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Abstract
Biologically active proteins without stable ordered structure (i.e., intrinsically disordered proteins)
are attracting increased attention. Functional repertoires of ordered and disordered proteins are very
different, and the ability to differentiate whether a given function is associated with intrinsic disorder
or with a well-folded protein is crucial for modern protein science. However, there is a large gap
between the number of proteins experimentally confirmed to be disordered and their actual number
in nature. As a result, studies of functional properties of confirmed disordered proteins, while helpful
in revealing the functional diversity of protein disorder, provide only a limited view. To overcome
this problem, a bioinformatics approach for comprehensive study of functional roles of protein
disorder was proposed in the first paper of this series (Xie H., Vucetic S., Iakoucheva L.M., Oldfield
C.J., Dunker A.K., Obradovic Z., Uversky V.N. (2006) Functional anthology of intrinsic disorder.
I. Biological processes and functions of proteins with long disordered regions. J. Proteome Res.).
Applying this novel approach to Swiss-Prot sequences and functional keywords, we found over 238
and 302 keywords to be strongly positively or negatively correlated, respectively, with long
intrinsically disordered regions. This paper describes ~90 Swiss-Prot keywords attributed to the
cellular components, domains, technical terms, developmental processes and coding sequence
diversities possessing strong positive and negative correlation with long disordered regions.
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Introduction
Although the number of papers describing the structural features and functional peculiarities
of intrinsically disordered proteins growths exponentially1, 2, there is a significant gap between
the number of proteins that have been experimentally characterized as intrinsically disordered
and their actual number in nature. For example, bioinfomatics analysis has revealed that about
25 to 30% of eukaryotic proteins are mostly disordered,3 that more than half of eukaryotic
proteins have long regions of disorder,3, 4 and that more than 70% of signaling proteins and
the vast majority of cancer-associated proteins have long disordered regions.5 The number of
Swiss-Prot proteins that are predicted to contain long disordered regions falls between 30%
and 50%,5, 6 with as much as ~10–20% of Swiss-Prot proteins being predicted to be wholly
disordered by two binary identifiers of intrinsic disorder, namely by the charge-hydropathy
plot (~10%) and the cumulative distribution function (~20%).3 Thus, the number of Swiss-
Prot proteins that are potentially disordered varies from ~20,000 to >100,000. On the other
hand, as of July 2006, there were only 458 proteins containing 1096 disordered regions in a
curated Database of Disordered Protein (DisProt),7 which provides structure and function
information about proteins that lack a fixed 3D-structure under putatively native conditions,
either in their entireties or in part.

Intrinsically disordered proteins, even with their lack of well-defined 3D-structures under
physiological conditions, still carry out numerous important biological functions.1, 2, 5, 8–
18 Intrinsically disordered regions play a number of crucial roles in regulation, signaling and
controlling processes where interactions with multiple partners and high-specificity/low-
affinity binding are involved. Many posttranslational modifications (including acetylation,
hydroxylation, ubiquitination, methylation, phosphorylation, etc.) and proteolytic attack
frequently occur within the regions of intrinsic disorder.10 Recently, more than 150 proteins
have been identified as containing functional disordered regions, or being completely
disordered, yet performing vital cellular roles.11, 12 Twenty-eight separate functions were
assigned to these disordered regions, including molecular recognition via binding to other
proteins, or to nucleic acids,11, 15 which can be grouped into at least five broad classes based
on the mode of disordered protein/region action, including entropic chains, effectors,
scavengers, assemblers and display sites.15 The increasing recognition of the importance of
these proteins called for the adjustment of the “lock-and-key” structure-function paradigm,8
and finally resulted in the elaboration of a novel sequence-to-structure-to-function paradigm,
The Protein Trinity19 or The Protein Quartet Hypotheses,1 which includes the novel functions
of disordered proteins, and suggested that native and functional proteins can be in one of three
(four) states, the solid-like ordered state, the liquid-like collapsed-disordered state, the gas-like
extended-disordered state, or the extended-disordered pre-molten globule state.1, 10, 19 This
new paradigm suggests that function arises from any one of the three (four) states or from
transitions between them.1, 10, 19

Interestingly, it was the bioinformatics who played the key role in transforming a set of counter
examples of “strange” biologically active proteins without rigid 3-D structure into a new
subfield of protein science dealing with intrinsically disordered proteins. Similar to this past
success, the future development of our understanding of the functional diversity of protein
disorder may rely on such bioinformatics tools as data mining to classify the functional
repertoires of confirmed disordered proteins. While such obvious studies are helpful, they are
bound to provide only a limited view. Thus, novel bioinformatics tools are needed. In the first
paper of this series, a bioinformatics approach was proposed to analyze functional roles of
protein disorder in a systematic way.20 This novel tool uses the long disordered regions
PONDR VL3E predictor, which has estimated per residue accuracy of above 86%,21 to find
Swiss-Prot22 proteins that contain long predicted regions of intrinsic disorder. As about
200,000 Swiss-Prot proteins have been annotated with one or more functional keywords, the
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disorder-(or order-) correlated functions were determined as those that contain significantly
larger (or smaller) fraction of proteins predicted to have long disordered regions (> 40 amino
acid residues) than would be expected in a random selection of SwissProt proteins of
comparable length. We also ensured that the unfavorable effects of sequence redundancy and
sequence length were eliminated.20 This study performed a comprehensive analysis of
disorder-related functions in the entire Swiss-Prot and resulted in a list of 238 and 302 Swiss-
Prot functional keywords that were strongly positively or negatively correlated with long
intrinsically disordered regions, respectively.

Given this list, an extensive literature survey to find experimental evidence supporting the
findings was also performed. Illustrative literature examples related to 80 Swiss-Prot keywords
associated with disorder-and order-driven biological processes and protein functions were
described in the first paper.20 The second paper of the series is devoted to the presentation of
87 Swiss-Prot keywords attributed to the cellular components, domains, technical terms,
developmental processes and coding sequence diversities possessing strong positive and
negative correlation with long disordered regions. As with the first 80 keywords, this manual
curation of the next 87 finds supportive evidence for the indicated disorder-function
relationship.

Materials and methods
The protocol for dataset assembly was described in the first paper of this series together with
the description of the bioinformatics approach for determining order- and disorder-related
SwissProt keywords.20 In brief, we have analyzed 196,326 Swiss-Prot22 proteins with
sequences longer than 40 amino acid residues. The known redundancy of Swiss-Prot23 was
reduced applying the Markov Cluster Algorithm24 to group the Swiss-Prot proteins into 27,217
families according to sequence similarity. Each of the analyzed proteins is annotated with one
or several functional or structural keywords. There are 875 keywords in Swiss-Prot, 710 of
which are associated with at least 20 proteins.

Long disordered regions in Swiss-Prot proteins were predicted using the PONDR VL3E
predictor21, which is an ensemble of neural network classifiers that achieves ~87% per-residue
cross-validation accuracy on balanced data set with equal numbers of ordered and disordered
residues. Each of the 196,326 Swiss-Prot proteins was labeled as putatively disordered if it
contained at least one region with more than 40 consecutive amino acids predicted by VL3E
to be intrinsically disordered; proteins predicted not to contain such long disordered regions
were labeled as putatively ordered.

The probability, PL, that VL3E predicts a disordered region longer than 40 consecutive amino
acids in a SwissProt protein sequence of length L was estimated as the fraction of putatively
disordered SwissProt proteins with lengths between 0.9L and 1.1L. TribeMCL clustering was
used to reduce effects of sequence redundancy in estimation of PL, as described previously.
20 Swiss-Prot keywords associated with disorder- (or order-) correlated functions were
determined as those that contain a significantly larger (or smaller) fraction of putatively
disordered proteins than what would be expected by a random selection of SwissProt sequences
with the same length distribution.20

Results and Discussion
The bioinformatics results indicate correlations between keywords and whether or not whole
proteins contain regions of order or disorder. From these results it is unclear whether the various
functions are associated with the regions predicted to be disordered or with other parts of the
proteins. We therefore carried out manual literature curation to test whether functions are
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directly associated with disordered regions. The results of this curation are presented below.
The data below are organized in the following way: each discussed keyword is placed at the
beginning of the corresponding paragraph and Italized. If description provided involves other
keywords discussed in this and the accompanying papers these keywords are presented using
the Italic font.

