to contain molecular recognition features
(MoRFs; i.e., disordered regions that fold at interaction with a
partner),[90–93] to be promiscuous binders interactingwith numer-
ous, often unrelated partners[94] and to adopt different structures
upon binding to different partners,[52,94–99] to form fuzzy com-
plexes preserving significant disorder in the bound state.[89,100–104]

Being natural regulators and controllers of various biologi-
cal processes, IDPs/IDPRs are tightly regulated and controlled
themselves. For example, alternative splicing (AS), which is a pro-
cess by which two or more mature mRNAs are produced from a

single precursor pre-mRNA by the inclusion and omission of dif-
ferent segments,[105,106] has an intimate link to intrinsic disorder,
since mRNA regions affected by AS typically encodes for IDPR
in a protein.[107] It is believed that being mostly found in mul-
ticellular eukaryotes,[108] AS provides an important mechanism
for enhancing protein diversity in multicellular eukaryotes[109]

by expanding various protein functions, such as protein–protein
interactions, ligand binding, regulation, recognition, and enzy-
matic activity.[110–112] Furthermore, IDPRs (or their close proxim-
ity) often contain sites of various posttranslational modifications
(PTMs, such as acetylation, hydroxylation, ubiquitination,methy-
lation, phosphorylation, etc.) and proteolytic attack.[113–115] On the
other hand, disruption of such disorder-based PTM sites by mu-
tations often causes diseases.[116] More generally, pathogenesis
of various human maladies, such as amyloidoses, cardiovascu-
lar disease, cancer, diabetes, and neurodegenerative diseases is
commonly linked to dysfunctions of IDPs/IDPRs.[76,117–123]

3. Prevalence of Intrinsic Disorder in Proteins
Associated with Human Membrane-Less
Organelles

As it was already emphasized, all PMLOs contain specific sets
of resident proteins. Several previous studies clearly indicated
that the presence of significant levels of intrinsic disorder rep-
resents a characteristic feature of some of the proteins associated
with PMLOs.[35–46] However, to the best of our knowledge, no sys-
tematic analysis of the intrinsic disorder predisposition was con-
ducted so far for the PMLO proteome. To fill this gap, we discuss
below results of a systematic bioinformatics analysis of the disor-
der status of 4796 human proteins from 20 PMLOs. These pro-
teins were retrieved mostly using the outputs of the QuikGO tool
(https://www.ebi.ac.uk/QuickGO) complemented with some lit-
erature search. The analyzed proteins were distributed among
the human PMLOs as follows: Nucleolus (1626) > Chromatin
(1350) > Nuclear speckles (650) > Centrosome (530) > Mi-
tochondrial RNA granules (229) > PML bodies (104) > SGs
(57) > Perinuclear compartment (55) > CBs (54) > PcG bodies
(48) > P-granules (19) > Nuage (18) > Cleavage bodies (14) >

Gemini (10) > SAM68 bodies (8) > Paraspeckles (6) > Nuclear
SGs (5) = OPT domain (5) > HLB (4) = Neuronal RNP gran-
ules (4). One should keep in mind that, by no means, this list
is exhaustive and contains all human PMLO-related proteins. In
fact, a recently designed Cell Atlas representing a comprehensive
image-based map of the subcellular protein distribution identi-
fied localization of 12 003 human proteins to 30 subcellular struc-
tures assembled into 13 major organelles, such as nucleus (1922
proteins, together with nucleoplasm, nuclear speckles, and nu-
clear bodies containing 3739, 444 and 482 proteins, respectively),
nucleoli (1016 proteins, together with fibrillar center (254 pro-
teins) and rim of nucleoli), nuclear membrane (272 proteins),
Golgi apparatus (959 proteins), endoplasmic reticulum (430 pro-
teins), vesicles (1806 proteins, together with lipid droplets con-
taining 35 proteins), plasma membrane (1466 proteins, together
with cell junctions containing 285 proteins), mitochondria (1070
proteins), cytosol (4279 proteins, together with cytoplasmic bod-
ies (48 protein), aggresomes (17 proteins), and rods and rings (18
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proteins)), intermediate filaments (179 protein), microtubules
(263 proteins, together with microtubule ends (four proteins), cy-
tokinetic bridge (88 proteins), mitotic spindle (17 proteins), mid-
body (36 proteins), and midbody ring (12 proteins)), centrosome
(336 proteins, together with the microtubule organizing center
containing 132 proteins), and actin filaments (223 proteins, to-
gether with focal adhesions containing 133 proteins).[124]

