
Biochimica et Biophysica Acta 1834 (2013) 932–951

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbapap

 
 

 

Review

Unusual biophysics of intrinsically disordered proteins☆

Vladimir N. Uversky ⁎
Department of Molecular Medicine, USF Health Byrd Alzheimer's Research Institute, Morsani College of Medicine, University of South Florida, Tampa, Florida 33612, USA
Institute for Biological Instrumentation, Russian Academy of Sciences, 142292 Pushchino, Moscow Region, Russia
☆ This article is part of a Special Issue entitled: The eme
Protein plasticity in allostery, evolution and self-assembly
⁎ Department of Molecular Medicine, University of So

Medicine, 12901 Bruce B. Downs Blvd, MDC07, Tampa
813 974 5816; fax: +1 813 974 7357.

E-mail address: vuversky@health.usf.edu.

1570-9639/$ – see front matter © 2012 Elsevier B.V. Al
http://dx.doi.org/10.1016/j.bbapap.2012.12.008
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 October 2012
Received in revised form 21 November 2012
Accepted 12 December 2012
Available online 23 December 2012

Keywords:
Intrinsically disordered protein
Structural heterogeneity
Complex systems
Protein function
Research of a past decade and a half leaves no doubt that complete understanding of protein functionality
requires close consideration of the fact that many functional proteins do not have well-folded structures.
These intrinsically disordered proteins (IDPs) and proteins with intrinsically disordered protein regions
(IDPRs) are highly abundant in nature and play a number of crucial roles in a living cell. Their functions,
which are typically associated with a wide range of intermolecular interactions where IDPs possess remarkable
binding promiscuity, complement functional repertoire of ordered proteins. All this requires a close attention to
the peculiarities of biophysics of these proteins. In this review, some key biophysical features of IDPs are
covered. In addition to the peculiar sequence characteristics of IDPs these biophysical features include sequen-
tial, structural, and spatiotemporal heterogeneity of IDPs; their rough and relatively flat energy landscapes; their
ability to undergo both induced folding and induced unfolding; the ability to interact specifically with structur-
ally unrelated partners; the ability to gain different structures at binding to different partners; and the ability to
keep essential amount of disorder even in the bound form. IDPs are also characterized by the “turned-out”
response to the changes in their environment, where they gain some structure under conditions resulting in
denaturation or even unfolding of ordered proteins. It is proposed that the heterogeneous spatiotemporal
structure of IDPs/IDPRs can be described as a set of foldons, inducible foldons, semi-foldons, non-foldons, and
unfoldons. They may lose their function when folded, and activation of some IDPs is associated with the
awaking of the dormant disorder. It is possible that IDPs represent the “edge of chaos” systems which operate
in a region between order and complete randomness or chaos, where the complexity is maximal. This article is
part of a Special Issue entitled: The emerging dynamic view of proteins: Protein plasticity in allostery, evolution
and self-assembly.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, intrinsically disordered proteins (IDPs) and intrinsically
disordered protein regions (IDPRs) gained significant attention of the re-
searchers primarily due to the fact that the existence of such biologically
active molecules without unique 3D-structure clearly contradicts to the
traditional “one protein–one structure–one function” paradigm [1–7].
Before theywere finally recognized as a unique and important extension
of the protein kingdom, these highly dynamic proteins with important
biological functions were discovered and rediscovered multiple times.
The complex and lengthy pathway to recognition left a wide trail of
terms used for the description of these proteins, which were depicted
as floppy, pliable, rheomorphic [8], flexible [9], mobile [10], partially
folded [11], natively denatured [12], natively unfolded [3,13], natively
rging dynamic view of proteins:
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disordered [6], intrinsically unstructured [2,5], intrinsically denatured,
[12] intrinsically unfolded [13], intrinsically disordered [4], vulnerable
[14], chameleon [15], malleable [16], 4D [17], protein clouds [18], and
dancing proteins [19], among several other terms.

This trail of terms can be considered as “prehistory” of intrinsic
disorder. For early researchers, it was clear that biologically active
but non-folded proteins are different from “normal” globular, trans-
membrane, and fibrous proteins. For a long time, each such a protein
was considered as an exception from a general rule, where unique se-
quence defined unique 3D-structure that was crucial for unique func-
tion. The multitude of terms used to describe IDPs in past not only
reflects the creativity of researchers but also indicates difficulties
they faced while trying to find an appropriate way of portraying
these proteins. Although none of the terms proposed for defining
biologically active proteins without unique structure is perfect, the
term “intrinsically disordered protein” is currently used more often
than any other terms. The qualifier “disordered” is always used in
the context of a comparison between a single, ideal, well-defined
situation, and the actual situation which we consider to be only one
of many different possibilities, none of which deserves to be singled
out [20].

http://dx.doi.org/10.1016/j.bbapap.2012.12.008
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Systematic bioinformatics analyses clearly indicated that IDPs are
highly abundant in any given proteome [4,7,21–23]. Therefore,
these proteins have moved from a category of obscure and rare ex-
ceptions to the novel class of proteins, whose functionality is deter-
mined by the lack of stable structure, and which are very common
in nature. Functions of IDPs/IDPRs are complementary to functions
of ordered proteins and domains [4,24,25], with disordered proteins
being typically involved in regulation, signaling and control pathways
[26,27]. Because of their unique functionality, dysfunctions of IDPs are
known to be associated with various human diseases, such as cancer,
cardiovascular disease, amyloidosis and neurodegenerative diseases
[28].

One of the goals of this review is to put together a set of old and
new concepts (such as the ideas that IDPs are characterized by high
spatiotemporal heterogeneity; that they have rough and relatively
flat energy landscapes; that IDPs might contain foldons, inducible
foldons, semi-foldons and non-foldons; that some ordered proteins
might have unfoldons, i.e., regions that have to undergo order-
to-disorder transition in order to make protein active; that globally,
there is a phenomenon of dormant disorder, where some proteins
are inactive when they are ordered, and become activated when
they become more dynamic; and that IDPs can be considered as the
“edge of chaos” systems) that would inevitably provoke disputes
and therefore would initiate new studies. I do realize that some of
the concepts are not well-developed and some might be naïve. How-
ever, they are present here since they can be clearly taken as “food for
thoughts”.

2. Unusual biophysics of IDPs

2.1. Behold the root: Peculiarities of the amino acid sequence provide an
answer to the question “To fold or not to fold?”

IDPs/IDPRs are different from ordered proteins and domains al-
ready at the level of their amino acid sequences. In fact, the sequence
peculiarities define both the ability of ordered proteins to fold and the
ability of IDPs to stay non-folded. Therefore, the well-known
Anfinsen's dogma for foldable proteins stating that information dic-
tating the native fold of protein domains is encoded in their amino
acid sequence [29] and therefore at optimal conditions (temperature,
solvent concentration and composition, etc.), the native structure
represents a unique, stable and kinetically accessible minimum of
the free energy, can be converted into similar statement for IDPs/
IDPRs, namely, information dictating the lack of folded structure in
disordered proteins is encoded in their amino acid sequence. In
other words, the absence of rigid structure in IDPs may be somehow
encoded in the specific features of their amino acid sequences
[1,3,4,7,25,30]. In agreement with this hypothesis, the unusual
amino acid sequence compositions were observed for some IDPs,
which in extreme cases were unfolded at the physiological conditions
due to the presence of numerous uncompensated charged groups
(often negative) that defined a high net charge of these proteins at
neutral pH [13,31,32], and a low content of hydrophobic amino acid
residues [31,32]. In fact, based on the comparative analysis of 275 na-
tively folded and 91 natively unfolded proteins (i.e., proteins which at
physiologic conditions have been reported to have the NMR chemical
shifts of a random-coil), and/or lack significant ordered secondary
structure (as determined by CD or FTIR) it was revealed that the com-
bination of low mean hydropathy and relatively high net charge rep-
resents an important prerequisite for the absence of compact
structure in proteins under physiological conditions [3]. The resulting
charge-hydropathy (CH) plot method can distinguish ordered and
disordered proteins based only on their net charges and hydropathies
[3]. From the physical viewpoint, such a combination of low hydrop-
athy with high net charge as a prerequisite for intrinsic disorder
makes perfect sense: high net charge leads to charge-charge

 
 

 

repulsion, and low hydropathy means less driving force for protein
compaction. In other words, these features are characteristic for high-
ly disordered IDPs with the coil-like (or close to coil-like) structures,
which obviously represent only a small subset of the entire IDP realm.

At the more detailed level, there are numerous differences in the
amino acid compositions of ordered and disordered proteins and
many IDPs clearly share at least some common sequence features
[1,33]. Here, IDPs/IDPRs are significantly depleted in so-called
order-promoting residues that include bulky hydrophobic (Ile, Leu,
and Val) and aromatic amino acid residues (Trp, Tyr, and Phe),
which would normally form the hydrophobic core of a folded globular
protein, and also possess low content of Cys (which is often contrib-
ute to the protein conformational stability via the disulfide bond for-
mation or coordination of different prosthetic groups) and Asn
residues. On the other hand, IDPs/IDPRs were shown to be substan-
tially enriched in disorder-promoting, amino acids, that were polar
Arg, Gly, Gln, Ser, Glu, and Lys, and hydrophobic, but structure break-
ing Pro and hydrophobic Ala [4,7,24,34–36]. Based on the ability of
amino acids to promote order and disorder, a special amino acid
scale was introduced that was able to discriminates between ordered
and intrinsically disordered proteins reasonable well [37]. Here,
amino acids were ranked according to their capabilities to promote
order or disorder resulting in the following scale (where amino
acids are arranged from the most order-promoting to the left to the
most disorder-promoting to the right): W, F, Y, I, M, L, V, N, C, T, A,
G, R, D, H, Q, K, S, E, P [37].

It is clear that the amino acid sequence peculiarities of IDPs can be
blamed for the unusual and unexpected behavior of IDPs. Many early
IDP researchers were stunned by the peculiar features of these myste-
rious then members of the protein kingdom. On a personal note, my
journey to the IDP field started when one sunny day, an excited col-
league of mine appeared in the lab shaking a tube with a sample in
his hand and shouting: “I have a funny protein here. I cannot measure
its concentration. And it is extremely stable – I can boil it for a few days,
but as soon as I am bringing temperature down it shows 100% activity.”
That funny protein was prothymosin α. Fig. 1 shows that the unusual
behavior of this protein is definitely determined by its amino acid se-
quence. It does not have any aromatic residues and cysteins. Therefore
its concentration cannot be measured spectroscopically. 64 of 111 res-
idues in this protein have charged side groups (there are 19 D, 35 E, 2 R,
and 8 K residues), whereas overall content of hydrophobic residues (L, I
and V) is very low [38]. Based on this amino acid composition, it was
not a big surprise to find that prothymosin α behaved as a highly
disordered coil-like chain – you cannot expect that highly charged
polypeptide (60% polyE/D) will have a strong tendency to fold under
the physiological conditions. This luck of stable structure also explained
extreme thermal and acid stability of prothymosin α — you cannot
break what is already broken [38].

Differences between ordered proteins and IDPs can be further
elaborated by going to the very subtle levels. However, this exercise
is outside the scopes of this review. The important message is already
obvious from the observations listed above, namely, sequences
encoding IDPs/IDPRs are very different from sequences encoding or-
dered proteins and domains. In fact, these two types of sequences
are so different that they can be discriminated reasonably well by
numerous computational tools, where comparing and combining sev-
eral predictors can provide additional insight regarding the predicted
disorder [39–46]. This clearly indicates that IDPs are new and specific
entities in the protein kingdom.

2.2. Sequential, structural, and spatiotemporal heterogeneity of IDPs

2.2.1. Sequence space and sequence heterogeneity of IDPs
A typical estimate of the size of the protein sequence space is 20100

(~10130) for a protein of 100 amino acids in which any of the normally
occurring 20 amino acids can be found [47]. For a long time, discussion
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Fig. 1. “Funny” protein prothymosin α. A. Amino acid sequence of human prothymosin α. This protein contains 19 D residues (bold red characters), 35 E residues (bold dark red
underlined characters), 2 R residues (bold purple characters), and 8 K residues (bold blue characters). There are no aromatic residues and cysteins. The content of aliphatic residues
is very low. B. Some structural properties of the recombinant human prothymosin α. UV absorption spectrum and SDS–PAGE (inset) of the protein are shown. Due to the absence of
aromatic residues in the human protein, there is no characteristic absorption peak at 260–280 nm. Electrophoresis was carried out using 12% polyacrylamide gel. The gel was
stained with Coomassie Brilliant Blue R-250 (Pharmacia), washed off, and dried. Slot 1, purified human prothymosin α; slot 2, molecular mass markers (Pharmacia); M, molecular
mass of proteins-markers (in kDa). Cell path length for the absorption measurements was 10 mm. C. Effect of pH on the far-UV CD spectrum of human recombinant prothymosin α
monitored as the pH dependence of the [θ]222 value. Inset represents the far-UV CD spectra of the protein measured at various pH values.
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on the available sequence space for biologically active proteins was
misled by the assumption that a biologically active protein needs to
have a unique folded structure in order to be functional. Obviously,
“foldable” sequences represent a small portion of the entire available
sequence space. There were several attempts to evaluate the size of
foldable sequence space. For example, based on the simple theoretical
models and evaluation of existing variation of protein sequences it
was suggested that all 20 residues are not necessary for protein to
fold and that the actual identity of most of the amino acids in a protein
is irrelevant [48–55]. Therefore, the actual number of different amino
acid residues in a given foldable sequence (i.e., the size of the amino
acid “alphabet” essential for protein folding) can be dramatically re-
duced [47]. This simplified folding code based on the simplified
amino acid “alphabet” can dramatically shrink the available sequence
space. For example, the size of sequence space can be reduced to 2100

(~1030) and 233 (~1010) based on the hypothesis that only two types
of amino acid were needed to form a protein structure, hydrophilic
and hydrophobic, and that the most close attention should be paid to
the definition of only the surface of the protein [56]. It was also pointed
out that the assumption that a protein chain needs to be at least 100
amino acids in length to be functional is not a general rule since
many proteins are modular and contain domains of as few as approxi-
mately 50 amino acids thereby reducing the sequence space to 2050 or
~1065 [57]. Combining these two hypotheses that two types of amino
acids are needed for definition of the surface of the 50 residue-long
foldable protein further reduces sequence space to 250 (~1015) and
217 (~105), respectively. Therefore, a reduced alphabet of amino acids
should be sufficient for producing all the protein folds (which count
to a few thousand discrete folds, [58]) and potentially providing a scaf-
fold capable of supporting all protein functions [47].