Cellular components associated with intrinsically disordered proteins
Table 1 lists the cellular components associated with intrinsic disorder. The role of disorder in
functioning of several nuclear proteins, including chromosomal proteins, nucleosome core
proteins (histones) and transcription factors, has been already discussed. High mobility group
(HMG) domain proteins are nuclear proteins that are known as transcription factors.25 These
proteins are considered as central 'hubs' of nuclear function, as they are able to bind to 18 known
protein partners and addition to several specific DNA structures.26 The HMG proteins are
soluble in dilute (5%) acids, possess unusually high content of charged amino acid residues
and prolines, have multiple phosphorylation sites, and exhibit atypical electrophoretic mobility.
27 Furthermore, the HMGA proteins have little, if any, regular secondary structure and
certainly no rigid tertiary structure;28–30 i.e., these molecules behave as typical natively
unfolded proteins.9

Spliceosome—Protein p14 is a subunit of the essential splicing factor 3b (SF3b) which is
present in both the major and minor spliceosomes.31–33 The p14 molecule is located near the
catalytic center of the spliceosome and is responsible for the first catalytic step of the splicing
reaction.33, 34 Using NMR analysis it has been established that the flanking N- (residues 1–
20) and C-terminal regions (residues 100–125) of p14 are unstructured.35 Another example
of disordered proteins that are involved in spliceosome assembly is serine/arginine-rich (SR)
splicing factors. Besides their importance for both constitutive and alternative splicing,36SR
proteins play key roles in the spliceosome assembly by facilitating recruitment of components
of the spliceosome via protein-protein interactions37 that are potentially mediated by the
disordered SR domains of these splicing factors.38

Cytoskeleton—An internal network of proteinaceous structures, microtubules and filaments,
determines the structure and shape of the cell and contributes to the cytoskeleton. Protein
intrinsic disorder plays multiple crucial roles in the assembly and function of the
cytoskeleton. We have previously shown that the high disorder content of cytoskeletal proteins
is comparable to that of regulatory and cell signaling proteins.5 Three illustrative examples of
disordered cytoskeletal proteins are described below: microtubule-associated protein tau,
neurofilament proteins and stathmin.

There are six major isoforms of the microtubule-associated protein tau, ranging in size from
352 to 441 amino acid residues. These isoforms are produced in the human central nervous
system as a result of alternative splicing.39–41 The amino acid sequence of tau is dominated
by hydrophilic and charged residues. The C-terminal repeat region is flanked upstream by a
basic proline-rich region (about 25% proline) and downstream by another basic stretch that
also contains several prolines. The C-terminal half of tau (repeats and their flanking regions)
constitutes the microtubule binding domain.42–44 Among numerous functions associated with
tau are the stabilization of axonal microtubules, interaction with the actin cytoskeleton and the
plasma membrane, the anchoring of enzymes such as protein kinases and phosphatases, the
regulation of intracellular vesicle transport, and the participation in signal transduction and
neurite outgrowth.45 Pathological association of tau protein into paired helical filaments
(PHFs) is associated with Alzheimer’s disease development.46 Despite the crucial role in
numerous biological processes and its involvement in the Alzheimer’s disease pathogenesis,
the structural information about the tau protein is limited. So far, low-resolution techniques
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(such as circular dichroism, small angle X-ray scattering, hydrodynamic measurements) have
yielded data, and furthermore this protein has resisted all crystallization efforts. Finally it is
too large for a structural analysis by NMR.45 Overall, these low resolution structural data
indicate that tau is a natively unfolded protein with little α-helical or β-sheet structure.47–49
In fact, to distinguish the extremely flexible tau protein from ‘normal’ globular protein with
rigid 3-D structure a special term, “natively denatured protein”, was introduced in 1994.48

Neurofilaments (NF) are composed of three proteins: light (NFL), medium (NFM), and heavy
(NFH) that combine to form an intermediate-sized filament that functions to maintain the inner
bore of neurons. NFs are formed by the trimerization of the N-terminal regions of these three
proteins. Both the NFM and NFH proteins possess C-terminal tails that are disordered
extensions from the assembled neurofilament core. These tails are thought to form highly
flexible entropic bristle domains that function to keep the NFs separated, thus keeping the
neuron bore open.50 The human NFM is a 915-residue protein that contains a 312-residue
intermediate filament oligomerization domain in the N-terminal half and a 504-residue highly
charged C-terminal tail. While the NFH tail requires phosphorylation to acquire a charge and
can adopt various phosphorylation states, the NFM tail carries a high intrinsic charge.51

Stathmin is a key regulator of microtubule dynamics. The soluble cytoplasmic protein
destabilizes microtubules by regulation of microtubule dynamics and stimulating microtubule
growth to shortening, thereby playing a central role for cell proliferation, cell migration, and
mitotic spindle formation.52 Stathmin is expressed in high amounts in a wide variety of human
malignancies, and it is also recently implicated in anxiety states of mental disorders.53 It has
been shown that stathmin lacks a stable 3-D structure in isolation,54 and its N-terminal moiety
adopts little regular secondary structure, whereas the C-terminal domain populates an ensemble
of transient helical conformations. Upon binding of stathmin to two head-to-tail aligned α/β-
tubulin heterodimers, the N terminus folds into a β-hairpin, and the C-terminal helical domain
becomes stabilized.55 Recently, the important role of phosphorylation in regulating stathmin-
tubulin interactions have been demonstrated.56

Centromere—This segment, which is the most condensed and constricted region of a
chromosome, assembles the proteinaceous kinetochore, maintains sister chromatid cohesion,
regulates chromosome attachment to the spindle during mitosis, and directs chromosome
movement during cell division.57 Kinetochores are multiprotein complexes that assemble on
centromeric DNA and mediate attachment of chromosomes to microtubules. In the budding
yeast, Saccharomyces cerevisiae, kinetochores contain 60 or more different subunits organized
into at least 14 multiprotein complexes.58 The four-protein Ndc80 complex is an essential
kinetochore component, which is conserved from yeast to humans and contains Ndc80p,
Nuf2p, Spc24p, and Spc25p.59 Nuf2p and Spc24p are both coiled-coil proteins.60 Importantly,
although Spc24p has a smaller mass than Spc25p, the former migrates slower on SDS/PAGE,
61 a property typical of intrinsically disordered proteins.62 Furthermore, the production of the
S. cerevisiae Ndc80 complex in insect cells results in five products: four corresponded to the
molecular weights expected for the full-length Ndc80p, Nuf2p, Spc24p, or Spc25p, whereas
the fifth polypeptide, with an apparent molecular mass of 70 kDa, contained an N-terminally
truncated version of Ndc80p.61 Full length and truncated Ndc80p are populated almost equally,
suggesting low conformational stability of the N-terminal domain of this protein. Comparison
of Ndc80p sequences from 29 organisms reveals that the first 100 residues of the S.
cerevisiae protein are poorly conserved among fungi and largely absent from higher
eukaryotes.61

Flagellum—This the locomotion organelle is a long, whip-like extension, which enables
certain cells or unicellular organisms to swim. The major component of the bacterial flagellum
is a thin filament of 12–25 nm in diameter, which is known as the flagellar filament and is
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made of protein subunit called “flagellin”. It has been established that intrinsic disorder play
crucial role in the assembly of the bacterial flagellum.63 For example, 65 N-terminal and 45
C-terminal residues are disordered in the monomeric forms of flagellin from E. coli and
Salmonella, respectivelly64, 65 During the flagellum formation, these disordered terminal
regions fold to form a concentric double-tubular structure in the filament core, which is mostly
made of α-helices aligned parallel to the filament axis.63, 66 The other flagellar axial proteins
including FliE (the putative FliF ring-rod junction), FlgB, FlgC, FlgF, FlgG (four rod proteins),
FlgE (hook), FlgK (HAP1), FlgL (HAP3), and FliD (HAP2), which are produced in much
smaller copy numbers in wild-type bacterial cells, also have disordered termini in their
monomeric forms in solution.63 Based on these observations it has been concluded that the
terminal disorder, being a common motif of the flagellar axial proteins, plays an important role
in their assembly process in the same way as flagellin.63

Golgi stack—The Golgi apparatus (also known as a dictyosome, Golgi complex, or Golgi
body) is an organelle representing a network of stacked membranous vesicles found in most
of eukaryotic cells. The central portion of the Golgi apparatus is characterized by a set of thin,
flattened membrane-bounded compartments, called cisternae, or Golgi stack. The Golgi
apparatus is part of the endomembrane system, which functions as a central delivery system
for the cell, kind of the cellular post office, processing proteins targeted to the plasma
membrane, lysosomes and endosomes and to the secretion. Furthermore, the stability and
functional diversity of many newly synthesized proteins in the secretory pathway depend on
accurate glycosylation performed by the Golgi apparatus.67 The Golgi stack receives proteins
from the endoplasmic reticulum and transfers them through the different compartments of the
stack, which initiates a series of complex sorting events directing various cargo molecules to
different subcellular organelles, and the apical and basolateral surfaces of polarized cells. One
of the most characteristic features of the Golgi apparatus is the presence of various
carbohydrate-processing enzymes that are specifically localized in the Golgi stack.68
Transport within the Golgi stack is facilitated by the coat protein I (COPI) carrier vesicles that
form in response to activation of the small GTPase ARF1.68 Furthermore, several other small
GTPases (members of the GNBP family), including ARL1,69 Sar1 and Rab1,68 are associated
with the Golgi apparatus function. The role of intrinsic disorder in regulation of the different
GNBPs was already discussed in section GTPase-activating proteins.