Figures 2, 3, 4, and 5 represent the result of a global analy-
sis of the intrinsic disorder predisposition of 4796 human pro-
teins associated with different PMLOs. To this end, first, we
looked at their overall disorder levels (protein-average disorder
scores, PADS) evaluated by three members of the PONDR fam-
ily of disorder predictors, PONDR R© FIT,[125] PONDR R© VLXT,[66]

and PONDR R© VSL2.[114,126,127] Results of this analysis are sum-
marized in Figure 2A, where correlation between the outputs
of these three predictors are shown as 3D plot, and which il-
lustrate that significant fractions of proteins in the majority
of human PMLOs are noticeably disordered. This conclusion
is based on the consideration of the outputs of this analy-
sis using the criteria of accepted classification, where two ar-
bitrary cutoffs for the levels of intrinsic disorder are used to
classify proteins as highly ordered (PADSho < 0.25), moder-
ately disordered (0.25 � PADSmd < 0.5), and highly disordered
(PADShd � 0.5%).[128] Figure 2A shows that according to this
classification, the majority of proteins in almost all PMLOs are
highly or moderately disordered. By their disorderedness de-
gree (PADSmd + PADShd) evaluated by PONDR R© FIT, human
PMLOs can be ranked as follows: nuage (33.4%) < P-granules
(57.9%) < mitochondrial RNA granules (62.0%) < perinuclear
compartment (67.3%) < neuronal RNP granules (75.0%) < cen-
trosome (81.5%) < nucleolus (81.9%) < paraspeckles (83.3%)
< nuclear speckles (87.8%) < gemini (90.0%) < PML bodies
(90.3%) < CBs (90.7%) < SGs (93.0%) < PcG bodies (93.7%)
< chromatin (95.5%) < cleavage bodies (100.0%) = SAM68
bodies (100.0%) = nuclear SGs (100.0%) = OPT domain
(100.0%) = HLB (100.0%). Analogous analysis conducted for
the entire human proteome (20 228 proteins retrieved from the
Consensus Coding Sequence database[129–131]) revealed that this
set contains 3969 (19.6%), 5164 (25.5%), and 11 095 (54.9%)
highly disordered (PADShd � 0.5%), moderately disordered
(0.25� PADSmd < 0.5), and highly ordered (PADSho < 0.25) pro-
teins, respectively (see Figure 2B). In other words, according to
their overall disorderedness degree (PADSmd + PADShd) evalu-
ated by PONDR

R©
FIT (45.1%), proteins of human proteome are

noticeably less disordered than proteins in all human PMLOs (ex-
cept for nuages). These data clearly show that the proteome of
PMLOs is, in general, highly intrinsically disordered.
Figure 3A provides further illustration of the fact that PM-

LOs are characterized by a wide range of protein-average disor-
der scores, with the PMLO-average disorder scores ranging from
0.72–0.67–0.64 in the OPT domain to 0.40–0.30–0.27 in nuage
as evaluated by PONDR

R©
VSL2 PONDR

R©
VLXT, and PONDR

R©

FIT, respectively. Importantly, Figure 3B shows that the vast ma-
jority of human PMLO-related proteins are characterized by the
presence of at least one long IDPR (identified as a protein region
containing at least 30 disordered residues), and several proteins
(e.g., from chromatin, nuclear speckles, PcG bodies, PML bodies,
CBs, nucleolus, and centrosome) contain more than ten such re-
gions each.