Of course, in this reasoning, an important simplification was made,
namely, it was assumed that the space of sequences encoding for IDPs
can be ignored since such proteins are assumed to usually fold upon
performing their function, and therefore the distinction between
spontaneously foldable proteins and IDPs is not important [47]. How-
ever, it is recognized now that many biological functions ascribed to
IDPs do not require protein folding [4,5,7,25,30,59–61]. Disorder-
based interactions are very different from interactions in which or-
dered proteins are engaged, since quite often IDPs will form fuzzy
complexes, in which they will preserve significant amount of disorder
[62,63]. Even for IDPs that do noticeably fold at binding, the situation
is not equivalent to that of ordered proteins, since the folding code
IDPs is diluted and since IDPs are depleted in stabilizing intramolecu-
lar interactions. In fact, a portion of folding code (and some time a sig-
nificant part of it) that defines the ability of ordered proteins to gain
spontaneously a unique biologically active structure is missing for
IDPs. This missing portion of the folding code (or a part of it) can be
supplemented by binding partner(s). As a result, a key difference be-
tween structured and disordered proteins is that the former fold first
and then bind to their partners while that latter remain unfolded
until they bind their partners. Based on these observations, it is rea-
sonable to assume that due to the removal of restrictions posed by
the need to gain ordered structure spontaneously, the sequence
space of IDPs (at least those which do not completely fold at binding)
is noticeably greater than that of foldable ordered proteins. Assuming
that all the amino acids could be important for the IDP function, we
are ending up with the original estimation, 20100 (~10130) for a pro-
tein of 100 amino acids. Even for proteins that are similar to
“funny” prothymosin α (i.e., proteins that do not have major
order-promoting residues C, W, F and Y), the potentially available se-
quence space is gigantic, 16100 (~10120).

Fig. 2 gives further support to the idea on the large sequence space
of IDPs by providing a CH plot. Here, ordered proteins and extended
IDPs are shown by blue squares and red circles respectively. The
area accessible to sequences encoding ordered proteins are shown
as a light cyan triangle, whereas the area accessible to sequences
encoding IDPs is depicted as light pink pentagon. These two areas
are defined by two boundaries, the known boundary separating com-
pact proteins and extended IDPs (bR>=2.785 bH>−1.151, where
bR> and bH> correspond to the absolute mean charge and mean hy-
dropathy, respectively; [3]), and the boundary showing logical limits
of the CH-space (bR>=1.125−1.125 bH>). This boundary was eval-
uated for a series of hypothetical polypeptides containing different
proportions of Ile (which is according to the Kyte and Doolittle scale
is the most hydrophobic residue with the normalized hydropathy of
1 [64]) and a charge Asp (which is characterized by the normalized
Kyte and Doolittle hydropathy of 0.1111 [64]). Comparison of the
pink and cyan areas in Fig. 2 shows that the CH-space accessible to
the compact proteins is >3-fold smaller than the CH-space accessible
to the extended IDP. In reality, this difference is even bigger, since
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proteins is shown as a light cyan triangle, whereas the area accessible to sequences encoding IDPs is depicted as light pink pentagon. These two areas are defined by two boundaries,
the known boundary separating compact proteins and extended IDPs (bR>=2.785 bH>−1.151, where bR> and bH> correspond to the absolute mean chare and mean hydrop-
athy, respectively [3]), and the boundary showing logical limits of the CH-space (bR>=1.125−1.125 bH>).
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proteins whose hydropathy in the normalized Kyte and Doolittle scale
exceeds 0.7 are unlikely to be soluble. Therefore, the sequence space of
extended IDPs is at least 5-fold greater than that of sequences coding
for compact soluble proteins. It is also important to remember that
CH-plot differentiates extended IDPs (that cannot gain compact con-
formation due to the strong Coulomb repulsion and weak hydropho-
bic attraction) and proteins with compact conformations (“molten
globule”-like IDPs and well-folded ordered proteins) [3,40].

Now, a few words about the sequence-structure heterogeneity of
IDPs should be added. From the view point of distribution of the
structure coding potential, amino acid sequence of an ordered
single-domain protein is relatively homogeneous, since the unique
3D-structure of this protein is defined by the interplay between all
its residues. Multidomain ordered proteins are a bit more heteroge-
neous in this respect, since in addition to the regions encoding
well-folded domains they might contain regions encoding flexible
linkers. IDPs are obviously on another side of the spectrum. In fact,
many IDPs and functional IDPRs possess complex “anatomy” (they
contain multiple, relatively short functional elements), which con-
tributes to their unique “physiology” (an ability to be involved in in-
teraction with, regulation of and control by multiple structurally
unrelated partners) [65]. Given the existence of multiple functions
in a single disordered protein, and given that each functional element
is typically relatively short, alternative splicing could readily generate
a set of protein isoforms with a highly diverse set of regulatory ele-
ments [65]. Overall, the complex “anatomy” of IDPs is determined
by the extremely high level of their sequence heterogeneity, which
is further increased due to the ability of a single IDPR to bind to mul-
tiple partners gaining very different structures in the bound state
[66]. Therefore, a sequence of an IDP represents a very complex mo-
saic and typically contains a multitude of elements coding for poten-
tially foldable, partially foldable, differently foldable or not foldable at
all protein segments.

2.2.2. Structural heterogeneity of IDPs or spectroscopy of intrinsic
disorder

Fig. 3 represents the stages in understanding of the structural
heterogeneity of IDPs. First, IDPs were ignored and all (or almost all)
biologically active proteins were assumed to have rigid and unique 3D
structures (Fig. 3A). Obviously, the used in Fig. 3A analogy of an ordered
protein with a rock is an oversimplification and over-exaggeration of
the reality. In fact, although the importance of the large-scale protein
flexibility has been underestimated in the past, it would be definitely
wrong to assume that the dynamic nature of proteins was not known
before IDPs. Then, the concept of functional disorder was introduced.
For many researchers even now, the intrinsically disordered protein
means completely structure-less entity, a kind of cooked noodles
(Fig. 3B). However, it was recognized almost immediately that IDPs/
IDPRs could be crudely grouped into two major structural classes,
proteins with compact and extended disorder [3,4,7,25,30]. According
to this classification, IDPs can be less or more compact and possess
smaller or larger amount of flexible secondary/tertiary structure. There-
fore, functional proteins can be in any of three major conformations,
ordered, molten globular, and coil-like, the so-called protein trinity
model [4] (Fig. 3C). Next, based on the comprehensive analysis of avail-
able structural data it was shown that the extended IDPs do not repre-
sent a uniform entity but should be grouped into two broad classes,
native coils and native pre-molten globules, and the protein trinity
model should be extended to protein quartet [25] (Fig. 3D). Currently
available data suggest that intrinsic disorder can have multiple faces,
can affect different levels of protein structural organization, and whole
proteins, or various protein regions can be disordered to a different
degree (Fig. 3E).

All these observations can be visualized in a form of protein intrin-
sic disorder emission spectra (Fig. 4), where there is a gradual trans-
formation from the monochromic view of functional proteins as
well-structured polypeptides (Fig. 4A), to bi-colored picture with or-
dered (folded, blue) and disordered (completely structure-less, red)
proteins (Fig. 4B), to a more complex picture where differently disor-
dered proteins can be grouped into a few discrete classes (e.g., molten
globule, pre-molten globule, coil-like; an analogy to the line emission
spectrum with a few spectral lines, Fig. 4C), to very complex line
spectrum with a great variety of potential structural classes and sub-
classes (Fig. 4D), finally to a continuous spectrum of differently disor-
dered conformations extending from fully ordered to completely
structure-less proteins, with everything in between (Fig. 4E).
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Fig. 3. Understanding the structural heterogeneity of IDPs/IDPRs. A. IDPs are ignored; all biologically active proteins have unique 3D rock-like structures. B. Concept of protein in-
trinsic disorder is introduced; IDPs are considered as completely structure-less entities, a kind of cooked noodles. B. Protein Trinity concept — functional proteins can be in any of
three major conformations, ordered, molten globular, and coil-like. D. Protein Quartet model — extended IDPs are further subdivided to two broad classes, native coils and native
pre-molten globules. E. Current view on the IDP/IDPR structure — intrinsic disorder can have multiple faces, can affect different levels of protein structural organization, and whole
proteins, or various protein regions can be disordered to a different degree.

936 V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951

 
 

 



ORDERED PROTEINS DISORDERED PROTEINS

BIOLOGICALLY ACTIVE PROTEINSA

B

C

D

E

Fig. 4. Structural spectroscopy of functional proteins, where structural diversity is represented in a form of protein intrinsic disorder emission spectra. A. The monochromic view of
functional proteins as well-structured polypeptides. B. Bi-colored picture with ordered (folded, blue) and disordered (completely structure-less, red) proteins. C. Simple line emis-
sion spectrum with a few spectral lines corresponding to several discrete classes of IDPs (e.g., molten globule, pre-molten globule, coil-like). D. Complex line emission spectrum
reflecting a variety of potential structural classes and subclasses. E. A continuous emission spectrum representing the fact that functional disordered proteins can extend from
fully ordered to completely structure-less proteins, with everything in between.
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Once again, the fact that Fig. 4A represents the ordered proteins
monochromatically does not mean that they were assumed to be
completely non-flexible. On the contrary, the importance of confor-
mational flexibility and the need of dynamics for the successful func-
tionality of globular proteins (even enzymes) was emphasized in
many studies over the past 55 years (e.g., Refs. [67–79]). In fact, the
internal dynamics of enzymes (i.e., movement of their parts including
individual amino acid residues, a group of amino acids, or even an
entire domains that occurs in a wide range of time-scales, from
femtoseconds to seconds) has been suggested to be linked to their
mechanism of catalysis [69,75,76]. Furthermore, the existence of
conformational substates (which were detected based on the atomic
displacements involved in the interconversion of different local con-
figurations of the same overall protein structure) in globular proteins
potentially related to their functional conformational changes and
allosteric behavior has been established [80–86].

However, ordered proteins are known to possess relatively stable
3D structure with Ramachandran angles that vary slightly around
their equilibrium positions. This stable structural organization
supported by the numerous crystal structures of proteins solved by
X-ray diffraction resulted in a very common use of terms “unique
3D structure” and “rigid 3D structure” for the description of the struc-
tural properties of ordered proteins. Furthermore, the relative rigidity
of structures of globular proteins was further supported by their high
conformational stability and cooperative folding-unfolding behavior,
where, for example, denaturant-induced unfolding was described
as a reversible and highly cooperative “all-or-none”-type transition
between native and denatured states [87], and where the temperature-
induced melting was shown to be accompanied by the cooperative heat
absorption related to the sharp change in the state of a protein on heating
[88,89].

Notably, in representation shown in Fig. 4E, there is no boundary
between ordered proteins and IDPs. Instead, structure-disorder
space of a protein is considered as a continuum. This representation
seems to be in contradiction with the representation of ordered
proteins and IDPs based on the CH-plot, where a separation is
implemented in the form of a separating line (a binary classifier, see
above). However, CH-plot was developed to separate proteins located
at the two extremes of the overall protein conformation space, name-
ly compact proteins and highly extended IDPs. It is important to re-
member that even ordered proteins do not resemble “solid rocks,”
but instead have some degree of flexibility. In fact, a protein molecule
is an inherently flexible entity and the presence of this flexibility
(even for ordered proteins) is crucial for its biological activity. It
was also pointed out that although the entire molecule is flexible,
some structural parts of ordered proteins are more rigid than others
[90]. Detailed analysis of structures of ordered proteins revealed
that the more rigid parts or structural units (which could be structur-
al domains, subdomains or any structural part) are typically more
compactly packed, have a stronger hydrophobic effect and have a
larger stabilizing electrostatic contribution [90]. It was also indicated
that the backbone movements in these more rigid structural units
produce larger displacements than displacement induced by their
side-chain motions. However, for some protein/protein regions ther-
mal fluctuations of side-chains can bring about movements of the
backbone [90]. Importantly, a protein with a set of stable structural
units is expected to form a range of conformational isomers, peculiar-
ities of which are expected to be dependent on the extent of its over-
all flexibility and the locations of the more flexible joints, whereas in
a protein with unstable structural units, these thermal motions of the
backbone would generate an entirely flexible molecule, which, in the
extreme cases, would not retain any of the native fold [90], i.e., will
behave as an IDP/IDPR.

2.2.3. Spatiotemporal heterogeneity of IDPs
Spatiotemporal heterogeneity of IDPs is an obvious consequence

of their lack of fixed 3D-structure. Here, different parts of a molecule
are ordered (or disordered) to a different degree and this distribution
is changing in time. As a result, at any given time, an IDP molecule has
a structure which is different from a structure seeing at another mo-
ment. In other words, a given segment of a protein molecule will have
different structures at different time points. Therefore, IDPs act as a
4D-proteins [17], structural description of which requires time as a
crucial component, since their structures are not fixed, as is generally
the case for “3D proteins,” but rather defined by time and space, and
since a given structure in an IDP is seeing at a given time only. Since
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ordered proteins are also dynamic entities (with noticeably smaller
range of fluctuations than that of IDPs and IDPRs), the concept of
spatiotemporal heterogeneity is applicable for them too.

2.3. IDP energy landscapes

It was pointed out that during their biological lifetime proteins are
forced to sample a variety of conformations due to the thermal fluctu-
ations, and the probability of each conformation is determined by the
topography of the underlying energy landscape [91]. This landscape
describes the dependence of the free energy on all the coordinates
determining the protein conformation. In this view, ordered, well-
folded proteins are characterized by funnel-like energy landscapes
that have a well-defined global energy minimum [92,93], since the
number of conformational states accessible by a polypeptide chain
is reduced while approaching the native state (Fig. 5A). However,
even for ordered proteins, the bottom of the funnel-like energy land-
scape does not represent the only unique structure, but is rugged, and
this ruggedness of the bottom of the folding funnel defines the men-
tioned flexibility of an ordered protein, where more rigid structural
units move with respect to each other on their flexible joints [90]. It
also defines the existence of a large number of the conformational
substates (or nearly isoenergetic conformations) [86,94,95] and can
be used to explain the protein allosterism, which is one of the major
methods for regulating protein function where remote sites of a
protein are energetically coupled to produce a functional response;
i.e., where the ligand binding at one site is utilized to regulate the
function of the protein by modulating the structure and dynamics of
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Fig. 5. Energy landscape of ordered proteins and IDPs. A diagram showing the folding energy
the absence (B) or presence of different binding partners (C). These landscapes are depicted
structures are also shown.
a distant binding site [96–104], and determines the fundamental
capacity of a globular protein to undergo conformational change in
response to ligand binding [105].