Another example of intrinsically disordered protein that is implicated in several biological
functions including Golgi membrane tubule fission is a transcriptional corepressor CtBP.70
CtBP is a moonlighting protein that fulfills different functions in the cell depending on cellular
localization.71 In isolated Golgi apparatus the CtBP3 isoform (previously known as BARS,
Brefeldin A-ADP Ribosylated Substrate, and recently renamed as short-CtBP1 or CtBP1-S)
has been shown to be a key component of the machinery controlling Golgi tubule fission.72
In recent studies on intact cells, the CtBP fission inducing activity was shown to participate in
the fragmentation of the Golgi complex during mitosis73 as well as in intracellular membrane
traffic.74 Recently, a combined approach based on bioinformatics, NMR, CD spectroscopy,
and small-angle X-ray scattering that was applied to analyze CtBP structure demonstarted that
~90 C-terminal residues of this protein are intrinsically unstructured in the full-length CtBP
and in constructs lacking the substrate- and/or the nucleotide-binding domains.75

Mitochondrion—The overwhelming information on the mitochondial proteins is
accumulated in the MitoRes database.76 A few illustrative examples of intrinsically disordered
mitochondrial proteins are described below. Don Juan is a nuclear-encoded, germ-cell
specifically expressed protein, which might be involved in the final steps of mitochondrial
differentiation within the flagellum.77 Don Juan is a medium-sized (248 amino acid residues
long) basic protein with high lysine content (the protein contains 33% of the amino acid lysine)
and multiple hexapeptide-motif DPCKKK repeats.78 These amino acid biases suggest that
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Don Juan is very likely to be a typical intrinsically disordered protein. Mitochondrial
transcription factor A (TFAM), a member of an HMG protein family, is essential for
maintenance of mitochondrial DNA, potentially playing a histone-like architectural role for
maintenance of mitochondrial DNA.79 As both these functions, transcription regulation and
histone, are associated with intrinsic disorder, TFAM potentially behaves as an intrinsically
disordered protein as well.

Proteasome—This multicatalytic enzyme complex, which is present in the cytoplasm and
nucleus of all eukaryotic cells, has the primary function of degrading proteins. The 20S
proteasome (also known as the core particle, CP) is a large, cylinder-shaped protease with the
molecular weight of about 700 000 Da, which is formed by 28 protein subunits arranged in 4
stacked rings of 7 subunits each.80 As with many other multiprotein complexes, CP contains
numerous flexible and disordered regions crucial for the assembly of the particle and for its
function.81 Over 80% of all cellular proteins are recycled through the proteasome.82 The list
of common substrates of the proteasome includes cell-cycle regulators, signaling molecules,
tumor suppressors, transcription factors, and antiapoptotic proteins. Note the vast majority of
these proteasome-processed proteins are associated with signaling and regulation. These
processed proteins are either completely disordered or contain long disordered regions.5
Furthermore, it has been recently demonstrated that in cases when a folded protein substrate
is directed to proteolysis by the proteasome, an unstructured initiation site within such a
substrate is absolutely required for a successful degradation.83 It has been proposed that the
proteasome degrades a substrate by first binding to its ubiquitin modification and then initiating
unfolding at an unstructured region.83

Signal recognition particle (SRP)—This ribonucleoprotein complex mediates the
cotranslational targeting of nascent secretory and membrane proteins to the endoplasmic
reticulum.84–86 SRP is present in all three kingdoms of life. Metazoan SRPs consist of six
proteins (SRP54, SRP19, SRP68, SRP72, SRP9, SRP14) and a 300-nucleotide RNA (SRP
RNA).87–89 Analysis of the solution structure of the 104 residue SRP19 from the
hyperthermophilic archaeon Archaeoglobus fulgidus revealed that residues 53–62 in loop 3
and residues 95–104 in the C-terminal tail exhibit considerable disorder.90 The SRP located
in chloroplasts is different from the cytoplasmic SRPs by lacking RNA and containing instead
a 43-kDa subunit cpSRP43. This novel cpSRP43 subunit is composed of repeats of two types
of structural motifs: namely, four ankyrin repeats and three chromodomains (chromosome
organization modifier).91–93 NMR analysis revealed that the three chromodomains, CD1,
CD2, and CD3, possess significant amounts of disorder. In fact, in CD1, 32 out 47 residues
are disordered, including N-terminal residues 1–9, C-terminal residues 36–47 and the loop 23–
31. CD2 (which is 56 amino acid residues long) contains a disordered N-terminal region
(residues 1–12) and a flexible loop (27–35). There is also a flexible loop (residues 10–19) in
CD3.94

Synaptosome—The junction between various signal-transmitting cells, e.g., between two
neurons or between a neuron and a muscle or gland is the synapse. The synaptosome is a saclike
structure that results from synapses following homogenization and fractionation of the nerve
tissue. The major function of the synapse is to transmit a nerve impulse from an axon terminal
to another neuron, a muscle or a gland cell. Many proteins are associated with the synapse and
are involved in its function. An illustratative example is a presynaptic natively unfolded protein
α-synuclein discussed above (see section Neurotoxins). Another example of intrinsically
disordered protein involved in the synaptic activity is neuromodulin (also known as growth-
associated protein-43 (GAP-43), B50, F1, or P56), which plays a crucial role in several
processes in neuron biology, including growth and regeneration, synaptic plasticity and
neurotransmitter release.95 Far-UV CD analysis revealed that the purified neuromodulin is
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substantially unfolded but undergoes a conformational change from random coil to α-helix as
a result of interaction with acidic phospholipids.96 The intracellular domain of the nicotinic
acetylcholine receptor (nAChR) that mediates signal transduction at the postsynaptic
membrane of cholinergic synapses is also disordered as determined by several prediction
methods, limited proteolysis and NMR.97

Gas vesicle—This is a cylindrical shell made of protein enclosing a gas-filled space. The
gas vesicles are used by many aquatic microorganisms to regulate their depth in the water
column. The structure of the gas vesicle shell is similar to a virus capsid, as it contains no lipids
and is built almost exclusively of repeating units of the 7- to 8-kDa gas vesicle protein A
(GvpA).98 This basic shell is strengthened by adhering the different amounts of the larger,
~21-kDa, gas vesicle protein C (GvpC).99 GvpA is one of the most hydrophobic proteins
known.100, 101 Gas vesicles can be dissolved in highly protic acids, such as 80% formic acid,
but solution NMR shows that GvpA is unfolded under these conditions.102 Contrarily, the
GVPc from Anabaena flos-aquae is a hydrophilic protein of 193 residues (21,985 Da)
containing five highly conserved 33 amino acid repeats,103 which may interact with the
periodic structure provided by GVPa. It is beleived that GVPc provides the hydrophilic outer
surface of the gas vesicle wall and stabilizes it.

Keratins—This family of fibrous structural proteins includes the major protein components
of hair, wool, nails, horn, hoofs, and the quills of feathers. Keratins comprise the large subgroup
of intermediate filament proteins and are differentially expressed as pairs of type I (~48 kDa,
acidic) and type II (~61 kDa, basic) intermediate filament proteins in the epithelia.104 In the
early state of hair formation, assemblies of these keratin proteins form a gel network, leading
to the production of hair through dehydration. The major structural feature of the hard keratin
fibers is a double-stranded α-helical coiled coil.105, 106 According to the 3-D molecular
structure of the keratin α-helical coiled coil proposed by Pauling and Corey,107 the heterodimer
molecules (roughly 50 nm long) are characterized by a central domain composed of a double-
stranded α-helical coiled coil interrupted by nonhelical segments. Although hard keratin fibers
are highly organized structures, the analysis of water-soluble keratin proteins consisting of
mixtures of type I and type II revealed that keratins are substantially disordered at pH 8.0,
possessing far-UV CD spectra typical of highly unfolded polypeptide chain.108

Telomere—Telomeres are physical ends of linear eukaryotic chromosomes, which are
specific nucleoprotein complexes with numerous important functions, primarily in the
protection, replication, and stabilization of the chromosome ends. In human, the ends of
chromosomes are characterized by the arrays of TTAGGG repeats. Six telomere-specific
proteins, TRF1, TRF2, TIN2, Rap1, TPP1, and POT1, associate to form a complex known as
shelterin, which protects chromosome ends.109 Three of these proteins, TRF1, TRF2 and
POT1, bind directly and specifically to telomeric DNA and each bind several proteins that do
not interact with telomeric DNA.110