Although the presence of high levels of structural disorder
in human PMLO-associated proteins, the existence of disorder-
based binding regions is at least as important, since those regions
emphasize potential functionality of intrinsic disorder. There-
fore, we applied three well-established computational tools for
finding potential disorder-based protein binding sites in human
PMLO-associated proteins. These three algorithms are α-MoRF-
Pred I,[90] α-MoRF-Pred II,[92] and ANCHOR.[132,133] The first two
tools are specifically designed for finding α-helix-formingMoRFs
(i.e., disordered regions that undergo transition to α-helix at in-
teraction with binding partner,[90,92]). Whereas ANCHOR algo-
rithm utilizes the pair-wise energy estimation approach origi-
nally used by IUPred.[134,135] This approach acts on the hypothesis
that long regions of disorder include localized potential binding
sites which are not capable of folding on their own due to not
being able to form enough favorable intrachain interactions, but
can obtain the energy to stabilize via interaction with a globular
protein partner.[132,133] Results of these analyses are summarized
in Figure 4 that represents the abundance of MoRFs in proteins
from various PMLOs. In fact, according to these analyses, all pro-
teins have at least one MoRF predicted by at least one computa-
tional tool (see Figures 4A, C, and E). Centrosome, Sam68 nu-
clear body, and SG proteins have the highest rates of disorder-
based binding site prediction, whereas chromatin proteins show
the lowest rates (with none predicted by α-MoRF-Pred I). Ac-
cording to α-MoRF-Pred I/ α-MoRF-Pred II/ANCHOR, the me-
dian numbers of MoRFs per protein ranges from 0/1/2 in chro-
matin to 6/11/19 in centrosome. Figures 4B, D, and F show that
very significant fraction of residues in human proteins associ-
ated with various PMLOs can be potentially engaged in disorder-
based interactions with other proteins. These observations indi-
cate that intrinsic disorder is not only common in human PMLO-
related proteins, but is systematically used for protein–protein
interactions.
Next, we utilized binary disorder predictors that evaluate the

predisposition of a query protein to be ordered or disordered as
a whole. The outputs of two such tools, the charge-hydropathy
(CH) plot[54,62] and the cumulative distribution function (CDF)
plot,[62,136] were combined to generate the CH-CDF plot.[136–138]

Although binary predictors operate at the level of whole proteins
and, therefore, generate results at a much lower resolution than
the residue-level predictors considered in the previous section,
these two types of disorder prediction (generated by binary and
per-residue predictors) produce complementary data. As a mat-
ter of fact, although binary predictors evaluate the overall disor-
der propensity of query proteins at the whole molecule level, by
combining outputs of such predictors, proteins can be grouped
into different structural classes (see below), whereas such clas-
sification is not possible with the per-residue predictors. In fact,
in a CH-CDF plot,[136–138] the coordinates of a query protein are
calculated as following: Y-coordinate corresponded to the dis-
tance of the point representing this protein in the CH-plot from
the boundary (�CH), whereas the X-coordinate was an average
distance of the respective CDF curve from the CDF boundary
(�CDF). In the resulting CH-CDF plot, positive and negative
Y-values correspond to proteins predicted by CH-plot to be ex-
tended or compact, respectively. However, positive and negative
X-values correspond to proteins predicted to be ordered or in-
trinsically disordered by CDF analysis. The CH-CDF phase space