The free energy of an extended IDP represents a large “hilly
plateau” describing the dynamic ensemble of a large number of
conformations (Fig. 5B), with hills on the plateau corresponding to
the forbidden conformations [28,91,106]. Therefore, the energy land-
scape of a well-folded ordered protein exhibits a well-defined mini-
mum energy state corresponding to the folded conformation,
whereas the energy landscape of an IDP is relatively flat and lacks
such a deep energy minimum, being characterized by a very peculiar
'topology' characterized by numerous local energy minima, due to
which protein tend to behave as a highly frustrated system without
any stable well-folded conformation. This type of energy landscape
is exceptionally sensitive to local environment (in fact, it is much
more sensitive than the relatively robust funnel-like energy land-
scape of an ordered protein) and determines conformational plastici-
ty of an IDP. In fact, any changes in the IDP surroundings might have
very strong effect on the IDP structure. Different environmental fac-
tors might have different effects on the energy landscape making
some energy minima deeper and some energy barriers higher (see
Fig. 5C). This determines the ability of an IDP to fold differently
depending on the environmental conditions. This also provides
some clues on how an IDP can specifically interact with many ligands
of different nature and to fold differently as a result of these interac-
tions. Here, the interaction with a particular binding partner affects
the IDP folding landscape in a unique way, promoting formation of
a specific structure on a template-dependent manner.
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landscapes of a typical globular protein (A) and of a typical natively unfolded protein in
schematically in one-dimensional cross-section. Illustrative examples of corresponding
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It is also necessary to keep in mind that Fig. 5C represents an
oversimplified view of an IDP energy landscape, where changes are
assumed to affect the entire molecule. In fact, IDPs are highly hetero-
geneous systems, with heterogeneity being applicable to their
sequences, structural properties and spatiotemporal behavior. In
terms of the energy landscape, this heterogeneity means that the dif-
ferent parts of an IDP might be described by individual energy land-
scapes, each replying to the environmental changes in its own way.
Within the entire molecule, the responses of different regions can
be independent, semi-dependent or dependent on each other. Fur-
thermore, different parts of an IDP can respond differently to the dif-
ferent environmental stimuli. This heterogeneity of the energy
landscape defines the ability of IDPs to form fuzzy complexes, were
significant part of a protein preserves its intrinsically disordered
state even in the bound conformation [62,63,65,107].

2.4. “Turned-out” response to the environmental changes

Unusualness of IDPs and IDPRs does not stop at their overall highly
heterogeneous nature. They also have a quite unexpected response to
changes in their environment. In fact, for ordered proteins, it is
known for a long time that exposure to the denaturing conditions
(extreme temperatures or pH) kills their biological function due to
the disruption of specific structure. In other words, extreme condi-
tions are known to induce disruption of ordered structure and globu-
lar proteins under these conditions are expected to have less
structure. However, extended IDPs (so-called native coils and native
pre-molten globules) are different. They possess “turned-out”
response to heat and might gain some structure in a temperature-
dependent manner, being typically more disordered at lower temper-
atures and more structured at higher temperatures [108]. Such
temperature-induced folding was described for several extended
IDPs, such as α-synuclein [109], caldesmon 636-771 fragment [110],
phosphodiesterase γ-subunit [111], the receptor extracellular domain
of nerve growth factor [112], αs-casein [113], and several other IDPs.
The structure-forming effects of elevated temperatures on extended
IDPs were attributed to the increased strength of the hydrophobic in-
teraction at higher temperatures, leading to a stronger hydrophobic
attraction, which is the major driving force for folding [108].

Similarly, extended IDPs are characterized by the “turned out”
response to changes in pH and gain more structure at extremely acidic
and/or alkaline conditions [108]. For example, for human α-synuclein
[109] and prothymosin α [38] it was shown that changes in pH induce
reversible structural transformation, leading to the transition from a
highly disordered coil-like conformation to a partially folded
pre-molten globule-like conformation [38,109]. Similar pH-induced
structural transformations have been described for such extended
IDPs as pig calpastatin domain I [114], histidine rich protein II [115],
naturally occurring human peptide LL-37 [116], and several other
IDPs. These observations show that a decrease (or increase) in pH in-
duces partial folding of extended IDPs due to the minimization of
their large net charge present at neutral pH, thereby decreasing
charge/charge intramolecular repulsion and permitting hydrophobic-
driven collapse to the partially-folded conformation [108].

Therefore, the peculiarities of the amino acid sequences the ex-
tended IDPs, which are highly enriched in charged residues and no-
ticeably depleted in hydrophobic residues represent physical basis
for their “turned out” responses to changes in their environment
[108].

2.5. Binding mechanisms and binding promiscuity of IDPs

IDPs and IDPRs are characterized by exceptional binding promiscu-
ity, where one protein or regions is able to bind to multiple partners
[27]. Obviously, the classical molecular recognitionmechanisms cannot
explain the ability of IDPs/IDPRs to bind to multiple partners [117]. In

 
 

 

fact, the lock-and-key [118] mechanism that was developed to describe
recognition behavior of ordered proteins can give a reasonable descrip-
tion of this multibinding capability. Furthermore, some IDPs/IDPRs
were shown to adopt different structures upon binding to different
partners [1,15,119–123], thereby playing a number of crucial roles
in mediating protein–protein interactions (PPIs) [1,15,27,119–136].
Note, that in the induced fit model developed to describe binding
behavior of some ordered proteins [137], structure of a bound protein
potentially may change to fit to a different binding partner, indicating
that the induced fit mechanisms is compatible with the multiple
bound conformations of IDPs.

In PPI networks, there are several multitasking proteins (known as
hubs) that have multiple links. With respect to temporal structure of
the PPI networks, some proteins have multiple simultaneous interac-
tions (“party hubs”), while others have multiple sequential interac-
tions (“date hubs”) [138]. From a functional perspective, date hubs
may connect biological modules to each other [139], whereas party
hubs may form scaffolds that enable the assembly of functional mod-
ules [138]. Involvement of intrinsic disorder is one of the reasonable
mechanisms for the description of the promiscuity of hub proteins
[27,124–128], where, intrinsic disorder and related disorder-to-
order transitions could enable one protein to interact with multiple
partners (one-to-many signaling) or to enable multiple partners to
bind to one protein (many-to-one signaling) [1].

Many different IDPs can form highly stable complexes, or be
involved in signaling interactions where they undergo constant
“bound–unbound” transitions, thus acting as dynamic and sensitive
“on–off” switches [107]. The ability of these proteins to return to
their highly dynamic and pliable conformations after the completion
of a particular function, and their predisposition to gain different
conformations depending on the peculiarities of their environment,
are unique properties of IDPs which allow them to exert different
functions in different cellular contests according to a specific confor-
mational state [7].

The recognition function of IDPs can be realized via several molec-
ular mechanisms, being frequently associated with the disorder-
to-order transition induced by binding to their partners. The
binding-coupled folding of IDPs/IRDs may be either induced by the
template or selected from the conformational ensemble. In other
words, the IDP structure adopted in the bound form may be enforced
by the partner molecule or reflect the inherent conformational pref-
erences of IDPs. One of the models for finding intrinsic disorder-
based binders, Molecular Recognition Feature (MoRF) model,
involves a short binding region located within a longer disordered re-
gion [140–143]. Alternative and complementary models of MoRF-like
interactions are the Short Linear Motif (SLiM) or Eukaryotic Linear
Motif (ELM) based on sequence motifs that are recognized by peptide
recognition domains [144]. A different approach is taken by the
ANCHOR model, which identifies segments of disordered regions
that are likely to fold in conjunction with a globular binding partner
[145,146]. In the primary contact site (PCS) model, certain regions
within the disordered ensemble are more exposed than others, and
thereby may serve as the first sites of contact with the partner
[147]. Some IDPs in the unbound state were proposed to have strong
conformational preferences for their bound conformations; i.e., they
use partially/transiently pre-formed elements for recognition [148].
In other words, although IDPs lack the hydrophobic cores typical for
ordered proteins and cannot be described as single, rigid structures
they still might have some local preferences for transient secondary
structure elements and even for some transient tertiary contacts.
Such dynamic pre-organization imposes spatial restrictions on IDPs,
therefore exposing some of their potential contact sites. The existence
of such pre-formed binding sites enables faster and more effective
interactions of IDPs with their targets [7,59,140,148].

Another important property of IDPs/IDPRs is their ability to form
fuzzy complexes, where a significant part of an IDP continues to be
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disordered even in the bound state [62,63,65,107]. Many IDPs can
remain predominantly disordered in bound state outside the binding
interface [63,110,149,150]. Such mode of interaction is known as
“the flanking fuzziness” in contrast to “the random fuzziness” when
the IDP remains entirely disordered in the bound state [63,151].
An extreme case of such fuzzy complexes are “binding clouds”;
i.e., specific complexes where almost no structure is formed (e.g., as
in a case of the polyelectrostatic model describing the interaction
between the phosphorylated and intrinsically disordered cyclin-
dependent kinase inhibitor Sic1 and its ordered partner, SCF(Cdc4)
ubiquitin ligase) [152]. These highly disordered complexes can be
formed due to the existence of several similar binding sites combined
with a highly flexible and dynamic structure of an IDP which provides
any binding site of IDPwith unique capability to interact with any bind-
ing site of its partner with almost equal probability, in a staccato man-
ner [107]. However, since in such a scenario, each individual contact is
characterized by a low affinity, these individual contacts are not stable
and can be readily broken. This gives rise to the disordered or fuzzy
complex, which is a highly dynamic ensemble in which an IDP does
not present a single binding site to its partner but resemble a “binding
cloud,”where multiple (almost) identical binding sites are dynamically
distributed in a diffusemanner. In other words, in this staccato-type in-
teraction mode, an IDP rapidly changes multiple binding sites while
probing binding site(s) of its partner [107].

2.6. Foldons, inducible foldons, semi-foldons, and non-foldons

Foldon concept was originally introduced to describe an indepen-
dent foldable unit of ordered proteins, and based on the analysis of
the non-homologous proteins representing different folds it was pro-
posed that there are about 2600 foldons in the natural protein uni-
verse [153]. Since the time of first introduction, the use of the term
“foldon” had several independent developments. Some researchers
continued to use it to describe independently foldable domains
[154], whereas others used the term exclusively to describe a small
trimeric globular domain located at the C-terminal region of the
bacteriophage T4 fibritin, that has a GYIPEAPRDG QAYVRKDGEW
VLLSTFL sequence, forms a β-propeller-like structure with a hydro-
phobic interior, which is crucial for the correct coiled-coil formation
[155–157]. It was recognized later that fusion of the T4 foldon domain
to target coiled-coil proteins can be used to initiate the correct
coiled-coil formation in various coiled-coil proteins [158–170], and
also promote the formation of functional oligomers in non-coiled
coil proteins [171–175].

Finally, another development in the application of the foldon con-
cept is directly related to the topic of this review. Here, based on the
analysis of the cytochrome c folding in a set of the equilibrium and ki-
netic hydrogen exchange experiments it was shown that this small,
single-domain protein contains five submolecular foldon units that
continually unfold and refold even under native conditions [176].
Later, other globular proteins (such as apo-cytochrome b562, ribonu-
clease H, dimeric triosephophate isomerase, the OspA protein of
Borrelia [177] and staphylococcal nuclease [178]) have been found
to show similar behavior. Based on these observations it was conclud-
ed that the folding of an ordered protein can be described as the step-
wise assembly of the foldon units, with previously formed foldons
guiding and stabilizing subsequent foldons to progressively build
the native protein [177,179–181]. Similar conclusion on the foldon
existence within the structures of ordered proteins was derived
from the kinetic analysis of folding of small proteins and from the
analysis of their folding transition states in particular [182]. It was
shown that for proteins possessing folding via a multitude of different
pathways, the number of accessible pathways was linked to the num-
ber of nucleation motifs contained within the native topology. These
nucleation motifs typically had size of an independent cooperative
unit and were defined as “foldons” [182]. Based on these two sets of

 
 

 

data, it is clear that ordered proteins should be considered as “modu-
lar assemblies of competing foldons” [182].

Let us apply this foldon concept to the structure of IDPs/IDPRs. The
aforementioned heterogeneity of energy landscapes of IDPs and
IDPRs defines their structural and spatiotemporal heterogeneities
that are reflected in their 4D-protein behavior. Here, some regions
of IDP are spontaneously folded, other can fold (at least in part) at in-
teraction with binding partners, still other are always in semi-folded
state, whereas some regions do not fold at all. In this respect, an IDP
can be described as a modular assembly of foldons, inducible foldons,
semi-foldons and non-foldons.

2.7. Unfoldons in action: Awaking of dormant disorder for function

2.7.1. Introducing unfoldon concept
As it follows from currently available data, biologically active pro-

teins can either have 3-D structures or be devoid such specific and
stable structures. Furthermore, structures of proteins can either
change or remain unchanged during function. The function-related
structural changes in IDPs range from the local partial folding to com-
plete folding, and from allosteric transitions to induced fit adjust-
ments in ordered proteins. Generally, the most common outcome of
these function-related structural changes is the overall increase in
the amount of ordered structure.

However, functions of some ordered proteins rely on the decrease
in the amount of their ordered structure; i.e., these functions require
local or even global functional unfolding of a unique protein structure.
The important features of these functional alterations are their induced
nature and transient character. In other words, the function-related
changes in a protein are induced by transient alterations in its environ-
ment or by transient modification of its structure and are released as
soon as the environment is restored or the modification is removed.
These unusual features are important prerequisites of the protein func-
tions relying on the induced unfolding or transient disorder mecha-
nism. Here, we are talking about dormant disorder which needs to be
awakened in order to make a protein functional. In line of foldons,
inducible foldons, semi-foldons and non-foldons discussed above, this
intricate feature can be considered as an unfoldon; i.e., a part of a pro-
tein structure that has to undergo order-to-disorder transition in order
to make protein active.

2.7.2. A few illustrative examples of unfoldons
Although the topic of transient disorder is relatively new, it is al-

ready clear that nature can use different means to ensure the
order-to-disorder transitions in unfoldons. In fact, any factor which
can potentially unfold a structure of a folded protein is utilized here.
Among these unfoldon-activating factors are changes in pH, temper-
ature, redox potential, light, mechanical force, membrane, interaction
with ligands, protein–protein interaction, various posttranslational
modifications (PTMs), release of authoinhibition due to the unfolding
of autoinhibitory domains or their interaction with nucleic acids, pro-
teins, membranes, PTMs, etc. The literature on the topic of dormant
disorder is vast and spread over a wide time-interval. Unfoldons
and related mechanisms of protein activation are exceptionally inter-
esting subjects and clearly deserve to be described in a focused
review. Therefore, only a few illustrative examples are provided
below to show how diverse the underlying unfolding-based mecha-
nisms are.

Extended IDPs are known to gain some residual structure at
acidic conditions [108]. Many ordered proteins are known to denature
(i.e., lose their biological activity) at extremely low pH values. However,
some ordered proteins are activated by the solution acidification. An
illustrative example of this functional protein unfolding induced by
changes in pH is acidification-induced activation of HdeA. HdeA is
one of the smallest known chaperones, which functions as a monomer
and does not require any energy factors or co-chaperones. This
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chaperone is expressed by many bacteria to combat acid-induced
protein unfolding and aggregation in the periplasm. At neutral pH,
HdeA exists as a well-folded, but inactive dimer. However, this protein
specifically senses lowpH conditions (pH b3), where it partially unfolds
and dissociates into chaperone-active monomers, and thus is activated
by the same conditions that lead to the inactivation and aggregation of
other proteins [183]. Envelope proteins of several viral families (e.g., the
Alphavirus and Flavivirus genera) are another example of pH-sensing
proteins. These viral envelope proteins are responsible for fusion with
the membranes of endosomal compartments of the host cells in a
pH-dependent fashion. Upon exposure to mildly acidic conditions
(~pH 6.5), these proteins undergo extensive conformational and oligo-
meric state changes,which serve to tether viral and cellularmembranes
and pull them into the close apposition required to promote lipid
mixing [184,185].