Chloroplast—This chlorophyll-containing organelle is found in the cytoplasm of algal and
green plant cells. The chloroplast is one of the forms that a plastid, a pigmented cytoplasmic
organelle, may take. Chloroplasts convert the light energy into electrochemical potentials of
ATP and NADPH through a process called oxygen-evolving photosynthesis. Photosynthesis
actually takes place in thylakoids, the sub-organelles, located inside the chloroplasts and
stacked in grana. Similar to mitochondria, chloroplasts are surrounded by a double lipid-bilayer
membrane with an intermembrane space. Although chloroplasts have their own DNA, the
majority of their proteins are encoded by genes contained in the cell nucleus, with the protein
products trafficked into the chloroplast. Obviously, the chloroplasts house a number of specific
proteins involved in energy metabolism. Furhtermore, chloroplasts contain a specialized type
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of SRP, the chloroplast SRP (cpSRP), the structural and functional peculiarities of which were
discussed above. Importantly, besides the post-translational interaction with light-harvesting
chlorophyll a/b-binding protein, the cpSRP is involved in the co-translational transport of
chloroplast-encoded thylakoid proteins. Thus, cpSRP is able to switch between the co-and post-
translational modes of interaction with the corresponding substrate proteins.111

Surface film—Corneal and conjunctival epithelia of the eye are crucial for light refraction
and protection of vision, as well as for holding in place a tear film on the eye surface.
Maintenance of the tear film on the ocular surface, lubrication, and provision of a pathogen
barrier on this wet surface are controlled and regulated by a class of large, highly glycosylated,
hydrophilic glycoproteins – the mucins.112 Structural analysis of different mucins revealed
that in dilute solutions these proteins behave as random coil-like, linear flexible chains.113

Tight junction—Tight junction (TJ), also known as impermeable junction, occluding
junction or zonula occludens, is formed by closely associated areas of two cells whose
junctional membranes join together. TJ constitutes the barrier both to the passage of ions and
molecules through the paracellular pathway and to the movement of proteins and lipids between
the apical and the basolateral domains of the plasma membrane. More than 40 different proteins
have been discovered to be located at the TJs of epithelia, endothelia and myelinated cells.
114 Several integral membrane proteins, including occludin, claudin(s) and the junctional
adhesion molecule-A (JAM-A), were localized to functional TJ structures.115 Human occludin
has four transmembrane segments, a 65-amino acid cytosolic N terminus, two extracellular
loops of 46 and 48 amino acids separated by a 10-amino acid cytosolic loop, and a C-terminal
tail of approximately 255 amino acids.116 Both the N-and C-terminal domains have a large
number of serine and threonine residues, and the functionally active form of the protein
localizing to the tight junction appears to be hyperphosphorylated at serine and threonine
residues.117 Circular dichroism analysis revealed that extracellular loops of occludin are likely
to be disordered.118

Extracellular matrix—Extracellular matrix (ECM) is a network of filamentous
glycoproteins and proteoglycans. ECM is attached to the cell surface and provides cells with
anchorage, traction for movement, and positional recognition. The most abundant components
of ECM are collagen, fibrin, elastin, fibrillins, fibrinonectins, laminins and nidogens. Elastin
is a massive cross-linked protein network produced by the stepwise association of tropoelastin
molecules, which are oxidized at selected lysines and associate in the extracellular matrix.
119 The association of tropoelastin is determined by domain 26 (D26) (residues 515–556),
structure of which has been recently determined using high-resolution solution NMR methods.
120 In this study, essentially full chemical shift assignment for D26 at 278 K was obtained
using a combination of homonuclear, 15N-separated and triple resonance experiments. A
thorough analysis of secondary chemical shifts, NOE and 15N relaxation data revealed that this
domain is essentially unstructured in solution.120

Cellular components associated with ordered proteins
Table 2 lists the top cellular components associated with ordered proteins. Membrane
(membrane, inner membrane, and outer membrane) proteins are known to play a number of
the critical roles in a myriad of biological and physiological functions. The transmembrane
fragments, domains and chains of proteins associated with all types membranes can be grouped
into two major structural classes, α-helical and β-barrel, both of which are highly organized.
121 In agreement with this statement, the membrane proteins are significantly under-
represented in disorder predictions across entire proteomes.122 This does not rule out the
possibility that membrane proteins contain disordered loops and tails, however.
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MHC I—The major histocompatibility complex (MHC) is a group of genes that code for the
cell-surface histocompatibility antigens and are the major determinants of tissue type and
transplant compatibility. In humans, there are 140 genes in the MHC region on Chromosome
6,123 which can be divided into three major subgroups, MHC class I (MHC I), MHC class II
(MHC II), and MHC class III (MHC III). The MHC I encodes heterodimeric peptide binding
proteins and some antigen processing molecules including transporters associated with antigen
processing (TAP) and Tapasin. The MHC II encodes heterodimeric peptide binding proteins
and proteins that modulate peptide loading onto MHC class II proteins in the lysosomal
compartment such as MHC II DM, MHC II DQ, and MHC II DP. Finally, the MHC III region
encodes for other immune components, such as complement components (e.g., C2, C4, factor
B), and some of this same region encodes for cytokines as well (e.g., TNF-α). MHC I proteins
are constitutively expressed at almost all nucleated cells and present small intracellularly
generated protein fragments to the CD8-positive T cells and natural killer (NK) cells, providing
the basis for immune recognition of pathogen-infected cells.124 The central feature of the
highly ordered MHC I function is its ability to bind a wide spectrum of 8–10-mer peptides with
high affinity within a specific groove formed by the αl and α2 domains.125

MHC II—proteins are heterodimers expressed on the surface of epithelial cells in the thymus
and on professional antigen-presenting cells in the periphery. They display a wide range of
peptides for recognition by the T-cell receptors of CD4+ T helper cells. MHC II consists of
two non-covalently associated polypeptide chains: the α-chain and the β-chain, which in
addition to their extracellular regions, both have a single transmembrane sequence and a short
cytoplasmic tail. The N-terminal α- and β-regions of the chains combine to form a membrane-
distal peptide-binding domain, that consists of a groove, with a floor provided by a β-sheet,
and two walls, each formed from an α-helix.126 It has been pointed out that the displayed
peptide is bound in the groove in an extended conformation that is imposed by hydrogen
bonding from conserved MHC II residues (in the walls of the groove) to the peptide backbone.
127 This mode of interaction ensures that the conformation adopted by the bound peptide is
independent of its sequence and bears no relationship to the conformation of the epitope
sequence in the context of the native antigenic protein,128 thus providing highly ordered MHC
II with an outstanding binding plasticity and polymorphism.

Periplasmic space—This space is located between the plasma membrane and the outer
membrane in the gram-negative bacteria. A smaller periplasmic space between the plasma
membrane and the peptidoglycan layer (cell wall) may be observed in gram-positive bacteria.
The periplasmic space is composed of a peptidoglycan (or murine) frame and is filled with an
aqueous solution containing oligosaccharides, monosaccharides, proteins, and other solutes.
129 The proteins residing in or transiting through the periplasmic space are subjected to
frequent environmental changes (e.g., extreme pH values, high salt concentrations and extreme
temperatures) that may cause their unfolding and aggregation.129 In contrast to non-
periplasmic proteins, the periplasmic proteins are marginally stable but are exceptionally
highly resistant toward aggregation as examined under various denaturing conditions.129

Lysosome—This membrane-enclosed organelle is found in plant and animal cells containing
different hydrolytic enzymes that function in intracellular digestion. The important feature of
lysosomes is their slightly acidic (pH 4.8) reducing interior, which is crucial for the
conformational destabilization of proteins targeted for degradation. Lysosomal cysteine
proteases, generally known as the cathepsins, are stable well-folded proteins that possess
optimal activity in this slightly acidic, reducing milieu.130 Cathepsins comprise a group of
papain-related enzymes, sharing similar amino acid sequences and folds.130
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Hexon protein—Adenoviruses are double-stranded DNA viruses that are found in all
vertebrates.131 Adenoviruses have an icosahedral capsid, the major components of which are
the hexon, a trimeric protein with a hexagonal shape at its base, and the penton that is a
noncovalent complex between the pentameric penton base and the trimeric fibre protein. In the
capsid, 240 hexons form the 20 facets of the icosahedron, whereas the pentons form and project
from the 12 vertices.132 The atomic structures of the hexon of human adenoviruses type
5133 and type 2134 were determined.