Proteomics , 18, 1700193 C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700193 (4 of 12)

http://www.advancedsciencenews.com
http://www.proteomics-journal.com


www.advancedsciencenews.com www.proteomics-journal.com

Figure 2. Abundance of intrinsic disorder in human PMLO-related proteins A) and in human proteome B). In both plots, consensus 3D PONDR R© FIT
vs. PONDR R© VSL2 vs. PONDR R© VLXT plot representing the correlation between the disorder content in human PMLO-related proteins A) and in human
proteome B) evaluated by PONDR R© VLXT (X-axis), PONDR R© VSL2 (Y-axis), and PONDR R© FIT (Z-axis). Following the accepted practice, two arbitrary
cutoffs for the levels of intrinsic disorder are used to classify proteins as highly ordered (PADSho < 0.25), moderately disordered (0.25 � PADSmd < 0.5)
and highly disordered (PADShd � 0.5%).[128] The values in brackets show the content of highly disordered, moderately disordered, and highly ordered
proteins in each PMLO A) or in human proteome B). Data for the human proteome (20 228 proteins) were retrieved from the Consensus Coding
Sequence database.[129]
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Figure 3. Evaluation of the overall disorder levels and peculiarities of disorder distribution in human proteins associated with PMLOs. A) Spread of the
protein-average disorder scores in individual PMLOs evaluated by PONDR

R©
VSL2 (black bars), PONDR

R©
VLXT (red bars), and PONDR

R©
FIT (green bars).

Bars show mean protein-average disorder scores in corresponding PMLOs, whereas error bars reflect the corresponding standard deviations calculated
by SigmaPlot software. B) Box-and-whisker plot representing statistical analysis of the commonness of long IDPRs in human proteins associated with
various PMLOs. In this plot, the top of each box indicates the third quartile, a horizontal line near the middle of the box indicates the median, and
the bottom of the box indicates the first quartile. A vertical line extending from the top of the box indicates the maximum value, whereas a vertical line
extending from the bottom of the box indicates the minimum value. Black circles represent outliers. Boxes without whiskers correspond to the PMLOs
with small number of proteins (4–8).

provides specific expectations for the disorder status of a pro-
tein depending on its position within four quadrants. Here, the
upper-right quadrant Q1 contains proteins predicted to be dis-
ordered by CH-plot but ordered by CDF; the lower-right quad-
rant Q2 is occupied by ordered proteins; the lower-left quadrant
Q3 includes proteins that are predicted as disordered by CDF
but compact by CH-plot (i.e., native molten globules or hybrid
proteins containing comparable quantities of order and disor-
der); whereas the upper-left quadrant Q4 contains proteins with
extended disorder, such as native coils and native pre-molten
globules.[137]

Figure 5A represents the results of the CH-CDF analysis of hu-
man proteome that revealed the following distribution of 20 848
proteins between the quadrants: Q1 (�CH > 0 and �CDF > 0):
167 (0.8%); Q2 (�CH < 0 and �CDF > 0): 11 380 (54.6%); Q3
(�CH < 0 and �CDF < 0): 6237 (29.9%); and Q4 (�CH > 0
and�CDF< 0): 3064 (14.7%). In other words, mostly disordered
proteins in human proteome (e.g., proteins located in quadrants
Q3 and Q4 of the CH-CDF plot) account for 44.6%. Similar
analysis of 4796 human proteins associated with various PM-
LOs shows that 67 (1.4%), 1642 (34.2%), 1863 (38.9%), and 1224
(25.5%) such proteins are found in quadrants Q1, Q2, Q3, and
Q4, respectively (see Figure 5B), indicating 64.4% of these pro-
teins are mostly disordered. In other words, according to this
analysis, PMLO-associated proteins are noticeably more disor-
dered than the proteins in human proteome. Furthermore, by
their disorder level (percentage of proteins in quadrants Q3 and
Q4), human PMLOs can be ranked as follows: mitochondrial
RNA granules (18.0%) < nuage (22.0%) < P-granules (25.3%)

< perinuclear compartment (30.9%) < nuclear SGs (40.0%) <

cleavage bodies (42.8%)< nucleolus (56.4%)< gemini (60.0%)<
PML bodies (61.2%)< centrosome (62.7%)< CBs 66.7%)= PcG
bodies (66.7%)< SGs (68.4%)< nuclear speckles (72.3%)< neu-
ronal RNP granules (75.0%) < chromatin (80.3%) < paraspeck-
les (83.3%) < SAM68 bodies (100.0%) = OPT domain (100.0%)
= HLB (100.0%). This means that the proteomes of 16 of 20 hu-
man PMLOs are noticeably more disordered than human pro-
teome in general, indicating potential functional importance of
intrinsic disorder for biogenesis and functionality of PMLOs.