Similarly, although high temperatures are known to denature
many ordered proteins, some proteins, e.g., the Saccharomyces
cerevisiae holdase Hsp26 and the wheat holdase Hsp16.9, are activat-
ed by heat stress conditions [186]. For example, under the non-stress
conditions in vitro, Hsp26 exists in a form of a hollow sphere of 24
subunits assembled from the 12 dimers [187]. This protein is specifi-
cally activated by the temperature increase [188], with the midpoint
at ~36 °C [189]. Temperature-activated Hsp26 is characterized by
the lower content of ordered secondary structure and by the notice-
able rearrangements of the tertiary structure [190].

Among rather unusual factors used by nature to activate proteins
via functional unfolding are light and mechanical force. For example,
exposure to blue light results in the activation of the photoactive yel-
low protein (PYP), which is an ordered, water-soluble ~14 kDa pro-
tein that contains a thioester linked p-coumaric acid cofactor and
serves as a photosensor in Ectothiorhodospira halophila [191,192].
Based on the high resolution NMR spectroscopic analysis it was con-
cluded that the activated PYP possessed a large degree of disorder
and existed as an ensemble of multiple conformers that exchange
on a millisecond time scale [193].

Finally, some proteins serve as force sensors and undergo
local unfolding induced by the mechanical forces. For example,
mechanosensitive ion channels recognize and respond to the mem-
brane tension, which is the mechanical forces applied along the
plane of the cell membrane, rather than to the hydrostatic pressure
perpendicular to the membrane plane [194]. Here, membrane tension
induces activation via partial unfolding of some functional parts of
such ion channels [195].

2.8. Functional misfolding of IDPs

IDPs/IDPRs are characterized by high conformational dynamics
and flexibility, the presence of sticky preformed binding elements,
and the ability to morph into differently-shaped bound configura-
tions. One of the common interaction modes of IDPs and IDPRs is
wrapping around the binding partner [107] that results in the forma-
tion of a polyvalent complex where several ordered segments of an
IDP/IDPR bind to disjoint and spatially distant binding sites on the
surface of the globular protein [107]. In other words, in their bound
state, ordered segments of such flexible wrappers are connected by
flexible linkers and almost do not have intramolecular contacts
[107]. However, detailed analyses of the conformational behavior
and fine structure of several IDPs in their non-bound states revealed
that the preformed binding elements might be involved in a set of
non-native intramolecular interactions [196]. Based on the analysis
of conformational ensembles of several IDPs, a concept of functional
misfolding was proposed [196]. Here, the dynamically formed ele-
ments of secondary structure (these foldons, inducible foldons, and
semi-foldons mentioned above) that potentially might represent
sticky and promiscuous molecular recognition sites were proposed
to be protected from unwanted interactions with unwanted partners

 
 

 

via the involvement in the intramolecular non-native interactions;
i.e., via functional misfolding [196]. This possibility was described in
detail for several IDPs, such as non-homologous regulators of the pro-
tein phosphatase 1 (PP1), the protein inhibitor-2 (I-2), spinophilin,
the dopamine- and cyclic AMP-regulated phosphoprotein with mo-
lecular weight of 32 kDa (DARPP-32), and the N-terminal domain of
the myosin phosphatase targeting subunit MYPT1. PP1-interacting
domains of these proteins are highly disordered in the non-bound
state, but fold at binding and wrap around PP1 interacting with it at
multiple spatially distal sites [197–199]. These four IDPs possessed
very different residual structures in their unbound states [200],
possessing clusters of temporarily formed secondary structure ele-
ments involved in non-native interactions and therefore representing
well-documented examples of functional misfolding, where the
pre-populated binding sites are partially protected from the undesired
contacts, being involved in extensive non-native tertiary interactions
[196]. Similarly, the unbound transactivation domain of p53 was
shown to lack fixed structure, possessing some residual secondary
structure elements that were present in the molecule part of the time
and were involved in short-lived non-native interactions [201–203].
The functional misfolding was also described for the retinal phosphodi-
esterase inhibitory γ-subunit [196,204], α-synuclein [196,205], cyclin-
dependent kinase inhibitors p27Kip1 and p21Waf1/CiP1/Sdi1 [196,206],
regulatory domain of the cystic fibrosis transmembrane conductance
regulator [196,207], and several other IDPs. Furthermore,many extend-
ed IDPs in their unbound forms where shown to possess some partial
compaction andwere characterized by the presence of residual second-
ary structure, suggesting that they may be functionally misfolded too
[196]. According to the functional misfolding concept the preformed
secondary structure elements in an IDP are inevitably involved in
intramolecular non-native interactions leading to the functionally
misfolded state [196]. Obviously, this functional misfolding can be
related to the fitness of unbound IDPs since the interaction-prone
preformed secondary structure elements can be protected from un-
wanted interactions with the non-native partners, being sequestered
inside the “non-interactive” (or at least less-interactive) cages, where
they are dynamically excluded from the environment and therefore
might escape unwanted interactions with the non-native binding part-
ners [196].

The mentioned functional misfolding is related to the ensemble
behavior of transiently populated elements of structure. In other
words, it describes the behavior of a globally disordered polypeptide
chain containing highly dynamic elements of residual structure, the
interaction-prone preformed fragments, some of which could poten-
tially be related to protein function. Both non-native intramolecular
electrostatic and non-native hydrophobic interactions might contrib-
ute to the functional misfolding. Although the currently available
information about fine structures of unbound IDPs in solution and
about their long-range intramolecular interactions is very sparse,
there is a good chance that this phenomenon is highly abundant at
least among the so-called extended IDPs (native coils and native
pre-molten globules) [196].

It was pointed out that functional misfolding; i.e., a process of
sequestering and preserving of the interaction-prone elements, is
very different from the pathological misfolding, where biologically
active protein molecules adopts an aggregation-prone misfolded
conformation leading to the development of various conformational
diseases [196].

Recently, an idea of using functional IDP misfolding concept in the
development of novel disorder-based drugs was proposed [208]. Here
the ability of IDPs/IDPRs to spontaneously form a non-interactive
cage sequestering interaction-prone preformed fragments was
suggested to be used in the drug discovery process for finding small
molecules which would potentially stabilize different members of
the functionally misfolded ensemble, and therefore prevents the
targeted protein from establishing biological interactions [208]. This
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approach, being based on a small molecule binding to a highly dy-
namic surface created via the transient interaction of preformed
interaction-prone fragments, can be considered as an extension of
the well-established structure-based rational drug design elaborated
for ordered proteins. In fact, if the structure of a member(s) of the
functionally misfolded ensemble can be guessed, then this structure
can be used to find small molecules that are potentially able to inter-
act with this structure, utilizing tools originally developed for the
rational structure-based drug design for ordered proteins [208].

2.9. IDPs in crowded environment

Typically, in vitro experiments on various IDPs are performed under
the relatively ideal thermodynamic conditions of low protein andmod-
erate salt concentrations. However, proteins have evolved to function
within cells, where the concentration of macromolecules, including
proteins, nucleic acids, and carbohydrates, within a cell can be as
high as 400 g/L [209], creating a crowded medium, with considerably
restricted amounts of free water [209–215]. Such “thick-soup-like” in-
tracellular environment is considered to be crowded, since typically no
individual macromolecular species is present at very high concentra-
tion [212,214]. In such crowded environment, the volume occupied
by solutes is unavailable to other molecules, generating specific ther-
modynamic consequences generally known as excluded volume effects
[210,216]. Volume exclusion in biological fluids may have large effects
on both stability of biological macromolecules [214,217–219], and
macromolecular equilibrium, including alteration of protein–protein
interactions [215,220] and modulation of the rate and extent of amy-
loid formation [221–223].

The view that macromolecular crowding is important yet
neglected variable in biochemical studies is gained attention
[210,213]. Effect of excluded volume on macromolecules may be ex-
amined experimentally by using concentrated solutions of a model
“crowding agent” such as polyethylene glycol, dextran, Ficoll or
inert proteins [216,221]. The effect of high concentrations of different
crowders on structural properties of several IDPs was analyzed. For
example, molecular crowding modeled by the high concentrations
(of up to 250 g/L) of the dextrans of average molecular weights 9.5,
37.5, and 77 kDa and Ficoll 70 did not induce significant folding in
two IDPs, FosAD and p27ID [224]. FosAD corresponds to the
C-terminal activation domain of human c-Fos (residues 216–310)
that interacts with transcription factors [225]. p27ID is the
cyclin-dependent kinase inhibition domain of the cell-cycle inhibitor
human p27Kip1 (residues 22–97) and is active as a cyclin A-Cdk2 in-
hibitor [226]. Both protein domains were shown to by intrinsically
disordered as judged by several spectroscopic techniques [225,226].
In the presence of macromolecular crowding agents, none of these
IDPs underwent any significant conformational change reflected in
noticeable changes in either circular dichroism or fluorescence spec-
tra. Based on these observations it has been concluded that molecular
crowding effects are not necessarily sufficient to induce ordered
structure in IDPs [224].

Similarly, α-synuclein was shown to preserve its mostly unfolded
conformation in the presence of several crowding agents [227] and
even in the periplasm of the bacterial cells [228]. The analysis of
FlgM, which is a 97-residue IDP from Salmonella typhimurium that
regulates flagellar synthesis by binding the transcription factor σ28,
revealed that approximately half of this IDP gained structure in the
crowded environment [229]. Importantly, although free FlgM was
mostly unstructured in the dilute solutions, its C-terminal half formed
a transient helix in the unbound form [230], became structured on
binding to σ28 [231] and was shown to be folded in the crowded
environment [229]. Therefore, IDPs could be grouped into two clas-
ses, foldable and non-foldable, based on their response to the
crowded environment. Foldable IDPs can gain structure in crowded
environment (and, thus, inside the living cells) likely due to the

 
 

 

crowding-induced formation of a hydrophobic core. Non-foldable
IDPs remain mostly unstructured at the crowded conditions. Some
of these non-foldable by crowding IDPs may require another protein
(or DNA, or RNA, or some other natural binding partners) to provide
a framework for structure formation. FlgM clearly represents a unique
case of the two-faced Janus, where the first face exemplified by the
C-terminal half of FlgM is structured in the crowded environment,
whereas the second face exemplified by the N-terminal half of FlgM
does not become structured at physiologically relevant solute con-
centrations [229].

Recent advantages in the in-cell NMR analysis have opened new
exceptional opportunities for evaluating the structural and conforma-
tional properties of IDPs in their natural environments (i.e., within
cells). Successful in-cell characterization of IDPs has been reported
for both bacterial and eukaryotic cells [228,229,232,233]. For exam-
ple, recent in-cell NMR analysis of α-synuclein in intact Escherichia
coli cells clearly indicated that this protein is mostly disordered and
monomeric inside E. coli [234].

3. IDPs as the “edge of chaos” systems

3.1. On applicability of the “edge of chaos” concept to IDPs

It is possible that IDPs/IDPRs can be considered as the “edge of
chaos” systems which operate in a region between order and com-
plete randomness or chaos; i.e., in the region where the complexity
is maximal. Position at the edge of chaos (that is at the transition
point between order and chaos) determines the capability of IDPs/
IDPRs of being exquisitely controlled, where even small changes in
their environment might generate large and diversified changes,
and defines their exceptional complexity. In fact, IDPs/IDPRs can be
formally defined as complex system since they seem to obey major
rules proposed to describe behavior of complex systems [20]:

(i) Complex systems contain many heterogeneous components
that interact nonlinearly. This means that a small perturbation
may cause a large effect, a proportional effect, or even no effect
at all. This also means that behavior of such a system cannot be
expressed as a sum of the behaviors of its parts (or of their
multiples);

(ii) The constituents of a complex system are interdependent;
(iii) A complex system possesses a structure spanning several

scales and may be nested; i.e., the components of a complex
system may themselves be complex systems;

(iv) A complex system is capable of emergent behavior, which is
unanticipated behavior shown by the system, for example the
arising of novel and coherent structures, patterns and proper-
ties during the process of self-organization;

(v) Complexity involves an interplay between chaos (disorder)
and order;

(vi) Complexity involves an interplay between cooperation and
competition, and complex systems contain both positive (am-
plifying) and negative (damping) feedbacks;

(vii) Complex systems may have a memory. In other words, the his-
tory of a complex system may be important, since due to their
dynamic nature, complex systems change over time, and prior
states may have an influence on present states.

Let us see now how these rules work for IDPs. Heterogenic nature
of IDPs is obvious. In fact, IDPs and IDPRs are heterogeneous at multi-
ple levels. Globally, they can be compact or extended and their major
structural components are heterogeneous too, giving rise to foldons,
induced foldons, semi-foldons and non-foldons. These structural
components can be independent or interdependent, and they are
able to interact nonlinearly. Functional misfolding represents an illus-
tration of the interplay between cooperation and competition. The
spatiotemporal complexity of IDPs/IDPRs is further increased by the
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fact that they and their structural components are always moving be-
tween order and disorder. IDPs are able to sense various stimuli and
response to these stimuli via corresponding structural changes,
where even smallest environmental perturbations might produce
large structural and functional outcomes. IDPs/IDPRs possess emer-
gent behavior, since under some conditions they are able to undergo
self-organization via stimuli-induced disorder-to-order transitions.
Finally, MoRFs, SLiMs and PreSMos represent a memory of the IDP,
since they are transiently populated in the non-bound state and
may have a profound influence on IDP binding mechanism and on
the resulting bound state. All this supports the hypothesis that IDPs/
IDPs are positioned at the edge of chaos.

This brings an interesting possibility that the behavior of an IDP,
being chaotic, complex, and extremely sensitive to the peculiarities
of the environmental conditions, can be described in terms of the
strange attractor (e.g. Lorenz attractor), where system will neither
converge to a steady state nor diverge to infinity, but will stay in a
bounded but chaotically defined region. Under some conditions, this
system can have characteristic butterfly-like trajectories; i.e., it may
behave as Lorenz attractor, where small changes in initial conditions
may produce large changes in the long-term outcome (so-called but-
terfly effect [235]) (see Fig. 6A). Lorenz attractor, an example of a
non-linear dynamic system, is a simplified mathematical model de-
veloped for the description of atmospheric convection by considering
two-dimensional flow of a fluid subject to differences in temperature
and gravity [236,237]. It is considered now as a foundation of chaos
theory. Although it was originally developed for weather prediction,
chaos theory has found its way to other scientific fields, including
physics and chemistry (where the application of chaos theory has re-
solved some long-standing problems, such as how to calculate a tur-
bulent event in fluid dynamics or how to quantify the pathway of a
molecule during Brownian motion [238]), electronics and engineer-
ing (where chaos theory is used to describe the chaotic behavior
that restricts the operating range of many electronic and mechanic
devices) [239], biology (e.g., description of certain activities of the
neural systems, such as odor recognition by the olfactory bulb)
[240] and medicine (where chaos theory is applied to predict the oc-
currence of lethal arrhythmias or epileptic seizures [238]). It is tempt-
ing to hypothesize that IDPs/IDPRs might represent another example
case, where chaos theory can be used to describe the complex
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Fig. 6. IDPs/IDPRs as “edge of chaos” systems. A. Lorenz attractor potentially describing co
driven by IDPs/IDPR that might define the cyclic behavior of the biochemical reaction–diffu
behavior of a biological system. Here, IDPs/IDPRs can behave as
Lorenz attractors; i.e., they do not converge to a steady state (do not
form fully ordered state), but also do not diverge to infinity (do not
behave as completely disordered polypeptide chains).