Fimbriae (also known as pili)—These are proteinaceous appendages, which are formed
from filamentous protein polymers, protrude from the outer surface of bacteria. Fimbriae are
present in many gram-negative bacteria. They are thinner and shorter than a flagellum and are
used by bacteria to adhere to one another during mating and to adhere to animal cells.135 For
example, type IV pili, being comprised of pilin, are key virulence factors for many important
human pathogens including Vibrio cholerae, Pseudomonas aeruginosa, Neisseria
gonorrhoeae, Neisseria meningitidis, and Escherichia coli.136 Structurally, fimbriae are
polymers of a single protein subunit, which is usually of relatively low molecular weight, but
also contain small amounts of associated proteins.137 The high-resolution X-ray crystal
structures of the type IVb toxin-coregulated pili subunit, TcpA, which is one of the largest type
IV pilins (199 amino acids), and full length PAK pilin, one of the smallest pilins (144 amino
acids) have been recently reported.136

Bacterial capsule—This layer of surface-associated mucopolysaccharides provides an outer
shell enveloping certain bacteria. Biosynthesis of the bacterial capsule is a complex process,
which involves polymerization and transmembrane export of capsular polysaccharides
followed by the surface assembly of the capsule. In E.coli,138 polymerization involves
sequential action of glycosyltransferases, whereas the transport of nascent polysaccharide
across the plasma membrane is performed either by the polysaccharide exporter protein
Wzx139 or by the ABC-2 (ATP-binding cassette) transporter.140 Surface assembly of group
1 capsules requires Wza139 and Wzc.141 Thus, proteins involved in the bacterial capsule
production are either enzymes or membrane proteins.

Microsome—This small vesicle is derived from fragmented endoplasmic reticulum produced
as a result of the cell homogenization and used for the isolation of cytochrome p450 enzymes
(P450s or CYPs). The P450s are heme-containing monooxygenases, often catalyzing
hydroxylation of hydrophobic substrate molecules. This hydroxylation plays a crucial role in
the metabolism of the majority of drug molecules. P450s are also involved in the synthesis and
degradation of numerous important endogenous compounds in many species of
microorganisms, plants and animals. Crystal structures of several P450s have been solved, and
these proteins all show approximately the same highly organized mixed α/β fold.142

Peroxisomes—These ubiquitous and essential eukaryotic organelles are characterized by
the presence of a proteinaceous matrix surrounded by a single membrane. These organelles are
involved in a variety of metabolic pathways, and it is estimated that mammalian peroxisomes
contain about 50 different enzyme activities.143 These many activities require the presence of
a large number of peroxisomal proteins. These proteins are involved in peroxisomal alpha
oxidation (acyl-CoA oxidases; peroxisomal multifunctional enzymes; thiolases; alpha-
methylacyl-CoA racemase; carnitine acetyltransferase and carnitine octanoyltransferase;
delta3,5-,delta2,4-dienoyl-CoA isomerase; peroxisomal 2,4-dienoyl-CoA reductase 2;
peroxisomal 3,2-trans-enoyl-CoA isomerase; very-long-chain acyl-CoA synthetase; acyl-CoA
thioesterases; and peroxisomal trans-2-enoyl-CoA reductase); peroxisomal beta oxidation
(phytanoyl-CoA 2-hydroxylase and 2-hydroxyphytanoyl-CoA lyase); plasmalogen
biosynthesis (dihydroxyacetone phosphate acyltransferase and fatty acyl-CoA reductases);
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glyoxylate metabolism (alanine:glyoxylate aminotransferase); lysine metabolism
(peroxisomal sarcosine oxidase/L-pipecolate oxidase); polyamine metabolism (N1-
acetylspermine/spermidine oxidase); and oxygen metabolism (catalase; peroxiredoxin V; d-
amino acid oxidase; d-aspartate oxidase; glycolate oxidase; hydroxyacid oxidases, epoxide
hydrolase; and glutathione S-transferase) among other crucial functions.143 Importantly, all
proteins listed above are enzymes. This implies that they tend to be ordered to carry out their
catalytic activities.

Cell wall—The rigid outermost cell layer, the cell wall, is found primarily in plants and is
composed of polysaccharides and proteins. Certain proteins are essential components of plant
cell walls, participating in modifications of cell wall components, wall structure, signaling and
interactions with plasma membrane proteins at the cell surface.144 Many cell wall proteins
(CWPs) are known to possess catalytic functions, and thus are ordered. The list of catalytic
CWPs includes numerous glycoside hydrolases, glycosyl transferases, polysaccharide lyases,
carbohydrate esterases, expansins, oxido-reductases and proteases.144

Cell envelope—The cell membrane, cell wall, an outer membrane, an S-layer (which is
composed of proteins and glycoproteins directly attached to the outer membrane), and an
apoplast (the free diffusion space outside the plasma membrane in plants), if one is present,
comprise the cell envelope. Obviously, the cell envelope contains all the ordered proteins
described above for its different components.

CF1—F0F1-adenosine triphosphate (ATP) synthases are bound to energy-transducing
membranes of chloroplasts, mitochondria, and bacteria. These enzymes couple a downhill
proton flow to ATP synthesis through adenosine diphosphate (ADP) photophosphorylation.
145, 146 The ATP synthases can be biochemically fragmented into two different
subcomplexes, known as F0 and F1 (CF0 and CF1 in chloroplasts). The CF0 complex is
membranous and acts as the proton channel, whereas the CF1 moiety is a soluble α3β3γδε
complex which is capable of ATP hydrolysis.147 Crystal structures determined for several
F1 ATPases and corresponding subcomplexes revealed that these multichain enzymes are
structured (ordered) and highly organized entities.147, 148

Reaction center—Photosynthetic reaction centre is a membrane proteinaceous machine,
which is the site of the light-modulated reactions associated with photosynthesis. The first X-
ray structure of the bacterial photochemical reaction centre was reported in 1984.149 Since the
initial work, high resolution structures have been determined for numerous bacterial reaction
centres, light-harvesting 2 complexes, and Photosystem I and Photosystem II complexes.150
All of these proteins are well-structured molecules located mostly within the confines of the
bulges.

Antenna complex—Antenna is a complex of proteins in the thylakoid membrane of
chloroplasts that captures and transfers light energy to the photochemical reaction center of
the photosystem, one of the most fascinating membrane protein complexes.151 The crystal
structure of photosystem I from the thermophilic cyanobacterium Synechococcus elongatus
provides a picture at atomic detail of 12 protein subunits and 127 cofactors comprising 96
chlorophylls, 2 phylloquinones, 3 Fe4S4 clusters, 22 carotenoids, 4 lipids, a putative Ca2+ ion
and 201 water molecules.152

Eye lens—The α-, β- and γ-crystallins are the major protein components of the vertebrate
eye lens. The α-crystallin is a molecular chaperone as well as a structural protein, whereas β-
and γ-crystallins are structural proteins.153 The outstanding feature of crystallins is that these
proteins are not renewed. Thus, for the lens to be able to retain life-long transparency in the
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absence of protein turnover, the crystallins must meet not only the requirement of solubility
associated with high cellular concentration but that of longevity as well.153 Crystal structures
of representative examples of the β- and γ-crystallins have been determined.154

Intrinsic disorder, protein domains and functions
The correlation between disorder and keywords associated with domains provides another
important view of protein structure-function relationships. Protein functionality is often
correlated with a protein domain, which is usually thought to be structured. Finding and
comparing information related to a target protein domain represents a popular method for
protein function identification. To our surprise, we discovered that some domains and structural
keywords were strongly correlated with predicted disorder, suggesting that the “domains” are
likely not structured units but rather are regions of sequence, whereas other domain-related
keywords were strongly correlated with predicted order, as expected. Several of the domain-
related keywords showing strongest disorder and order association are listed in Table 3 and
Table 4, respectively.