4. Intrinsic Disorder in Membrane-Less
Organelles: What is it for?

The findings described in the previous section are in line with
known data on the prevalence of intrinsic disorder in some PM-
LOs. In fact, although current literature contains rather lim-
ited information on proteins experimentally shown to undergo
LLPTs in aqueous solutions alone or in mixtures with other pro-
teins, nucleic acids, or polysaccharides, but all such proteins
are either IDPs or hybrid proteins containing ordered domains
and long IDPRs.[35] Furthermore, previous studies indicated that
some specific IDPs can be related to the biogenesis of nuages,[2]

nucleolus,[139] P-granules,[38] and RNA granules.[39] Several illus-
trative examples, where LLPTs were experimentally observed and
analyzed in solutions containing just one protein (e.g., nuage-
related Ddx4 protein,[2] LAF-1 protein associated with the bio-
genesis of P-granules,[140] and SG-related TIA-1 protein,[141,142] or
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Figure 4. Finding potential disorder-based protein–protein interactions sites in human PMLO-related proteins using the α-MoRF-Pred I[90] (A and B),
α-MoRF-Pred II[92] (C and D), and ANCHOR algorithms[132,133] (E and F). For all three tools, data are aggregated to show predicted binding regions per
protein (plots A, C, and E) and predicted binding residues per residue (plots B, D, and F). In these plots, horizontal bars correspond to median values,
whereas error bars show 2.5 percentile and 97.5 percentile, all estimated by 100 000 bootstrap iterations. Between 2.5 and 97.5 is the 95% confidence
interval on the median.

Figure 5. Evaluating global intrinsic disorder predisposition of all human proteins A) and human proteins associated with various PMLOs B) by com-
bining the outputs of binary disorder classifiers, CH-plot[54] and CDF.[54,62,158] Here, the coordinates of each point were calculated as a distance of the
corresponding protein in the CH-plot from the boundary (Y-coordinate) and an average distance of the respective CDF curve from the CDF boundary
(X-coordinate). The four quadrants correspond to the following predictions: Q1, proteins predicted to be disordered by CH-plots, but ordered by CDFs;
Q2, ordered proteins; Q3, proteins predicted to be disordered by CDFs, but compact by CH-plots (i.e., putative molten globules or hybrid proteins); and
Q4, proteins predicted to be disordered by both methods.

IDPRs of several RNA-binding proteins associated with the as-
sembly of different RNPgranules, such as Pub1IDPR, eIF4GIIIDPR,
Lsm4IDPR, TIA-1IDPR, FusIDPR, and hnRNPA1IDPR[39]), or systems
containing a protein and RNA (e.g., aforementioned Pub1IDPR,
eIF4GIIIDPR, Lsm4IDPR, TIA-1IDPR, FusIDPR, and hnRNPA1IDPR
mixed with RNA at physiological conditions,[39] solution of the
Whi3 protein and CLN3 mRNA[140]), as well as systems, where
at least two proteins are needed for LLPT (e.g., maternal-effect

germline defective proteins (MEG-1 (maternal-effect germline
defective protein 1), MEG-2, MEG-3, and MEG-4) interacting
with PGL-1 (P-granule abnormality protein 1)[143]), or more com-
plex multi-protein (e.g., mixtures of synthetic multivalent signal-
ing proteins[13] and mRNA decapping machinery related to the
formation of P-bodies[144]) or multi-protein-RNA systems un-
dergoing phase separation (e.g., nucleolus-related nucleophos-
min (NPM1) interacting with RNA-binding proteins containing
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numerous arginine-rich linear motifs (R-motifs) and rRNA[139]),
were discussed in some detail in [35].
Computationally, the idea on the commonness of intrinsic dis-