Another interesting possibility is that chaos theory potentially can
be used to describe interactions between IDPs/IDPRs and their part-
ners. Pattern formation represents one of the illustrative examples
of the self-organization process; i.e., it is the emergent behavior men-
tioned as one of the rules defining behavior of a complex system. Pat-
tern formation is very common in nature and occurs on many
different spatial and temporal scales and several levels of complexity
[241]. It was pointed out that inside the leaving cell, nonlinear reac-
tion–diffusion dynamics allow proteins to encode for positional infor-
mation [242–245], required to coordinate complex processes like cell
division [246,247], cell motility [248,249], give rise to information
flow within the cell [245,250], or the Min system-controlled position-
ing of the division septum in the cell to its center, such that it divides
into two equally sized daughter cells [251].

3.2. Peculiar dynamics of the MinE–MinD system

The spatiotemporal oscillations of the Min proteins in E. coli, a pro-
karyotic protein system that is involved in the spatial regulation of
the positioning of the cytokinetic Z ring [252], represent a
well-studied example of the biochemical reaction–diffusion process
that determines the self-organized emergent behavior [253]. In na-
ture, the Min proteins MinD and MinE oscillate from pole to pole in
the rod-shaped E. coli cell. The Min proteins are the members of the
WAKA family (Walker A cytomotive ATPase; also knows as ParA),
which are prokaryotic proteins that display oscillatory behavior in-
volved in such diverse processes as spatial regulation of cell division,
plasmid and chromosome segregation, and regulation of develop-
ment [254]. Oscillations in the Min system emerge from the
ATP-dependent interactions of three Min proteins (MinD, MinC, and
MinE) with each other and with the cytoplasmic membrane [252].
MinD is a membrane-binding ATPase, MinC is an inhibitor of division,
whereas MinE is the activator of ATP hydrolysis which serves as an
antagonist of MinD in its membrane-bound state. It was shown that
the MinD and MinE are sufficient to reproduce the oscillating behav-
ior both in vivo and in vitro [255–257], where MinD recruits MinE to
B

nformational behavior of IDPs. B. Rössler attractor potentially describing interactions
sion processes.
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the membrane, leading to a coupled oscillation required for spatial
regulation of the cytokinetic Z ring. In vivo, Min protein oscillations
are characterized by the intrinsic wavelength which is similar to the
size of the E. coli cell, about 5 μm versus 3 μm cell length and 1 μm
cell diameter [258]. In vitro, the Min proteins are able to
self-organize into mesoscale patterns in a form of traveling protein
waves on a supported lipid bilayer, where protein surface waves
emerge from repetitive cycles of proteins binding and detaching to
and from the membrane [259,260]. It was also shown that this specif-
ic pattern of traveling protein waves is determined by the rapid
rebinding and membrane interaction of MinE [260]. It was also
shown that the spatial regulation of the cytokinesis by the Min oscil-
lator is based on the MinD-dependent conformational changes in
MinE [261].

Analysis of the structural properties of MinD and MinE proteins
gives an intriguing hint on the potential role of intrinsic disorder in
the emergent behavior of the Min system. MinD, which is an 270
residue-long ATPase required for the correct placement of the divi-
sion site, binds to the membrane through the C-terminal 10 amino
acids, that form an amphipathic helix that inserts into the membrane
bilayer [262–264]. The biologically active unit of the E. coli MinD is a
stable dimer where the MinE binding site is located at the dimer in-
terface and is exposed to the cytosol [265]. This interface placement
of the MinE-binding site is shown in Fig. 7A that represents a crystal
structure of the E. coli MinE dimer bound to MinD dimer and illus-
trates that the α-helix of one of the MinE molecules is bound to the
MinD dimer interface [261].
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Fig. 7. Structural features of the Min system. A. Crystal structure of the MinD–MinE complex
MinE (PDB ID: 1EV0). C. NMR solution structure of the intact MinE from Neisseria gonorrhoea
ID: 3R9J). E. Intrinsic disorder evaluation in the E. coliMinE protein. Results of PONDR® VLXT
light pink shadow around PONDR-FIT prediction shows the statistical error of PONDR-FIT pre
are shown as red (α-helices) and blue bars (β-strands) at the top of the plot.
MinE is a small protein of 88 residues that has three functional
domains and easily forms dimers [266,267]. The N-terminal region of
MinE was implicated in the MinE–membrane interaction since it was
shown to contain cryptic membrane-targeting sequence (MTS) that in-
cluded positively charged residues at positions 10–12 [268]. The function
of the MinE N-terminal domain (residues ~6–31) is to counteract the
division-inhibitory activity of the MinCD complex via the formation of
the α-helix that binds MinD (see Fig. 7A) [261,269]. The C-terminal do-
main (residues 32–88) is a topological specificity domain that is required
forMinE to spatially regulate cell division [261]. Structural analysis of two
intactMinE proteins and one trypsin-resistant fragment ofMinE revealed
that the related structures differ significantly, suggesting that they repre-
sent “snap-shots” of different conformational states accessible to this pro-
tein. A trypsin-resistant fragment of the E. coli MinE consists of residues
31–88 that form two long antiparallel β-strands (β2- and β3-strands)
covered by an α-helix [270]. This fragment forms a dimer where the
helices of the subunits pack together to form an antiparallel coiled-coil,
and the β-strands are combined to form a four-stranded, antiparallel
β-sheet (see Fig. 7B). However, the structures of the intact MinE from
Helicobacter pylori and Neisseria gonorrhoeae are different. Although
they also form dimers, in their dimeric form, these two MinEs contain
not a four-stranded but a six-stranded antiparallel β-sheet [271,272],
with additional β1-strands (that contain part of the anti-MinCD domain)
being positioned at the dimer interface where they are sandwiched be-
tween the β-strands seen in the structure of the truncated E. coli protein
(see Fig. 7C representing structure of MinE dimer from N. gonorrhoeae).
Therefore, in these two structures, the anti-MinCD domain is not solvent
B

C

D

(PDB ID: 3R9J). B. NMR solution structure of the trypsin-resistant fragment of the E. coli
e (PDB ID: 2KXO). D. Crystal structure of the MinD-bound MinE dimer from E. coli (PDB
, PONDR® VSL2 and PONDR-FIT are shown as blue, green and red lines respectively. The
diction. Elements of secondary structure detected in different crystal structures of MinE
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accessible and therefore unavailable for binding MinD [261]. Fig. 7C
shows that theN. gonorrhoeaeMinE contains another structural element,
a short N-terminal amphipathic helix (residues 3–8; residues 1–17 are
not observed in the H. pylori structure) that is packed against the
β-sheet, further masking it from the solvent.

Based on the analysis of these structures it was proposed that the in-
teraction with MinD requires the dramatic conformational changes in
MinE that would release the sequestered anti-MinCD domains [261].
This hypothesis was supported by a recent study, where the crystal
structure of the E. coliMinD–MinE complex was solved at the 4.3 Å res-
olution [261]. MinE used in this study was the truncated version of the
MinEI24N with a C-terminal his-tag, that underwent cleavage between
amino acids 11 and 12 during the protein purification process following
the cell lysis, whereas MinD was the MinDΔ10D40A variant, which is a
non-hydrolytic mutant that lacks its C-terminal amphipathic helix,
that functions as an MTS. Fig. 7A represents structure of the resulting
complex and shows that the MinD dimer (shown as blue and red sur-
faces) interactswith theMinE dimer (shown as gray and orange chains)
in a rather unusual way. First of all, the MinE residues 13–26, which
includes most of the residues that correspond to the β1-strand of
MinE, form an α-helix in the structure of the MinD–MinE complex. In
other words, the β1-strand (residues 21–29) undergoes transition to
the α-helical structure when MinE binds to MinD. Therefore, the
anti-MinCD domain of MinE contains a conformational switch that
regulates and controls interaction betweenMinE andMinD. Fig. 7D rep-
resents the MinD-bound structure of the E. coliMinE to better illustrate
the appearance of a new α-helix. It was also pointed out that MinE
dimer bridges two MinD dimers leading to a continuous helix of alter-
nating MinD dimers and MinE dimers [261]. Furthermore, in the
MinE–MinD complex the N-terminus of the MinE contact helix is ori-
ented toward the membrane providing possibility for the MTS to be
on the same face of the complex as the MinD amphipathic helices and
therefore in position to interact with the membrane [261]. Based on
these observations itwas suggested that thatMinE sensesMinDandun-
dergoes a dramatic conformational change that releases the anti-MinCD

 
 

 

Fig. 8. “Tarzan of the Jungle Model” for the interaction between MinD and MinE. In this mod
the β1 strands (red) of MinE are released from the six-stranded β sheet structure, resulting
with N-terminal flanking residues form an α helix that is stabilized by binding to MinD, wh
depends on two competing reactions (indicated by “a” and “b”) following the dissociation o
sociates from the membrane as it snaps back to the six β-stranded structure (b). A higher d
Ref. [261].
domains and unmasks cryptic membrane-targeting sequences (MTSs)
in MinE [261].

Fig. 7E represents the results of disorder prediction in the E. coli
MinE by several predictors of the PONDR® family (PONDR-VLXT,
PONDR-VSL2, and PONDR-FIT). It can be seen that this protein is pre-
dicted to possess noticeable amount of disorder, although there is a no-
ticeable disagreement between the results of different predictors. Since
the used computational tools were trained on rather different sets of
attributes, they are able to “see” disorder under the different angles.
Therefore, the mentioned disagreement between different predictors
is a reflection of a rather complex nature of the MinE. Close consider-
ation of the “conformational switch” region (residues 21–19) shows
that it is expected to be disordered, suggesting that the intrinsically dis-
ordered nature of this region might define its capability to undergo
structural transitions required for binding to MinD. Importantly, the
C-terminal topological specificity domain of MinE also contains notice-
able amount of disorder suggesting that intrinsic disorder might be in-
volved in the MinE-controlled spatial regulation of cell division. This
abundance of functional disorder in the MinE provides a support to
the “Tarzan of the Jungle Model” proposed to describe the interaction
between MinD and MinE [261]. Fig. 8 represents this model and
shows thatwhenMinE encountersMinD bound to themembrane it un-
dergoes dramatic structural changes leading to the release of the MTSs
and the β1-strands ofMinE from the six-stranded β-sheet structure and
eventually resulting in formation of a four-stranded β-sheet structure.
One of the released β1-strands, together with the N-terminal flanking
residues, forms a long α-helix that is involved in the MinD binding.
MTS linked to this β1-strand is involved in the membrane binding
together with the two C-terminal MTSs of the MinD dimer. Another
β1-strand is likely to unfold bat can be tethered to the membrane
through its linked MTS. Binding of MinE to the MinD dimer activates
its ATPase activity. The ATP hydrolysis leads to the dissociation of
MinD dimer and frees MinE. Now, the released MinE can be either
handed off to another MinD, or dissociate from the membrane and
fold back to the six β-stranded structure. Since the MinD density on
el, MinE encounters MinD bound to the membrane and the MTSs (black segments), and
in formation of a four-stranded β sheet structure. One of the released β1 strands along
ereas the other is tethered to the membrane through its linked MTS. The fate of MinE
f MinD due to ATPase stimulation. Either it is handed off to another MinD (a), or it dis-
ensity of MinD on the membrane favors the former. Reproduced with permission from
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the membrane is high, the probability of MinE to be handed off to the
neighboring MinD dimer is rather high [261]. Furthermore, this
“Tarzan of the Jungle” mechanism explains how and MinE tracks
membrane-bound MinD and why it moves toward regions of higher
MinD density. It was also proposed that the described above mecha-
nism explaining the behavior of the MinD–MinE system is likely to
be applicable to other members of the WACA family [261].

It is tempting to hypothesize that the intrinsically disordered
nature of MinE might be involved in the self-organized emergent
behavior of the Min system and play a role in the oscillating MinD
recruitment of MinE to the membrane. If this assumption is correct
then varying the length of existing disordered regions in MinE should
affect the intrinsic wavelength that is characteristic for the Min pro-
tein oscillations. This also opens a possibility to connect the oscillat-
ing protein intrinsic disorder-based reactions to the chaos theory.
In fact, it was already shown that cyclic chemical reactions can be
described in terms of the Rössler attractor (see Fig. 6B) that origi-
nally arose from studying oscillations in nonlinear, chemical reac-
tions [273,274]. Therefore, there is a chance that the Rössler attractor
(or another strange attractor) can be used to describe behavior of the
biochemical reaction–diffusion processes that are based on the interac-
tions driven by IDPs/IDPRs and that determine the self-organized emer-
gent behavior of the related systems.

The relationship between the minE–minD system and chaotic
attractors can be considered from another angle that considers both
molecular and cellular aspects. At the cellular level, minE–minD oscil-
lations constitute a reaction–diffusion system that might represent
the simplest experimental realization of the Turing instability mech-
anism underlying morphogenesis. In fact, according to Turing, this in-
stability driving the nonlinear dynamic system into patterns is based
on diffusion, specifically, on two interacting molecular species differing
significantly in their diffusion characteristics [242,253]. In subsequent
development of this idea it was shown that only a restricted class of
reaction–diffusion systems is capable of generating patterns, since for
pattern to occur, it is necessary to have an antagonistic pair ofmolecular
species, one of which (the activator) is self-enhancing and is character-
ized by the short range of action and coupled to the other one (the
inhibitor) of long range [243,253]. Protein oscillations and pattern for-
mation of MinE–MinD system in the cell are believed to be regulated
by cooperative membrane binding and unbinding that serves as an
energy-dependent switch [253]. However, even if the dynamics is cha-
otic at the cellular level and even if this chaotic dynamics defines the
emerging behavior and appearance of intracellular waves that control
cytokinesis in space [253], this does not necessarily imply that the dy-
namics must be chaotic at the molecular level. Alternatively, at this
level, MinE–MinD system can be considered as an example in which
the rich dynamic behavior of IDPs is used by nature for building com-
plexity at a higher level, since the Turing mechanism is the basis for
morphogenesis and cellular differentiation in multicellular organisms.