These results provide useful information about relationships between protein structural
properties, domain structure and disorder. Protein domains listed in Table 3 are frequently
associated with intrinsic disorder. Known examples include coiled-coils, which are versatile
protein domains, supporting a wide range of biological functions. Coiled-coil domains are
protein-protein interaction motifs which consist of two or more α-helices that twist around one
another to form a supercoil.155, 156 Among well known two-stranded coiled-coil domains are
short coiled-coil domains of six or seven heptad repeats, also called leucine zippers or leucine-
rich repeats (e.g., jun-fos and GCN4 dimers) and long coiled-coil domains of several hundred
amino acids (e.g., structural maintenance of chromosomes proteins, intermediate-filament
proteins and nuclear lamins).The stability of the coiled-coil is derived from a characteristic
interchain packing of the hydrophobic side chains into a hydrophobic core (‘knobs into
holes’157,158). Collagen represents the best known example of the three-stranded coiled-coils,
159 although this protein form is typically called a “triple helix” rather than a coiled-coil. The
monomeric forms of coiled-coil and triple helix proteins are often completely disordered,9 and,
indeed, these proteins have sequence complexities lower than those observed for globular,
structured proteins but within a range often seen for disordered proteins.160 The flexibility of
the coiled-coil domains and its importance for tropomyosin-actin interactions has been recently
emphasized.161

Zinc-fingers—Many DNA-binding proteins have multiple copies of small independently
folded domains that contain conserved cysteines and histidines coordinated to zinc; such
proteins are commonly called zinc-finger proteins.162 Zinc-finger domains are important
constituents of transcription factors, including development-related homeodomain
transcription factors that are encoded by the homeobox genes and that possess these conserved,
60-amino-acid DNA-binding domains.163 The structure of a typical zinc-finger domain
depends dramatically on the metal ion – in the presence of Zn2+ zinc-finger domains are well-
folded proteins, whereas their apo-forms are often unfolded (e.g., see studies on the C-terminal
zinc fingers of human MTF-1164). An important subclass of zinc-finger domains is the LIM
domain, which is a cysteine-rich sequence found in proteins from a wide variety of eukaryotic
organisms. In the human genome, there are 135 currently identified LIM-encoding sequences
located within 58 genes.163 LIM-domain containing proteins play important roles in a variety
of fundamental biological processes including cytoskeleton organization, cell lineage
specification and organ development. Importantly, the LIM domain has been demonstrated to
be a protein-protein interaction motif that is critically involved in these processes.165
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Repeats—The presence of repeats among other amino acid sequence biases represents a
characteristic feature of many intrinsically disordered proteins,160, 166 including α-
synucelin167 and protein tau,47–49 which are both discussed above.

Transit peptides—Several thousand different proteins are targeted to the chloroplast via the
transit peptides that act as chloroplast targeting sequences. These transit peptides are probably
the largest class of targeting sequences in plants.168 While these peptides are highly divergent
in length, amino acid composition and amino acid sequence, they do possess one common
structural feature – they are largely unstructured in an aqueous environment.169–172

SH3 domain and SH3-binding—The Src homology 3 domain (also known as SH3
domain) is a small protein domain of about 60 amino acid residues that is present in non-
catalytic parts of several cytoplasmic tyrosine kinases (including Abl and Src) as well as in
some other protein families, such as phospholypases, PI3 kinases, GAPs, CDC24, CDC25, etc.
173 For example, the cellular form of the Abelson leukemia virus tyrosine kinase (c-Abl) is a
large protein that consists of ~1150 residues whose N-terminal half includes an N-terminal
"cap" of ~80 residues that is important for autoinhibition followed by an SH3 domain, an SH2
domain, and a tyrosine kinase domain.174 The analysis of the c-Abl kinase crystal structure
revealed that there is no clearly interpretable electron density for the ~80 residue N-terminal
cap region.175 Although SH3 domain possesses a characteristic fold consisting of five or six
β-strands arranged in a form of two tightly packed anti-parallel β sheets, with the linker regions
containing short helices,173 it has been pointed out that extensive flexibility is necessary for
target recognition.176 The vast majority of sequences responsible for the SH3-binding are short
peptides (7–9 residues in length) that contain a XP-X-XP sequence motif: two XP dipeptides
separated by a scaffolding residue. This sequence motif is unfolded in the unbound state but
adopts a PPII conformation when bound by the SH3 domain.177

Signal-anchor—Similar to signal sequences, signal-anchor (SA) sequences interact
transiently with the endoplasmic reticulum translocase, but are not cleaved and move laterally
out of the translocase to become permanent membrane anchors.178 The orientation of the
protein on the membrane was shown to depend on the length of the hydrophobic (H)
transmembrane segment and on the number and distribution of positively charged residues
following the H-segment.179 Importantly, it has been established that the translocating
polypeptide chain forms an extended conformation.179

SH2 domain—The Src homology 2 domain (SH2 domain) is the prototype for protein–
protein interaction modules that control the formation of multiprotein complexes during
signaling.180, 181 Since SH2 domains specifically recognize phosphorylated tyrosines (pTyrs)
in binding partners, their functions are related to the protein tyrosine kinase (PTK) pathways.
In addition to the pTyr residue, each SH2 domain recognizes several flanking residues, usually
three to five amino acids C-terminal to pTyr, thereby acquiring selectivity for specific
phosphorylated sites.182 The high plasticity of SH2 domains has been emphasized, which
might provide mechanical grounds for the “adjustable fit” used to accommodate various
binding partners and thus this flexibility or disorder is relevant to the SH2 domain’s interactions
with physiological ligands.182

Paired box—The paired box is a conserved 124 amino acid residue domain, which is encoded
by the paired box-containing (PAX) gene family.183 PAX genes encode a family of
developmentally regulated transcription factors that have been implicated in a number of
human and murine congenital disorders, as well as in tumorigenesis.184, 185 PAX proteins
contain an evolutionarily conserved DNA binding domain, known as the paired domain.
Analysis of the purified PAX-6 paired domain by CD and NMR spectroscopies revealed that
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this protein is mostly unfolded in solution, but gains α-helical structure as a result of the DNA
binding.186

EGF-like domain—Epidermal growth factor (EGF)-like proteins comprise a group of
structurally similar growth factors, that contain a conserved six-cysteine residue motif called
the EGF-like domain. Intrinsic disorder in growth factors has been already discussed (see
above, section Hormones and growth factors). Importantly, many proteins with unrelated
functions, have similar EGF-like domains. For example, the EGF-like domain is present in
human C1, which is the multimolecular protease triggering the classical pathway of
complement, a system that participates in innate immunity against various bacteria, parasites,
and retroviruses.187 In fact, the activation and enzymatic activity of C1 are mediated by two
serine proteases, C1r and C1s, respectively, possessing the same type of modular organization,
each containing two CUB modules surrounding a single EGF-like module, a pair of
complement control protein (CCP) modules, and a serine protease domain.188 The NMR
analysis of the solution structure of the C1r-EGF module (residues 123–175) revealed that this
domain is characterized by the well-ordered C-terminal part (residues Cys144-Ala174) and a
highly disordered N-terminal part (residues 123–143).189

Phorbol-ester binding domain—The members of the protein kinase C (PKC) family play
crucial role in regulation of various signaling pathways.190–192 The activity of PKC is
modulated by binding the 1,2-diacyl-sn-glycerol (DAG) or phorbol esters. The PKC consists
of two functional domains, the "catalytic domain, " which contains the apparatus for protein
phosphorylation, and the "regulatory domain", which retains phorbol ester/DAG-binding
ability.193 Solution structures of the peptides B (incorporating residues 36–87 of the first
cysteine-rich repeat) and C (incorporating residues 101–151 of the second cysteine-rich repeat)
derived from the phorbol-ester binding domain of the rat brain PKCγ were analyzed by NMR.
This study revealed that the peptide B becomes ordered only in the presence of phospholipids,
suggesting that that PKC might not be preorganized for ligand binding (activation) except when
it is in the region of the cell where its endogenous activator is generated.194

Sushi domains (also known as Complement control protein (CCP) modules, or short consensus
repeats (SCR)). These protein domains are present in a wide variety of complement and
adhesion proteins, such as CD21 (C3d receptor), Epstein Barr virus receptor and factor H.
195 Many of these proteins contain tandem arrays of Sushi domains interspersed by short
linking sequences. Factor H, for example is made up of 20 Sushi domains.196 Sushi domains
are characterized by a consensus sequence spanning approximately 60 residues and are
involved in protein–protein and protein–ligand interactions.197 NMR analysis of the solution
structure of the interleukin-15α receptor sushi domain revealed that that significant part of this
module does not have regular secondary structure, with only 18 out of total 84 residues being
involved in the formation of five very short β-strands.198

Bromodomains—Many chromatin-associated proteins and nearly all known nuclear histone
acetyltransferases (HATs) contain these domains.199 Bromodomains recognize acetylated
lysine residues on the N-terminal tails of histones and other proteins. This recognition triggers
a crucial mechanism for regulating protein–protein interactions in numerous cellular processes
including chromatin remodeling and transcriptional activation.200 The role of intrinsic
disorder in the function of histones and other proteins involved in chromatin remodeling and
transcriptional activation has been already discussed. NMR analysis revealed that a
prototypical bromodomain from the transcriptional co-activator p300/CBP-associated factor
(P/CAF) adopts an atypical left-handed up-and-down four-helix bundle with two highly
flexible loops ZA and BC,201 which are responsible for the accommodation of numerous
bromodomain binding partners.200
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Kringle—These domains are conserved sequences that are involved in protein-protein
interactions and that fold into large loops stabilized by 3 disulfide bridges.202, 203 For
example, it has been shown that the solution structure of human apolypoprotein(a) kringle IV
type 6 (119 amino acid residues) contains only a small amount of regular secondary structure
elements, including a short piece of antiparallel β-sheet formed by residues Trp62-Tyr64 and
Trp72-Tyr74, a short piece of parallel β-sheet formed by the residues Cys1-Tyr2 and Thr78-
Gln79, and a small 310-helix within residues Thr38-Tyr40.203

Domains associated with ordered proteins
The protein domains listed in Table 4 are associated with structured proteins.