order in PMLO-related proteins was validated for 3005 mouse
proteins localized in several nuclear PMLOs,[40,145] thereby sup-
porting data for human proteins reported in the current study.
This important observation indicates that high level of intrinsic
disorder is present in PMLO-related proteins from different or-
ganisms, suggesting evolutionary conservation of the disorder-
PMLO link. Furthermore, it was hypothesized that the critical
dependence on the intrinsic disorder might represent a global
feature of the mechanisms underlining the formation and dis-
integration of not only some of the “assemblages”,[37,146] but of
all PMLOs and complex biological coacervates.[35,41,46] A very spe-
cific feature of PMLOs is that biological LLPTs leading to their
formation are reversible, highly controllable, and do happen un-
der the physiological conditions of living cells. Why, then, are
IDPs crucial for such biologically relevant LLPTs and, thus, for
PMLO biogenesis? What does define the LLPT compatibility of
these proteins? Why would IDPs/IDPRs serve as abundant con-
stituents and crucial players of the formation and disassembly of
PMLOs?
As it was already emphasized, although phase separation is

controlled by environmental alterations, such as changes in pH,
solution ionic strength, and temperature among other factors,
one of the most important facets contributing to the phase sep-
aration (if not the most important one) is concentrations of
macromolecules.[147] In fact, phase separation can typically oc-
cur only when a specific concentration threshold is reached.[47,48]

Therefore, the high abundance of IDPs/IDPRs in eukaryotic cells
represents an important contributing factor for the commonness
of such proteins in PMLOs. It was also pointed out that proteins
undergoing LLPTs, and thereby commonly found in PMLOs, are
typically characterized by the presence of repetitive units, multi-
valency, flexibility, enrichment in some specific residues, and ac-
cessibility to PTMs.[35,46] All these features are characteristic for
proteins with intrinsic disorder. Therefore, the lack of fixed struc-
ture in IDPs/IDPRs, capability to participate in a wide spectrum
of interactions of different physico-chemical nature and strength,
and ability to serve as common targets for various PTMs repre-
sent crucial elements of the IDP-PMLO engagement. Overall, it
is likely that the lack of stable structure represents one of the cru-
cial determinants defining the ability of proteins to form cyto-
and nucleoplasmic PMLOs via reversible and highly controlled
LLPTs. Let us take a closer look at some of these factors linking
PMLOs with IDPs/IDPRs.

4.1. High Conformational Flexibility of IDPs is Needed for the
Fluidity of Resulting PMLOs

Physically, PMLOs are characterized as liquid droplets found in
the cytoplasm, nucleoplasm, mitochondrial matrix, and stroma
of chloroplasts.[4–7,13,14] Their physico-chemical properties are
generally rather similar to those of the surrounding fluids,[3] and
their density is only slightly higher than that of the surround-
ing intracellular fluids.[11,12] As a result, PMLOs are able to drip,
fuse, wet, and relax to spherical structures upon fusion.[4–7] It is

likely that the physical fluidity of PMLOs (which typically are RNP
droplets) is determined by the conformational “fluidity” of their
principle constituents, flexible RNAs and intrinsically disordered
RNA-binding proteins. However, one should also keep in mind
that in addition to the fluid droplets, some flexible polymers (de-
spite their structural flexibility) can form strong gels or glassy
domains via weak interactions (a few kT per link),[148,149] indicat-
ing that assembly of flexible constituents can generate physically
different conglomerations.