4. Concluding remarks

IDPs and IDPRs are intriguing members of the protein kingdom.
Although they got into the spot-light of active research more than a
decade ago and although significant progress has been achieved in
this field, IDPs/IDPs continue to surprise researchers. To some extent,
studies on IDPs resemble the peeling of an onion, when removing one
layer uncovers another layer, which in turn hides a new level of com-
plexity. We are slowly going through the multilayer problem, trying
to reach its core; trying to understand what is so special about IDPs,
their functions and regulations; trying to grasp how their amazing
structural and functional complexities and the ability to be uniquely
functional in the absence of unique spatial structures are encoded in
the amino acid sequences of IDPs/IDPRs. The fact that IDPs and IDPRs
are different from ordered proteins and domains is well-documented
and rather well-accepted. Complexity and heterogeneity are the major

 
 

 

universal characteristics of IDPs/IDPRs. These proteins are hetero-
geneous at multiple levels. Their sequences contain foldable,
non-foldable and semi-foldable regions, which are proposed to
be termed foldons, non-foldons and semi-foldons respectively.
Foldons can be spontaneous (and some IDPs contain folded or par-
tially folded regions) and can be induced (where IDPR gain struc-
ture as a result of binding to a specific partner). These sequence
heterogeneity define structural heterogeneity of IDPs/IDPRs in
their unbound state. IDPs/IDPRs are characterized by shallow ener-
gy landscapes with multiple local minima and without global ener-
gy minimum typical for the ordered proteins. Due to these shallow
energy landscapes, IDPs/IDPRs are extremely sensitive to the
changes in their environment, which further complicate these com-
plex systems.

In addition to the active disorder, some proteins might contain
dormant disorder. Here a protein or significant part of it is folded
but inactive. Activization of these proteins involves functional
unfolding (local or global), or, as we defined it here, awakening of
dormant disorder. The corresponding “slipping beauties” are defined
as unfoldons. IDPs/IDPRs can bind to multiple unrelated partners,
and some of IDPs/IDPRs can gain different structures being bound to
different partners.

In general, IDPs are characterized by the lack of a significant part of the
folding code that defines the ability of ordered proteins to spontaneously
fold into unique biologically active structure. This missing portion of the
folding code (or a part of it) can be supplemented by the IDP binding part-
ner(s). Even bound states of IDPs are structurally heterogeneous, since
manyof these proteins are able to preserve significant disorder after bind-
ing. This results in the formation of dynamic or fuzzy complexes.

Functions of IDPs/IDPRs can be controlled by multiple means, such
as various PTMs, alternative splicing, interaction with different mod-
ulators, cleavage, etc. Therefore, functionally IDPs/IDPRs are hetero-
geneous too. This multilevel structural and functional complexity
suggests that IDPs/IDPRs should be considered as systems at the
“edge of chaos.” Behavior of these systems is extremely sensitive to
the environment and is characterized by the so-called butterfly effect,
where small changes in initial conditions may produce large changes
in the long-term outcome. Furthermore, intrinsic disorder may be re-
lated to the emergent behavior of several systems characterized by
the presence of specific patterns and can be used to explain the bio-
chemical reaction–diffusion processes.

Acknowledgements

I would like to thank two anonymous reviewers for a great set of
very useful comments and suggestions. This work was supported
in part by the Program of the Russian Academy of Sciences for the
“Molecular and Cellular Biology.”

References

[1] A.K. Dunker, E. Garner, S. Guilliot, P. Romero, K. Albrecht, J. Hart, Z. Obradovic, C.
Kissinger, J.E. Villafranca, Protein disorder and the evolution of molecular recog-
nition: theory, predictions and observations, Pac. Symp. Biocomput. (1998)
473–484.

[2] P.E. Wright, H.J. Dyson, Intrinsically unstructured proteins: re-assessing the pro-
tein structure-function paradigm, J. Mol. Biol. 293 (1999) 321–331.

[3] V.N. Uversky, J.R. Gillespie, A.L. Fink, Why are “natively unfolded” proteins
unstructured under physiologic conditions? Proteins 41 (2000) 415–427.

[4] A.K. Dunker, J.D. Lawson, C.J. Brown, R.M. Williams, P. Romero, J.S. Oh, C.J.
Oldfield, A.M. Campen, C.M. Ratliff, K.W. Hipps, J. Ausio, M.S. Nissen, R. Reeves,
C. Kang, C.R. Kissinger, R.W. Bailey, M.D. Griswold, W. Chiu, E.C. Garner, Z.
Obradovic, Intrinsically disordered protein, J. Mol. Graph. Model. 19 (2001)
26–59.

[5] P. Tompa, Intrinsically unstructured proteins, Trends Biochem. Sci. 27 (2002)
527–533.

[6] G.W. Daughdrill, G.J. Pielak, V.N. Uversky, M.S. Cortese, A.K. Dunker, Natively
disordered proteins, in: J. Buchner, T. Kiefhaber (Eds.), Handbook of Protein
Folding, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2005,
pp. 271–353.



947V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951
[7] V.N. Uversky, A.K. Dunker, Understanding protein non-folding, Biochim.
Biophys. Acta 1804 (2010) 1231–1264.

[8] C. Holt, L. Sawyer, Caseins as rheomorphic proteins: interpretation of primary
and secondary structures of the as1-, b-, and k-caseins, J. Chem. Soc. Faraday
Trans. 89 (1993) 2683–2692.

[9] R.A. Pullen, J.A. Jenkins, I.J. Tickle, S.P. Wood, T.L. Blundell, The relation of poly-
peptide hormone structure and flexibility to receptor binding: the relevance of
X-ray studies on insulins, glucagon and human placental lactogen, Mol. Cell.
Biochem. 8 (1975) 5–20.

[10] P.D. Cary, T. Moss, E.M. Bradbury, High-resolution proton-magnetic-resonance
studies of chromatin core particles, Eur. J. Biochem. 89 (1978) 475–482.

[11] K. Linderstrom-Lang, J.A. Schellman, Protein structure and enzyme activity, in:
P.D. Boyer, H. Lardy, K. Myrback (Eds.), The Enzymes, Academic Press, New
York, 1959, pp. 443–510.

[12] O. Schweers, E. Schonbrunn-Hanebeck, A. Marx, E. Mandelkow, Structural
studies of tau protein and Alzheimer paired helical filaments show no evidence
for beta-structure, J. Biol. Chem. 269 (1994) 24290–24297.

[13] P.H. Weinreb, W. Zhen, A.W. Poon, K.A. Conway, P.T. Lansbury Jr., NACP, a
protein implicated in Alzheimer's disease and learning, is natively unfolded,
Biochemistry 35 (1996) 13709–13715.

[14] J. Chen, H. Liang, A. Fernandez, Protein structure protection commits gene
expression patterns, Genome Biol. 9 (2008) R107.

[15] V.N. Uversky, A protein-chameleon: conformational plasticity of alpha-
synuclein, a disordered protein involved in neurodegenerative disorders,
J. Biomol. Struct. Dyn. 21 (2003) 211–234.

[16] M. Fuxreiter, P. Tompa, I. Simon, V.N. Uversky, J.C. Hansen, F.J. Asturias, Mallea-
ble machines take shape in eukaryotic transcriptional regulation, Nat. Chem.
Biol. 4 (2008) 728–737.

[17] P. Tsvetkov, G. Asher, A. Paz, N. Reuven, J.L. Sussman, I. Silman, Y. Shaul, Opera-
tional definition of intrinsically unstructured protein sequences based on
susceptibility to the 20S proteasome, Proteins 70 (2008) 1357–1366.

[18] A.K. Dunker, V.N. Uversky, Drugs for ‘protein clouds’: targeting intrinsically
disordered transcription factors, Curr. Opin. Pharmacol. 10 (2010) 782–788.

[19] D.R. Livesay, Protein dynamics: dancing on an ever-changing free energy stage,
Curr. Opin. Pharmacol. 10 (2010) 706–708.

[20] M. Baranger, Chaos, Complexity, and Entropy—A Physics Talk for Non-Physicists,
2001, http://necsi.edu/projects/baranger/cce.pdf. (Published on WWW; access
in 2012).

[21] A.K. Dunker, Z. Obradovic, P. Romero, E.C. Garner, C.J. Brown, Intrinsic protein
disorder in complete genomes, Genome Inform. Ser Workshop Genome Inform.
11 (2000) 161–171.

[22] V.N. Uversky, The mysterious unfoldome: structureless, underappreciated, yet
vital part of any given proteome, J. Biomed. Biotechnol. 2010 (2010) 568068.

[23] J.J. Ward, J.S. Sodhi, L.J. McGuffin, B.F. Buxton, D.T. Jones, Prediction and function-
al analysis of native disorder in proteins from the three kingdoms of life, J. Mol.
Biol. 337 (2004) 635–645.

[24] P. Radivojac, L.M. Iakoucheva, C.J. Oldfield, Z. Obradovic, V.N. Uversky, A.K. Dunker,
Intrinsic disorder and functional proteomics, Biophys. J. 92 (2007) 1439–1456.

[25] V.N. Uversky, Natively unfolded proteins: a point where biology waits for
physics, Protein Sci. 11 (2002) 739–756.

[26] L.M. Iakoucheva, C.J. Brown, J.D. Lawson, Z. Obradovic, A.K. Dunker, Intrinsic dis-
order in cell-signaling and cancer-associated proteins, J. Mol. Biol. 323 (2002)
573–584.

[27] V.N. Uversky, C.J. Oldfield, A.K. Dunker, Showing your ID: intrinsic disorder as an
ID for recognition, regulation and cell signaling, J. Mol. Recognit. 18 (2005)
343–384.

[28] V.N. Uversky, C.J. Oldfield, A.K. Dunker, Intrinsically disordered proteins in human
diseases: introducing the D2 concept, Annu. Rev. Biophys. 37 (2008) 215–246.

[29] C.B. Anfinsen, Principles that govern folding of protein chains, Science 181
(1973) 223–230.

[30] V.N. Uversky, What does it mean to be natively unfolded? Eur. J. Biochem. 269
(2002) 2–12.

[31] H.C. Hemmings Jr., A.C. Nairn, D.W. Aswad, P. Greengard, DARPP-32, a dopamine-
and adenosine 3′:5′-monophosphate-regulated phosphoprotein enriched in
dopamine-innervated brain regions. II. Purification and characterization of the
phosphoprotein from bovine caudate nucleus, J. Neurosci. 4 (1984) 99–110.

[32] K. Gast, H. Damaschun, K. Eckert, K. Schulze-Forster, H.R. Maurer,M.Muller-Frohne,
D. Zirwer, J. Czarnecki, G. Damaschun, Prothymosin alpha: a biologically active
protein with random coil conformation, Biochemistry 34 (1995) 13211–13218.

[33] E. Garner, P. Cannon, P. Romero, Z. Obradovic, A.K. Dunker, Predicting disor-
dered regions from amino acid sequence: common themes despite differing
structural characterization, Genome Inform. Ser Workshop Genome Inform. 9
(1998) 201–213.

[34] R.M.Williams, Z. Obradovi, V. Mathura,W. Braun, E.C. Garner, J. Young, S. Takayama,
C.J. Brown, A.K. Dunker, The protein non-folding problem: amino acid determinants
of intrinsic order and disorder, Pac. Symp. Biocomput. (2001) 89–100.

[35] P. Romero, Z. Obradovic, X. Li, E.C. Garner, C.J. Brown, A.K. Dunker, Sequence
complexity of disordered protein, Proteins 42 (2001) 38–48.

[36] V. Vacic, V.N. Uversky, A.K. Dunker, S. Lonardi, Composition Profiler: a tool for
discovery and visualization of amino acid composition differences, BMC Bioin-
formatics 8 (2007) 211.

[37] A. Campen, R.M. Williams, C.J. Brown, J. Meng, V.N. Uversky, A.K. Dunker,
TOP-IDP-scale: a new amino acid scale measuring propensity for intrinsic disor-
der, Protein Pept. Lett. 15 (2008) 956–963.

[38] V.N. Uversky, J.R. Gillespie, I.S. Millett, A.V. Khodyakova, A.M. Vasiliev, T.V.
Chernovskaya, R.N. Vasilenko, G.D. Kozlovskaya, D.A. Dolgikh, A.L. Fink, S.

 
 

 

Doniach, V.M. Abramov, Natively unfolded human prothymosin alpha adopts
partially folded collapsed conformation at acidic pH, Biochemistry 38 (1999)
15009–15016.

[39] B. He, K. Wang, Y. Liu, B. Xue, V.N. Uversky, A.K. Dunker, Predicting intrinsic
disorder in proteins: an overview, Cell Res. 19 (2009) 929–949.

[40] C.J. Oldfield, Y. Cheng, M.S. Cortese, C.J. Brown, V.N. Uversky, A.K. Dunker,
Comparing and combining predictors of mostly disordered proteins, Biochemistry
44 (2005) 1989–2000.

[41] F. Ferron, S. Longhi, B. Canard, D. Karlin, A practical overview of protein disorder
prediction methods, Proteins 65 (2006) 1–14.

[42] R.M. Esnouf, R. Hamer, J.L. Sussman, I. Silman, D. Trudgian, Z.R. Yang, J. Prilusky,
Honing the in silico toolkit for detecting protein disorder, Acta Crystallogr. D
Biol. Crystallogr. 62 (2006) 1260–1266.

[43] J.M. Bourhis, B. Canard, S. Longhi, Predicting protein disorder and induced fold-
ing: from theoretical principles to practical applications, Curr. Protein Pept. Sci.
8 (2007) 135–149.

[44] Z. Dosztanyi, M. Sandor, P. Tompa, I. Simon, Prediction of protein disorder at the
domain level, Curr. Protein Pept. Sci. 8 (2007) 161–171.

[45] Z. Dosztanyi, P. Tompa, Prediction of protein disorder, Methods Mol. Biol. 426
(2008) 103–115.

[46] F. Huang, C. Oldfield, J. Meng, W.L. Hsu, B. Xue, V.N. Uversky, P. Romero, A.K.
Dunker, Subclassifying disordered proteins by the CH-CDF plot method, Pac.
Symp. Biocomput. (2012) 128–139.

[47] D.T. Dryden, A.R. Thomson, J.H. White, How much of protein sequence space has
been explored by life on Earth? J. R. Soc. Interface 5 (2008) 953–956.

[48] K.F. Lau, K.A. Dill, Theory for protein mutability and biogenesis, Proc. Natl. Acad.
Sci. U. S. A. 87 (1990) 638–642.

[49] H.S. Chan, K.A. Dill, Polymer principles in protein structure and stability, Annu.
Rev. Biophys. Biophys. Chem. 20 (1991) 447–490.

[50] M.H. Cordes, A.R. Davidson, R.T. Sauer, Sequence space, folding and protein
design, Curr. Opin. Struct. Biol. 6 (1996) 3–10.

[51] D.S. Riddle, J.V. Santiago, S.T. Bray-Hall, N. Doshi, V.P. Grantcharova, Q. Yi, D.
Baker, Functional rapidly folding proteins from simplified amino acid sequences,
Nat. Struct. Biol. 4 (1997) 805–809.

[52] K.W. Plaxco, D.S. Riddle, V. Grantcharova, D. Baker, Simplified proteins: mini-
malist solutions to the ‘protein folding problem’, Curr. Opin. Struct. Biol.
8 (1998) 80–85.