Transmembrane proteins—Using the examples of porins,204 it has been already pointed
out that transmembrane protein domains are highly ordered.

Immunoglobulin V regions—Also known as V or variable domains, these regions are
complementarity-determining regions (immunoglobulin binding sites) known to possess high
amino acid diversity that determines the endless specificity of immunoglobulins.205 These
domains are mostly ordered and possess specific immunoglobulin folds.

Glutamine amidotransferase—Glutamine amidotransferases (GATases) are ubiquitous
enzymes that transfer the amide nitrogen of glutamine to a variety of substrates.206 GATases
catalyze two separate reactions at two active sites, which are located either on a single
polypeptide chain or on different subunits. In the glutaminase reaction, glutamine is hydrolyzed
to glutamate and ammonia, which is added to an acceptor substrate in the synthase reaction.
Crystal structures of several GATases were solved. For example, the crystal structure of human
gamma-glutamyl hydrolase, a class I glutamine amidotransferase, determined at 1.6-Å
resolution, reveals that the protein contains 11 α-helices and 14 β-strands, with a fold in which
a central eight-stranded β-sheet is sandwiched by three and five α-helices on each side.207

Redox-active center—The heart of numerous well-folded redox-active enzymes, including
different oxidoreductases, such as CcmG protein,208 thioredoxin and thioredoxin-like
proteins,209 DsbA,210 DsbC,211 and TlpA,212 is the redox-active center.

TonB box—This is a conserved N-terminal region of the TonB-dependent outer membrane
transporters (TBDTs), which are involved in the import of essential organometallic
micronutrients (such as iron-siderophores and vitamin B12) across the outer membrane of
Gram-negative bacteria. Crystal structures of five TBDTs have been determined, which
illustrate clearly the architecture of the protein where an N-terminal hatch (or plug or cork)
domain occludes the lumen of a 22-stranded β barrel.213

Kelch repeat—This repeat is a segment of 44–56 amino acids in length, which usually
appears as a series of four to seven motifs that form a kelch repeat domain.214, 215 Kelch
repeats collectively form a β-propeller, where each kelch motif forms a four-stranded β-sheet
corresponding to a single blade of the propeller, with the series of blades being tilted around
a central axis.216

Ank repeat—The ankyrin repeat, a 33-residue sequence motif, is one of the most abundant
repeat motifs in proteins: the PFAM-A database, as of October 2003, contained 9689 ankyrin
repeat sequences in 1871 proteins identified from the Swissprot and SP-TrEMBL databases,
whereas the SMART database contained 19,276 ankyrin repeat sequences in 3608 proteins
identified from the nonredundant protein database.217 Ankyrin repeats have been observed to
exist by themselves as a single domain protein or in conjunction with other domains in the
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same protein. The number of ankyrin repeats contained in a single protein varies from one to
33 repeats per protein, with the majority of proteins containing six or fewer repeats.217 The
crystal structures of several ankyrin repeat proteins have been solved, showing that the repeat
has a well-defined structure where the polypeptide chain folds into two antiparallel α-helices
followed by a β-hairpin or a long loop.217

CBS domain—The cystathionine-beta-synthase (CBS) domain is an evolutionarily
conserved protein domain of ~60 amino acids that is present in the proteome of archaebacteria,
prokaryotes, and eukaryotes and that is usually found in cytosolic and membrane proteins
performing different functions (metabolic enzymes, kinases, and channels).218 The crystal
structures of several bacterial proteins containing CBS domains show how two CBS domains
associate to form a CBS pair, with a single CBS domain consisting of a conserved β1-α1-β2-
β3-α2 pattern.218

Annexins—This proteins comprise a unique class of Ca2+-effectors that mediate cellular
responses to changes in intracellular Ca2+ levels and that can bind to certain membrane
phospholipids in a Ca2+-dependent manner, thus providing a link between Ca2+ signaling and
important membrane functions.219 High-resolution crystal structures of several annexins have
been determined.219

Technical terms strongly correlated with predicted disorder
Table 5 represents keywords describing technical terms strongly associated with intrinsic
disorder.

Pharmaceutical—Some proteins are used as pharmaceutical drugs to treat different
diseases. Among pharmaceuticals are such proteins as cytokines, protease inhibitors, toxins,
antimicrobial peptides, and immunoglobulins, for which the importance of intrinsic disorder
was already discussed.

ERV—Endogenous retroviruses (ERVs) are vertically transmitted intragenomic elements
derived from integrated retroviruses. They reproduce within the somatic tissues of infected
individuals and can proliferate within the genome of their host until they either acquire
inactivating mutations or are lost by recombinational deletion. Retroviruses are RNA viruses.
To insert themselves into the DNA-based genome of hosts, they encode a unique enzyme,
reverse transcriptase (RT) that copies the viral RNA template to its complementary DNA,
which is then integrated into the chromosomes. Intriguingly, 8% of the human genome was
shown to consist of human endogenous retroviruses, or HERVs. It has been suggested that
being extended to HERV fragments and derivatives, the retroviral heritage could account for
almost a half of human DNA.220, 221 Illustrative example of human endogenous retrovirus
is HIV, which will be discussed in the last paper of this series.222

Technical terms strongly correlated with predicted order
Table 6 represents technical terms which are strongly correlated with predicted order.

Multifuncitonal enzyme—Enzymes (including multifunctional and allosteric enzymes)
illustrate the validity of the standard structure-function paradigm, which states that the function
of a given protein is determined by its 3-D structure.10

Hypothetical proteins—Proteins corresponding to open reading frames but for which there
is no experimental evidence that they are expressed in vivo are called hypothetical. Many of
the hypothetical proteins are predicted to be enzymes with different catalytic activities (see
respective entries in the Swiss-Prot databse).
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3D-structure—Importantly, a key-word 3D-structure is shown to be strongly correlated with
proteins predicted to be ordered (see Table 6).

Plasmids—Many proteins is Swiss-Prot are encoded by plasmids, which are self-replicating
circular DNA molecules that can be transferred from one organism to another. Plasmids often
code for different enzymes (e.g., deaminases, DNA glycosylases, acetyltransferases,
nucleotidyltransferases, kinases, etc.), functions of which are known to be dependent on rigid
highly ordered structures.

Developmental keywords strongly correlated with predicted disorder
Developmental keywords predicted to be strongly associated with intrinsic disorder are listed
in Table 7.

Merozoite—This daughter cell of the protozoan parasite is produced during asexual
reproduction. One of the merozoite-related proteins is the Plasmodium falciparum acidic–basic
repeat antigen (ABRA), localized in the parasitophorous vacuole and associated with the
merozoite surface. ABRA is 743 amino acid residues long surface protein, which has several
heavily charged tandem repeats and lysine-rich C-terminal tail (residues 672–743). Another
illustrative example is the apical membrane antigen 1 of the malarial parasite Plasmodium
falciparum (Pf AMA1), which is considered to be a strong candidate for inclusion in a malaria
vaccine. The solution structure of AMA1 domain III, a 14kDa protein, has been determined
using NMR spectroscopy. The protein was shown to consist of unstructured the N-and C-
terminal regions (4 and 37 residues, respectively), and a well-defined disulphide-stabilized
core region containing a long disordered loop of 27 residues.223

Early proteins—These viral proteins are produced following entry into the host cell but prior
to virus assembly. The expression of viral genes encoding early, non-structural proteins
initiates replication of the viral genome and expression of late genes. Among early proteins
are transcription activators, transacting transcriptional proteins, DNA-binding proteins, and
DNA polymerases, all of which are known to rely on intrinsic disorder in their activities.
Infected cell protein 47 (ICP47) is an early protein encoded by the herpes simplex virus (HSV).
ICP47 is a crucial factor in the evasion of cellular immune response against HSV-infected cells,
acting as a specific inhibitor of the transporter associated with antigen processing (TAP), thus
preventing peptide transport into the endoplasmic reticulum, and downregulating the
subsequent loading of major MHC class I molecules.224 CD and NMR spectroscopic analyses
of the ICP47 active domain (residues 2–34) revealed that this peptide has no ordered secondary
structure in aqueous solution, but adopts an α-helical conformation in the presence of
membrane mimetics.225, 226

Sporozoites—These protozoan cells infect new hosts and so are cruical for spreading the
infection. Circumsporozoite (CS) protein from different Plasmodium species display common
sequence features, including a signal peptide, a central domain composed mostly of amino
acids repeats, and a C-terminal hydrophobic sequence.227 Following sporozoite invasion of
hepatocytes, CS is also detected on the plasma membrane of early exo-erythrocytic forms and
in the cytoplasm of the infected cells.228 To understand the conformational preferences of the
tandemly repeating tetrapeptide unit of the circumsporozoite coat protein of the malaria parasite
Plasmodium falciparum, peptides based on the Asn-Ala-Asn-Pro and Asn-Pro-Asn-Ala
cadences and composed of one to three tetrapeptide units were analyzed by CD and NMR.
These peptides are significantly unfolded in aqueous media.229
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Intrinsic disorder and coding sequence diversity
Keywords associated with coding sequence diversity that potentially relies on protein intrinsic
disorder are listed in Table 8.