4.2. Specific but Weak Disorder-Based Interactions Contribute to
the PMLO Biogenesis

The strength of interactions between the constituents defines
both the stability of the complexes and the reversibility of their
formation. Obviously, only when interactions are specific but
weak, the resulting assemblages might have liquid-like proper-
ties and might rapidly disintegrate in response to changes. Since
many IDPs/IDPRs are known to be engaged in multiple specific,
but weak interactions, this can give a possible explanation for the
critical involvement of intrinsic disorder in biological LLPTs and
formation of various PMLOs in a highly controllable manner.
It was pointed out[35] that an illustrative example provid-

ing support to the hypothesis that multiple weak interactions
can hold partners together is given by a “polyelectrostatic
model”. This model was developed to explain the mechanism of
formation of a highly dynamic binary complex between an or-
dered protein, the SCF ubiquitin ligase subunit Cdc4, possess-
ing a single receptor site recognizing phosphorylated serines and
threonines and an IDP, the cyclin-dependent kinase inhibitor
Sic1, that can be phosphorylated at nine sites or phosphode-
grons each forming suboptimal binding motifs.[150] In the result-
ing Sic1-Cdc4 complex, Sic1 utilizes all its phosphorylated sites,
regardless of their location relative to the receptor site of Cdc4,
for interaction with Cdc4 via the spatially long-range polyelectro-
static interactions.[150] Importantly, such polyelectrostatic interac-
tion mode defines the ultrasensitivity of the resulting complex to
the Sic1 phosphorylation degree, where the strength of Sic1-Cdc4
interaction increases proportionally to the increase in the num-
ber of phosphorylated sites.[150]

It was also pointed out that the polyelectrostaticmodel can pro-
vide a mechanistic description of the PMLO assembly, although
these decently sized liquid droplets are not typical proteinaceous
complexes.[35] In fact, it is likely that similar to the case of Sic1-
Cdc4,[151] highly flexible members of the conformational ensem-
bles of some of the PMLO-forming IDPs/IDPRs, instead of pre-
senting discrete charges, create mean electrostatic fields that are
utilized in polyelectrostatic attraction.[35]

4.3. Roles of Intrinsic Disorder in the Resilience and Stability of
PMLOs

Despite the fact that PMLOs devoid membranes and their con-
stituents are in free and constant exposure and exchange with
the environment, these organelles are characterized by remark-
able resilience and stability. In fact, once formed, PMLOs stay
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assembled for as long as it is required. Since IDPs/IDPRs are im-
portant for the biogenesis of the phase-separated liquid droplets,
these structure-less proteins should have some specific features
that are helping them to hold fluid assemblages together. Obvi-
ously, this is rooted in a principlemechanistic difference between
the ordered proteins and IDPs in formation of proteinaceous as-
semblages. In fact, ordered proteins, with their limited number
of specific interfaces giving rise to the limited number of spe-
cific high affinity interactions, resemble rigid building blocks or
bricks within a wall. Here, a resulting assembly (“a brick wall”) is
held together by the ability of each “brick” to specifically fit into a
defined and well-ordered niche, shape of which is determined by
the shape of the said brick that is complementary to the shapes of
other bricks. Despite being “sturdy”, such rigid assemblage, how-
ever, can be easily damaged or even completely destroyed if a few
or even just one brick is taken out. This is different from a liquid
droplet, formation of which is determined by multiple weak in-
teractions between IDPs/IDPRs. Here, a resulting assembly (“a
bowl of noodles”) is formed by flexible constituents that are never
engaged in real bonding, but form a multitude of transient con-
tacts, where molecules are constantly touching each other utiliz-
ing a swarm of their own binding motifs to act on a host of bind-
ingmotifs of partners. As a result, PMLOs, these fluid complexes
made of flexible constituents, have a resilience akin to a bowl of
noodles, which remains to be a bowl of noodles even whenmany
noodles are eaten.[35,46]

4.4. Roles of Disorder-Based Flexible Polyvalency

Biogenesis and fluidity of PMLOs rely on flexible polyvalency of
their constituents. Such flexible polyvalency can be defined by
the presence of repetitive units of various physico-chemical na-
ture in many PMLO-related IDPs. These could be alternating
blocks (or clusters) of opposite charges spread over the IDPRs
of proteins undergoing unimolecular LLPTs (e.g., N-terminal
tail of protein LAF-1[140] or disordered tails of orthologous Ddx4
proteins[2]), or some other repetitive units found inmore complex
cases (e.g., multiple RNA recognitionmotifs (RRMs) in the RNA-
binding protein TIA-1[142]; multiple PRMs (proline-rich motifs)
in WASP protein[152]; leucine-rich motifs in Dcp2[144]; R-motifs
in NPM1,[139] and a polyQ tract in the Whi3 protein.[140])