[53] S.M. Larson, J.L. England, J.R. Desjarlais, V.S. Pande, Thoroughly sampling
sequence space: large-scale protein design of structural ensembles, Protein Sci.
11 (2002) 2804–2813.

[54] H.H. Guo, J. Choe, L.A. Loeb, Protein tolerance to random amino acid change,
Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 9205–9210.

[55] N. Doi, K. Kakukawa, Y. Oishi, H. Yanagawa, High solubility of random-sequence
proteins consisting of five kinds of primitive amino acids, Protein Eng. Des. Sel.
18 (2005) 279–284.

[56] K.A. Dill, Polymer principles and protein folding, Protein Sci. 8 (1999) 1166–1180.
[57] Y. Sobolevsky, E.N. Trifonov, Protein modules conserved since LUCA, J. Mol. Evol.

63 (2006) 622–634.
[58] M.J. Denton, Protein-based life as an emergent property of matter: the nature and

biological fitness of the protein folds, in: J.D. Barrow, S. Conway Morris, S.J.
Freeland, C.L. Harper Jr. (Eds.), Fitness of the Cosmos for Life; Biochemistry and
Fine-Tuning, Cambridge University Press, Cambridge, UK, 2008, pp. 256–279.

[59] P. Tompa, The interplay between structure and function in intrinsically unstruc-
tured proteins, FEBS Lett. 579 (2005) 3346–3354.

[60] A.K. Dunker, C.J. Brown, J.D. Lawson, L.M. Iakoucheva, Z. Obradovic, Intrinsic
disorder and protein function, Biochemistry 41 (2002) 6573–6582.

[61] A.K. Dunker, C.J. Brown, Z. Obradovic, Identification and functions of usefully
disordered proteins, Adv. Protein Chem. 62 (2002) 25–49.

[62] M. Fuxreiter, P. Tompa, Fuzzy complexes: a more stochastic view of protein
function, Adv. Exp. Med. Biol. 725 (2012) 1–14.

[63] P. Tompa, M. Fuxreiter, Fuzzy complexes: polymorphism and structural disorder
in protein–protein interactions, Trends Biochem. Sci. 33 (2008) 2–8.

[64] J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic character
of a protein, J. Mol. Biol. 157 (1982) 105–132.

[65] P.R. Romero, S. Zaidi, Y.Y. Fang, V.N. Uversky, P. Radivojac, C.J. Oldfield, M.S. Cortese,
M. Sickmeier, T. LeGall, Z. Obradovic, A.K. Dunker, Alternative splicing in concert
with protein intrinsic disorder enables increased functional diversity in multicellular
organisms, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 8390–8395.

[66] C.J. Oldfield, J. Meng, J.Y. Yang, M.Q. Yang, V.N. Uversky, A.K. Dunker, Flexible
nets: disorder and induced fit in the associations of p53 and 14-3-3 with their
partners, BMC Genomics 9 (Suppl. 1) (2008) S1.

[67] D.E. Koshland, Application of a theory of enzyme specificity to protein synthesis,
Proc. Natl. Acad. Sci. U. S. A. 44 (1958) 98–104.

[68] J. Villa, M. Strajbl, T.M. Glennon, Y.Y. Sham, Z.T. Chu, A. Warshel, How important
are entropic contributions to enzyme catalysis? Proc. Natl. Acad. Sci. U. S. A. 97
(2000) 11899–11904.

[69] E.Z. Eisenmesser, D.A. Bosco, M. Akke, D. Kern, Enzyme dynamics during catalysis,
Science 295 (2002) 1520–1523.

[70] M.J. Sutcliffe, N.S. Scrutton, A new conceptual framework for enzyme catalysis.
Hydrogen tunnelling coupled to enzyme dynamics in flavoprotein and
quinoprotein enzymes, Eur. J. Biochem. 269 (2002) 3096–3102.

[71] P.T. Rajagopalan, S.J. Benkovic, Preorganization and protein dynamics in enzyme
catalysis, Chem. Rec. 2 (2002) 24–36.

[72] P.K. Agarwal, S.R. Billeter, P.T. Rajagopalan, S.J. Benkovic, S. Hammes-Schiffer,
Network of coupled promoting motions in enzyme catalysis, Proc. Natl. Acad.
Sci. U. S. A. 99 (2002) 2794–2799.

http://necsi.edu/projects/baranger/cce.pdf


948 V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951
[73] P.K. Agarwal, A. Geist, A. Gorin, Protein dynamics and enzymatic catalysis: inves-
tigating the peptidyl-prolyl cis-trans isomerization activity of cyclophilin A,
Biochemistry 43 (2004) 10605–10618.

[74] A. Tousignant, J.N. Pelletier, Protein motions promote catalysis, Chem. Biol. 11
(2004) 1037–1042.

[75] P.K. Agarwal, Role of protein dynamics in reaction rate enhancement by
enzymes, J. Am. Chem. Soc. 127 (2005) 15248–15256.

[76] E.Z. Eisenmesser, O. Millet, W. Labeikovsky, D.M. Korzhnev, M. Wolf-Watz, D.A.
Bosco, J.J. Skalicky, L.E. Kay, D. Kern, Intrinsic dynamics of an enzyme underlies
catalysis, Nature 438 (2005) 117–121.

[77] L.W. Yang, I. Bahar, Coupling between catalytic site and collective dynamics: a re-
quirement for mechanochemical activity of enzymes, Structure 13 (2005) 893–904.

[78] M.H. Olsson, W.W. Parson, A. Warshel, Dynamical contributions to enzyme ca-
talysis: critical tests of a popular hypothesis, Chem. Rev. 106 (2006) 1737–1756.

[79] H. Frauenfelder, G. Chen, J. Berendzen, P.W. Fenimore, H. Jansson, B.H.
McMahon, I.R. Stroe, J. Swenson, R.D. Young, A unified model of protein dynam-
ics, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 5129–5134.

[80] R.H. Austin, K.W. Beeson, L. Eisenstein, H. Frauenfelder, I.C. Gunsalus, Dynamics
of ligand binding to myoglobin, Biochemistry 14 (1975) 5355–5373.

[81] H. Frauenfelder, G.A. Petsko, D. Tsernoglou, Temperature-dependent X-ray dif-
fraction as a probe of protein structural dynamics, Nature 280 (1979) 558–563.

[82] P.J. Artymiuk, C.C. Blake, D.E. Grace, S.J. Oatley, D.C. Phillips, M.J. Sternberg,
Crystallographic studies of the dynamic properties of lysozyme, Nature 280
(1979) 563–568.

[83] H. Frauenfelder, G.A. Petsko, Structural dynamics of liganded myoglobin,
Biophys. J. 32 (1980) 465–483.

[84] D. Beece, L. Eisenstein, H. Frauenfelder, D. Good, M.C. Marden, L. Reinisch, A.H.
Reynolds, L.B. Sorensen, K.T. Yue, Solvent viscosity and protein dynamics,
Biochemistry 19 (1980) 5147–5157.

[85] F. Parak, E.N. Frolov, R.L. Mossbauer, V.I. Goldanskii, Dynamics of metmyoglobin
crystals investigated by nuclear gamma resonance absorption, J. Mol. Biol. 145
(1981) 825–833.

[86] H. Hartmann, F. Parak, W. Steigemann, G.A. Petsko, D.R. Ponzi, H. Frauenfelder,
Conformational substates in a protein: structure and dynamics of metmyoglobin
at 80 K, Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 4967–4971.

[87] C. Tanford, Protein denaturation, Adv. Protein Chem. 23 (1968) 121–282.
[88] P.L. Privalov, Stability of proteins: small globular proteins, Adv. Protein Chem. 33

(1979) 167–241.
[89] P.L. Privalov, Stability of proteins. Proteins which do not present a single cooper-

ative system, Adv. Protein Chem. 35 (1982) 1–104.
[90] B. Ma, S. Kumar, C.J. Tsai, R. Nussinov, Folding funnels and binding mechanisms,

Protein Eng. 12 (1999) 713–720.
[91] C.K. Fisher, C.M. Stultz, Constructing ensembles for intrinsically disordered pro-

teins, Curr. Opin. Struct. Biol. 21 (2011) 426–431.
[92] S.E. Radford, Protein folding: progress made and promises ahead, Trends

Biochem. Sci. 25 (2000) 611–618.
[93] T.R. Jahn, S.E. Radford, The Yin and Yang of protein folding, FEBS J. 272 (2005)

5962–5970.
[94] H. Frauenfelder, F. Parak, R.D. Young, Conformational substates in proteins,

Annu. Rev. Biophys. Biophys. Chem. 17 (1988) 451–479.
[95] H. Frauenfelder, S.G. Sligar, P.G. Wolynes, The energy landscapes and motions of

proteins, Science 254 (1991) 1598–1603.
[96] K.E. van Holde, K.I. Miller, E. van Olden, Allostery in very large molecular assem-

blies, Biophys. Chem. 86 (2000) 165–172.
[97] D. Kern, E.R. Zuiderweg, The role of dynamics in allosteric regulation, Curr. Opin.

Struct. Biol. 13 (2003) 748–757.
[98] K. Gunasekaran, B. Ma, R. Nussinov, Is allostery an intrinsic property of all dy-

namic proteins? Proteins 57 (2004) 433–443.
[99] N.M. Goodey, S.J. Benkovic, Allosteric regulation and catalysis emerge via a com-

mon route, Nat. Chem. Biol. 4 (2008) 474–482.
[100] Q. Cui, M. Karplus, Allostery and cooperativity revisited, Protein Sci. 17 (2008)

1295–1307.
[101] R.B. Fenwick, S. Esteban-Martin, X. Salvatella, Understanding biomolecular mo-

tion, recognition, and allostery by use of conformational ensembles, Eur.
Biophys. J. 40 (2011) 1339–1355.

[102] W. Jiao, E.J. Parker, Using a combination of computational and experimental
techniques to understand the molecular basis for protein allostery, Adv. Protein
Chem. Struct. Biol. 87 (2012) 391–413.

[103] W. Jiao, R.D. Hutton, P.J. Cross, G.B. Jameson, E.J. Parker, Dynamic cross-talk
among remote binding sites: the molecular basis for unusual synergistic alloste-
ry, J. Mol. Biol. 415 (2012) 716–726.

[104] G. Manley, J.P. Loria, NMR insights into protein allostery, Arch. Biochem.
Biophys. 519 (2012) 223–231.

[105] J.F. Swain, L.M. Gierasch, The changing landscape of protein allostery, Curr. Opin.
Struct. Biol. 16 (2006) 102–108.

[106] K.K. Turoverov, I.M. Kuznetsova, V.N. Uversky, The protein kingdom extended:
ordered and intrinsically disordered proteins, their folding, supramolecular
complex formation, and aggregation, Prog. Biophys. Mol. Biol. 102 (2010) 73–84.

[107] V.N. Uversky, Multitude of binding modes attainable by intrinsically disordered
proteins: a portrait gallery of disorder-based complexes, Chem. Soc. Rev. 40
(2011) 1623–1634.

[108] V.N. Uversky, Intrinsically disordered proteins and their environment: effects of
strong denaturants, temperature, pH, counter ions, membranes, binding part-
ners, osmolytes, and macromolecular crowding, Protein J. 28 (2009) 305–325.

[109] V.N. Uversky, J. Li, A.L. Fink, Evidence for a partially folded intermediate in
alpha-synuclein fibril formation, J. Biol. Chem. 276 (2001) 10737–10744.

 
 

 

[110] S.E. Permyakov, I.S. Millett, S. Doniach, E.A. Permyakov, V.N. Uversky, Natively
unfolded C-terminal domain of caldesmon remains substantially unstructured
after the effective binding to calmodulin, Proteins 53 (2003) 855–862.

[111] V.N. Uversky, S.E. Permyakov, V.E. Zagranichny, I.L. Rodionov, A.L. Fink, A.M.
Cherskaya, L.A. Wasserman, E.A. Permyakov, Effect of zinc and temperature on
the conformation of the gamma subunit of retinal phosphodiesterase: a natively
unfolded protein, J. Proteome Res. 1 (2002) 149–159.

[112] D.E. Timm, P. Vissavajjhala, A.H. Ross, K.E. Neet, Spectroscopic and chemical
studies of the interaction between nerve growth factor (NGF) and the extracel-
lular domain of the low affinity NGF receptor, Protein Sci. 1 (1992) 1023–1031.

[113] T.D. Kim, H.J. Ryu, H.I. Cho, C.H. Yang, J. Kim, Thermal behavior of proteins:
heat-resistant proteins and their heat-induced secondary structural changes,
Biochemistry 39 (2000) 14839–14846.

[114] T. Konno, N. Tanaka, M. Kataoka, E. Takano, M. Maki, A circular dichroism study
of preferential hydration and alcohol effects on a denatured protein, pig
calpastatin domain I, Biochim. Biophys. Acta 1342 (1997) 73–82.

[115] A. Lynn, S. Chandra, P. Malhotra, V.S. Chauhan, Heme binding and polymeriza-
tion by Plasmodium falciparum histidine rich protein II: influence of pH on activ-
ity and conformation, FEBS Lett. 459 (1999) 267–271.

[116] J. Johansson, G.H. Gudmundsson, M.E. Rottenberg, K.D. Berndt, B. Agerberth,
Conformation-dependent antibacterial activity of the naturally occurring
human peptide LL-37, J. Biol. Chem. 273 (1998) 3718–3724.

[117] J. Hasty, J.J. Collins, Protein interactions. Unspinning the web, Nature 411 (2001)
30–31.

[118] E. Fischer, Einfluss der configuration auf die wirkung derenzyme, Ber. Dtsch.
Chem. Ges. 27 (1894) 2985–2993.

[119] K. Landsteiner, The Specificity of Serological Reactions, Courier Dover Publications,
Mineola, New York, 1936.

[120] L. Pauling, A theory of the structure and process of formation of antibodies,
J. Am. Chem. Soc. 62 (1940) 2643–2657.

[121] F. Karush, Heterogeneity of the binding sites of bovine serum albumin, J. Am.
Chem. Soc. 72 (1950) 2705–2713.

[122] W.E. Meador, A.R. Means, F.A. Quiocho, Modulation of calmodulin plasticity inmo-
lecular recognition on the basis of x-ray structures, Science 262 (1993) 1718–1721.

[123] R.W. Kriwacki, L. Hengst, L. Tennant, S.I. Reed, P.E. Wright, Structural studies of
p21Waf1/Cip1/Sdi1 in the free and Cdk2-bound state: conformational disorder
mediates binding diversity, Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 11504–11509.

[124] A. Patil, H. Nakamura, Disordered domains and high surface charge confer hubs
with the ability to interact with multiple proteins in interaction networks, FEBS
Lett. 580 (2006) 2041–2045.

[125] C. Haynes, C.J. Oldfield, F. Ji, N. Klitgord, M.E. Cusick, P. Radivojac, V.N. Uversky,
M. Vidal, L.M. Iakoucheva, Intrinsic disorder is a common feature of hub proteins
from four eukaryotic interactomes, PLoS Comput. Biol. 2 (2006) e100.