Alternative splicing—While splicing of pre-mRNA by joining exons and discarding introns
occurs in all eukaryotes, alternative splicing takes place commonly only in muticellular
eukaryotes and so is one of the fundamental components of gene regulation associated with
cell differentiation. Alternative splicing occurs when different mRNAs are assembled from a
single gene by joining exons in different ways. Thus, this process is proposed to generate
complexity in multicellular eukaryotes by increasing protein diversity, and thus proteome size,
from a relatively small number of genes.230 Alternative splicing can modulate organism
complexity, not only by effectively increasing proteome size and regulatory and signaling
network complexity, but also by doing so in a time- and tissue-specific manner, supporting
cell differentiation, developmental pathways, and other processes associated with multicellular
organisms.231 Recently we have shown that a large majority (~80%) of alternatively spliced
fragments in a set of experimentally characterized proteins is associated with fully or partially
disordered regions. This suggests that polypeptide segments affected by alternative splicing
are most often intrinsically disordered. Therefore, alternative splicing enables functional and
regulatory diversity while avoiding structural complications associated with the removal of
segments from well-folded proteins.232 In addition, serine/arginine-rich splicing factors that
play an important role in alternative splicing have been shown to belong to a class of
intrinsically disordered proteins.38

Polymorphism—The ability to appear in many forms is denoted as polymorphism. DNA
polymorphism occurring in coding regions might result in the development of numerous
pathological conditions, including Huntington’s disease and other triplet repeat expansion
diseases (see below), cystic fibrosis, inherited muscular dystrophy, cancers and many other
diseases.233 Genetic polymorphism is responsible for the appearance of different protein
isoforms, which might be different in their functionality and structural organization. For
example, it has been shown that human apolipoprotein E (apoE), which plays a key role in
cholesterol transport and lipoprotein metabolism, has three major isoforms in human, apoE2,
apoE3 and apoE4, with apoE3 being the most common isoform. The isoforms differ at residues
112 and 158; whereas apoE3 has cysteine at position 112 and arginine at 158, apoE2 has
cysteine and apoE4 arginine at both positions. The functional and structural consequences of
these point mutations are significant.234 For example, based on the detailed analysis of the
conformational behavior of these three isoforms, it has been suggested that apoE3 and apoE4,
but not apoE2, may be partially unfolded in vivo.235 A recent analysis of the genetic
polymorphism in calmodulin superfamily, which is a major class of Ca2+ sensor proteins,
represents another illustrative example.236 While the calmodulin amino acid sequence is
highly conserved in all eukaryotes,237 there is slight variability among the nearly 600 members
in the calmodulin superfamily.238 In contrast, the troponin C family has just two isoforms in
humans (skeletal and cardiac muscles) but many isoforms in invertebrates.239 Similarly, the
neuronal calcium sensor (NCS) and S100 proteins are highly diverse in sequence and function.
236 Intrinsic disorder plays a crucial role in the function of all these Ca2+ sensor proteins.
Recently, using bioinformatics approaches, we have established that calmodulin-binding
targets are intrinsically disordered.240

Chromosomal translocation—This involves the interchange of parts between
nonhomologous chromosomes. It occurs in leukemias, lymphomas, sarcomas and some
epithelial tumors. Some chromosomal translocations are known to generate unique fusion
proteins.241 For example, in Ewing's sarcoma family of tumors, which are highly malignant
tumors of bone and soft tissue that occur in children, adolescents, and young adults, the EWS-
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FLI1 protein is produced as a result of the translocation-generated fusion.242 EWS-FLI1
combines the amino-terminus of EWS (residues 1–264) from chromosome 22 with the
carboxy-terminus of FLI1 (232 carboxy-terminal residues) from chromosome 11. EWS-FLI1
retains the conserved Ets DNA binding domain from FLI1 in the fusion protein suggesting
function as a transcription factor.242, 243 The EWS-FLI1 protein has been shown recently to
be highly disordered.244

Triplet repeat expansions—These DNA sequence aberrations occur in both coding and
non-coding regions. Such expansions are the cause for several neurogenetic disorders. The list
of coding trinucleotide expansion disorders includes eight polyglutamine diseases
(Huntington’s disease, dentatorubropallidoluysian atrophy, spinobulbar muscle atrophy and
spinocerebellar ataxia types 1, 2, 3, 6 and 7). All of these diseases are associated with the same
repeated codon, CAG that codes for glutamine. There are also numerous pathological
conditions associated with polyalanine tract expansions.245, 246 The polyalanine tract
disorders are based on the repetitive expansion of the GCG codon. Non-coding trinucleotide
expansion disorders are the fragile X syndrome caused by the expansion of CGG trinuleotide;
fragile XE mental retardation due to GCC expansion; Friedreich ataxia is induced by the
multiplication of GAA triplet; myotonic dystrophy and spinocerebellar ataxia type 8 are caused
by the CTG expansion, and finally spinocerebellar ataxia type 12 is caused by CAG expansion
in the non-coding region. For these various triplet repeats, the normal alleles contain 5–35
copies of corresponding trinucleotides, whereas the expanded repeats range from small
expansions of 20–100 copies to larger expansions of up to several thousand units.246, 247

The mechanisms of the non-coding trinucleotide expansion disorders are unique for each
disease. For example, in the fragile X syndrome, the CGG repeating codon is expanded to such
a degree that the corresponding portion of DNA is easily methylated, effectively silencing the
expression of the FMR1 protein. As for the coding repeats, the deases states evidently result
from the conformational changes brought about by the codon extensions. For example, the
abnormal and destabilized protein products with extended polyglutamine tracts and altered
function are thought to be the major factors in pathogenesis.248, 249 Recently, computational
analysis of glutamine-stretch embedded domains in the respective proteins predicted these
regions to be "natively unfolded " when they extend beyond a threshold of 40 glutamines.
250 In another bioinformatic study polyglutamine repeats derived from nine disease proteins
have been found to be unfolded independently of their lengths.251 Chen and colleagues have
found that monomeric polyglutamine, which is a disordered statistical coil in solution, is the
critical nucleus for aggregation.252 Multiple molecular dynamics simulations confirmed the
disordered nature of the polyQ motifs and showed that the effective concentration of side chain
primary amides around backbone units is inherently high, and that peptide units are solvated
either by hydrogen bonds to side chains or surrounding water molecules.253 Furthermore,
NMR experiments also show that monomers of such long polyglutamines adopt random coil
conformations.254

Alternative initiation and alternative promoter usage—The genes for p63, p73 and
p53 have a dual structure conserved in drosophila, zebrafish and man. They encode for multiple
p63, p73 or p53 proteins (a family of transcription factors involved in cell response to stress
and development) containing different protein domains (isoforms) due to multiple alternative
splicing, alternative promoter usage and alternative initiation of translation.255 The crucial
role of intrinsic disorder in the functioning of the tumor suppressor protein p53 has been already
discussed (see apoptosis-related section in the first paper of this series20). One of the p53
isoforms, Δ40p53 (also named p47 or ΔNp53) is an amino-terminally truncated p53 protein
with the first 40 amino-acids being deleted, which likely results from alternative initiation of
translation.255 Note that the deleted residues comprise the intrinsically disordered Mdm2
binding domain. Thus, together with the alternative splicing, alternative initiation might be
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commonly associated with the intrinsically disordered regions for similar reasons, namely to
avoid structural complications that arise from the removal of segments of structured proteins.

Conclusions
As suggested previously (see the first paper in this series20), our bioinformatics approach
reveals high positive or negative correlations between putative disorder and many functional
keywords. To supplement the bioinformatics analysis, manual literature mining was carried
out. The literature suggests over and over that, for the disorder-related SwissProt keywords,
the functions are indeed carried out or enabled by the regions of protein disorder. For the order-
related keywords, the functions, which very often involve enzymatic catalysis, are carried out
by structured regions of proteins.
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