4.5. Roles of PTMs in the PMLO biogenesis

Since PTMs can affect physico-chemical properties of target
proteins, and since the presence of multiple sites of various
PTMs represents one of the characteristic features of many
IDPs/IDPRs,[113–115] it is not too surprising to see that the ef-
ficiency of LLPT and PMLO formation can be affected by the
PTMs.[13] In fact, several cases are known showing a critical de-
pendence of the efficiency of an LLPT on the PTM status of
participating constituents. For example, methylation of several
arginine residues of Ddx4 protein noticeably destabilizes the
Ddx4–based organelles indicating that PMLO biogenesis can be
controlled by the methylation of this protein.[2] The processes
of P-granule assembly and disassembly are regulated by phos-
phorylation and dephosphorylation of MEG-1, MEG-2, MEG-3,

and MEG-4 proteins.[143] The Ubp3/USP10-driven deubiquitina-
tion of several constituent proteins is required for the efficient
SG formation in Saccharomyces cerevisiae[153] and in mammalian
cells.[154] Phosphorylation degree of nephrin fragment defines the
efficiency of the LLPT in the Nck/N-WASP binary system[13,155]).
To provide an oversimplified but illustrative representation of

the physical mechanism that leads to this correlation between
PTMs and PMLO biogenesis, let us consider the “polyelectro-
static model” once again. In the aforementioned Sic1-Cdc4 sys-
tem, the phosphorylation-dependent ultrasensitive binding of
Sic1 to Cdc4 is defined by the presence of multiple phosphory-
latable suboptimal binding motifs in Sic1.[150] In fact, it is known
that phosphorylation of any six of its nine sites is required for
Sic1 to bind to Cdc4. Furthermore, the Sic1 phosphorylation de-
gree (that obviously affects the net charge of this protein) is used
to control the strength of Sic1-Cdc4 interaction, which increases
proportionally to the increase in the number of phosphorylated
sites from six to nine. Since no Sic1-Cdc4 complex is formed
when Sic1 contains less than six phosphorylated sites and since
binding strength is proportional to the extent of Sic1 phospho-
rylation, one can conclude that the degree of Sic1 phosphoryla-
tion in this system serves both as an “on-off switch” controlling
the formation and dissociation of the Sic1-Cdc4 complex or as an
“rheostat” regulating the strength of Sic1-Cdc4 interaction.[150]

4.6. Effects of External Factors in Regulation of PMLO Formation

There are multiple external factors that can trigger LLPTs and,
therefore, control the formation of PMLOs. Among those cues
are changes in concentrations of macromolecular constituents
undergoing LLPTs, changes in the concentrations of specific
small molecules interacting with constituents involved in the
formation of PMLOs, as well as changes in the ionic strength,
pH, and temperature of the solution. Although well-folded pro-
teins are characterized by the funnel-like energy landscapes with
a well-defined global energy minimum corresponding to their
folded conformation,[156,157] the energy landscape of an IDP is rel-
atively flat, lacks such a deep energy minimum, but possesses
numerous local energy minima, due to which protein tend to
behave as a highly frustrated system without any stable well-
folded conformation.[74] Because of such peculiar ‘topology’ of
their energy landscapes IDPs/IDPRs are characterized by con-
formational plasticity and are exceptionally sensitive to local en-
vironment, being much more sensitive than ordered proteins
with the relatively robust funnel-like energy landscapes.[74] As a
result, any changes in the IDP/IDPR surroundings might have
a very strong effect on their structures. Furthermore, different
environmental factors might differently affect the energy land-
scape of an IDP/IDPR defining it’s the ability to fold and/or inter-
act differently, depending on the peculiarities of environmental
conditions.[74]
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