[126] D. Ekman, S. Light, A.K. Bjorklund, A. Elofsson, What properties characterize the
hub proteins of the protein–protein interaction network of Saccharomyces
cerevisiae? Genome Biol. 7 (2006) R45.

[127] Z. Dosztanyi, J. Chen, A.K. Dunker, I. Simon, P. Tompa, Disorder and sequence re-
peats in hub proteins and their implications for network evolution, J. Proteome
Res. 5 (2006) 2985–2995.

[128] G.P. Singh, M. Ganapathi, K.S. Sandhu, D. Dash, Intrinsic unstructuredness and
abundance of PEST motifs in eukaryotic proteomes, Proteins 62 (2006) 309–315.

[129] M.J. Marinissen, J.S. Gutkind, Scaffold proteins dictate Rho GTPase-signaling
specificity, Trends Biochem. Sci. 30 (2005) 423–426.

[130] A.B. Jaffe, P. Aspenstrom, A. Hall, Human CNK1 acts as a scaffold protein, linking
Rho and Ras signal transduction pathways, Mol. Cell. Biol. 24 (2004) 1736–1746.

[131] A.B. Jaffe, A. Hall, Rho GTPases: biochemistry and biology, Annu. Rev. Cell Dev.
Biol. 21 (2005) 247–269.

[132] P. Hohenstein, R.H. Giles, BRCA1: a scaffold for p53 response? Trends Genet. 19
(2003) 489–494.

[133] Y. Rui, Z. Xu, S. Lin, Q. Li, H. Rui, W. Luo, H.M. Zhou, P.Y. Cheung, Z. Wu, Z. Ye, P. Li,
J. Han, S.C. Lin, Axin stimulates p53 functions by activation of HIPK2 kinase
through multimeric complex formation, EMBO J. 23 (2004) 4583–4594.

[134] S. Salahshor, J.R. Woodgett, The links between axin and carcinogenesis, J. Clin.
Pathol. 58 (2005) 225–236.

[135] W. Wong, J.D. Scott, AKAP signalling complexes: focal points in space and time,
Nat. Rev. Mol. Cell Biol. 5 (2004) 959–970.

[136] A.J. Carpousis, The RNA degradosome of Escherichia coli: a multiprotein
mRNA-degrading machine assembled on RNase E, Annu. Rev. Microbiol. 61
(2007) 71–87.

[137] D.E. Koshland Jr., W.J. Ray Jr., M.J. Erwin, Protein structure and enzyme action,
Fed. Proc. 17 (1958) 1145–1150.

[138] J.D. Han, N. Bertin, T. Hao, D.S. Goldberg, G.F. Berriz, L.V. Zhang, D. Dupuy, A.J.
Walhout, M.E. Cusick, F.P. Roth, M. Vidal, Evidence for dynamically organized
modularity in the yeast protein–protein interaction network, Nature 430
(2004) 88–93.

[139] L.H. Hartwell, J.J. Hopfield, S. Leibler, A.W. Murray, From molecular to modular
cell biology, Nature 402 (1999) C47–C52.

[140] C.J. Oldfield, Y. Cheng, M.S. Cortese, P. Romero, V.N. Uversky, A.K. Dunker,
Coupled folding and binding with alpha-helix-forming molecular recognition el-
ements, Biochemistry 44 (2005) 12454–12470.

[141] A. Mohan, C.J. Oldfield, P. Radivojac, V. Vacic, M.S. Cortese, A.K. Dunker, V.N.
Uversky, Analysis of molecular recognition features (MoRFs), J. Mol. Biol. 362
(2006) 1043–1059.

[142] Y. Cheng, C.J. Oldfield, J. Meng, P. Romero, V.N. Uversky, A.K. Dunker, Mining
alpha-helix-forming molecular recognition features with cross species sequence
alignments, Biochemistry 46 (2007) 13468–13477.



949V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951
[143] F.M. Disfani, W.L. Hsu, M.J. Mizianty, C.J. Oldfield, B. Xue, A.K. Dunker, V.N.
Uversky, L. Kurgan, MoRFpred, a computational tool for sequence-based predic-
tion and characterization of short disorder-to-order transitioning binding
regions in proteins, Bioinformatics 28 (2012) i75–i83.

[144] P. Puntervoll, R. Linding, C. Gemund, S. Chabanis-Davidson, M. Mattingsdal, S.
Cameron, D.M. Martin, G. Ausiello, B. Brannetti, A. Costantini, F. Ferre, V.
Maselli, A. Via, G. Cesareni, F. Diella, G. Superti-Furga, L. Wyrwicz, C. Ramu, C.
McGuigan, R. Gudavalli, I. Letunic, P. Bork, L. Rychlewski, B. Kuster, M.
Helmer-Citterich, W.N. Hunter, R. Aasland, T.J. Gibson, ELM server: a new re-
source for investigating short functional sites in modular eukaryotic proteins,
Nucleic Acids Res. 31 (2003) 3625–3630.

[145] Z. Dosztanyi, B. Meszaros, I. Simon, ANCHOR: web server for predicting protein
binding regions in disordered proteins, Bioinformatics 25 (2009) 2745–2746.

[146] Z. Dosztanyi, V. Csizmok, P. Tompa, I. Simon, The pairwise energy content esti-
mated from amino acid composition discriminates between folded and intrinsi-
cally unstructured proteins, J. Mol. Biol. 347 (2005) 827–839.

[147] V. Csizmok, M. Bokor, P. Banki, É. Klement, K.F. Medzihradszky, P. Friedrich, K.
Tompa, P. Tompa, Primary contact sites in intrinsically unstructured proteins:
the case of calpastatin and microtubule-associated protein 2, Biochemistry 44
(2005) 3955–3964.

[148] M. Fuxreiter, I. Simon, P. Friedrich, P. Tompa, Preformed structural elements fea-
ture in partner recognition by intrinsically unstructured proteins, J. Mol. Biol.
338 (2004) 1015–1026.

[149] A. Sigalov, D. Aivazian, L. Stern, Homooligomerization of the cytoplasmic domain of
the T cell receptor zeta chain and of other proteins containing the immunoreceptor
tyrosine-based activation motif, Biochemistry 43 (2004) 2049–2061.

[150] A.B. Sigalov, A.V. Zhuravleva, V.Y. Orekhov, Binding of intrinsically disordered
proteins is not necessarily accompanied by a structural transition to a folded
form, Biochimie 89 (2007) 419–421.

[151] E. Hazy, P. Tompa, Limitations of induced folding in molecular recognition by in-
trinsically disordered proteins, Chemphyschem 10 (2009) 1415–1419.

[152] M. Borg, T. Mittag, T. Pawson, M. Tyers, J.D. Forman-Kay, H.S. Chan,
Polyelectrostatic interactions of disordered ligands suggest a physical basis for
ultrasensitivity, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 9650–9655.

[153] A.R. Panchenko, Z. Luthey-Schulten, R. Cole, P.G. Wolynes, The foldon universe: a
survey of structural similarity and self-recognition of independently folding
units, J. Mol. Biol. 272 (1997) 95–105.

[154] K. Inaba, N. Kobayashi, A.R. Fersht, Conversion of two-state to multi-state folding
kinetics on fusion of two protein foldons, J. Mol. Biol. 302 (2000) 219–233.

[155] A.V. Letarov, Y.Y. Londer, S.P. Boudko, V.V. Mesyanzhinov, The carboxy-terminal
domain initiates trimerization of bacteriophage T4 fibritin, Biochemistry
(Mosc.) 64 (1999) 817–823.

[156] S. Guthe, L. Kapinos, A. Moglich, S. Meier, S. Grzesiek, T. Kiefhaber, Very fast fold-
ing and association of a trimerization domain from bacteriophage T4 fibritin,
J. Mol. Biol. 337 (2004) 905–915.

[157] J. Habazettl, A. Reiner, T. Kiefhaber, NMR structure of a monomeric intermediate
on the evolutionarily optimized assembly pathway of a small trimerization do-
main, J. Mol. Biol. 389 (2009) 103–114.

[158] S. Frank, R.A. Kammerer, D. Mechling, T. Schulthess, R. Landwehr, J. Bann, Y. Guo,
A. Lustig, H.P. Bachinger, J. Engel, Stabilization of short collagen-like triple heli-
ces by protein engineering, J. Mol. Biol. 308 (2001) 1081–1089.

[159] S. Boudko, S. Frank, R.A. Kammerer, J. Stetefeld, T. Schulthess, R. Landwehr, A.
Lustig, H.P. Bachinger, J. Engel, Nucleation and propagation of the collagen triple
helix in single-chain and trimerized peptides: transition from third to first order
kinetics, J. Mol. Biol. 317 (2002) 459–470.

[160] S.P. Boudko, Y.Y. Londer, A.V. Letarov, N.V. Sernova, J. Engel, V.V. Mesyanzhinov,
Domain organization, folding and stability of bacteriophage T4 fibritin, a seg-
mented coiled-coil protein, Eur. J. Biochem. 269 (2002) 833–841.

[161] J. Stetefeld, S. Frank, M. Jenny, T. Schulthess, R.A. Kammerer, S. Boudko, R.
Landwehr, K. Okuyama, J. Engel, Collagen stabilization at atomic level: crystal
structure of designed (GlyProPro)10foldon, Structure 11 (2003) 339–346.

[162] O. Pakkanen, E.R. Hamalainen, K.I. Kivirikko, J. Myllyharju, Assembly of stable
human type I and III collagen molecules from hydroxylated recombinant chains
in the yeast Pichia pastoris. Effect of an engineered C-terminal oligomerization
domain foldon, J. Biol. Chem. 278 (2003) 32478–32483.

[163] K. Papanikolopoulou, V. Forge, P. Goeltz, A. Mitraki, Formation of highly stable
chimeric trimers by fusion of an adenovirus fiber shaft fragment with the foldon
domain of bacteriophage t4 fibritin, J. Biol. Chem. 279 (2004) 8991–8998.

[164] S.P. Boudko, S.V. Strelkov, J. Engel, J. Stetefeld, Design and crystal structure of
bacteriophage T4 mini-fibritin NCCF, J. Mol. Biol. 339 (2004) 927–935.

[165] K. Papanikolopoulou, S. Teixeira, H. Belrhali, V.T. Forsyth, A. Mitraki, M.J. van
Raaij, Adenovirus fibre shaft sequences fold into the native triple beta-spiral
fold when N-terminally fused to the bacteriophage T4 fibritin foldon
trimerisation motif, J. Mol. Biol. 342 (2004) 219–227.

[166] L. Sissoeff, M. Mousli, P. England, C. Tuffereau, Stable trimerization of recombi-
nant rabies virus glycoprotein ectodomain is required for interaction with the
p75NTR receptor, J. Gen. Virol. 86 (2005) 2543–2552.

[167] S.J. Hedley, A. Auf der Maur, S. Hohn, D. Escher, A. Barberis, J.N. Glasgow, J.T.
Douglas, N. Korokhov, D.T. Curiel, An adenovirus vector with a chimeric fiber in-
corporating stabilized single chain antibody achieves targeted gene delivery,
Gene Ther. 13 (2006) 88–94.

[168] A. Ritala, E.H. Wahlstrom, H. Holkeri, A. Hafren, K. Makelainen, J. Baez, K.
Makinen, A.M. Nuutila, Production of a recombinant industrial protein using
barley cell cultures, Protein Expr. Purif. 59 (2008) 274–281.

[169] A. Bhardwaj, N. Walker-Kopp, S. Wilkens, G. Cingolani, Foldon-guided
self-assembly of ultra-stable protein fibers, Protein Sci. 17 (2008) 1475–1485.

 
 

 

[170] S. Niland, C. Westerhausen, S.W. Schneider, B. Eckes, M.F. Schneider, J.A. Eble,
Biofunctionalization of a generic collagenous triple helix with the alpha2beta1
integrin binding site allows molecular force measurements, Int. J. Biochem.
Cell Biol. 43 (2011) 721–731.

[171] X. Chen, L. Lu, Z. Qi, H. Lu, J. Wang, X. Yu, Y. Chen, S. Jiang, Novel recombinant
engineered gp41 N-terminal heptad repeat trimers and their potential as
anti-HIV-1 therapeutics or microbicides, J. Biol. Chem. 285 (2010) 25506–25515.

[172] Z. Qi, C. Pan, H. Lu, Y. Shui, L. Li, X. Li, X. Xu, S. Liu, S. Jiang, A recombinant mi-
metics of the HIV-1 gp41 prehairpin fusion intermediate fused with human
IgG Fc fragment elicits neutralizing antibody response in the vaccinated mice,
Biochem. Biophys. Res. Commun. 398 (2010) 506–512.

[173] L. Du, V.H. Leung, X. Zhang, J. Zhou, M. Chen, W. He, H.Y. Zhang, C.C. Chan, V.K.
Poon, G. Zhao, S. Sun, L. Cai, Y. Zhou, B.J. Zheng, S. Jiang, A recombinant vaccine
of H5N1 HA1 fused with foldon and human IgG Fc induced complete cross-clade
protection against divergent H5N1 viruses, PLoS One 6 (2011) e16555.

[174] T. Ito, K. Iwamoto, I. Tsuji, H. Tsubouchi, H. Omae, T. Sato, H. Ohba, T. Kurokawa,
Y. Taniyama, Y. Shintani, Trimerization of murine TNF ligand family member
LIGHT increases the cytotoxic activity against the FM3A mammary carcinoma
cell line, Appl. Microbiol. Biotechnol. 90 (2011) 1691–1699.

[175] J.P. Welsh, Y. Lu, X.S. He, H.B. Greenberg, J.R. Swartz, Cell-free production of
trimeric influenza hemagglutinin head domain proteins as vaccine antigens,
Biotechnol. Bioeng. 109 (2012) 2962–2969.

[176] H. Maity, M. Maity, S.W. Englander, How cytochrome c folds, and why:
submolecular foldon units and their stepwise sequential stabilization, J. Mol.
Biol. 343 (2004) 223–233.

[177] H. Maity, M. Maity, M.M. Krishna, L. Mayne, S.W. Englander, Protein folding: the
stepwise assembly of foldon units, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
4741–4746.

[178] S. Bedard, L.C. Mayne, R.W. Peterson, A.J. Wand, S.W. Englander, The foldon sub-
structure of staphylococcal nuclease, J. Mol. Biol. 376 (2008) 1142–1154.

[179] S.W. Englander, L. Mayne, M.M. Krishna, Protein folding and misfolding: mech-
anism and principles, Q. Rev. Biophys. 40 (2007) 287–326.

[180] S. Bedard, M.M. Krishna, L. Mayne, S.W. Englander, Protein folding: independent
unrelated pathways or predetermined pathway with optional errors, Proc. Natl.
Acad. Sci. U. S. A. 105 (2008) 7182–7187.

[181] M.M. Krishna, S.W. Englander, A unified mechanism for protein folding:
predetermined pathways with optional errors, Protein Sci. 16 (2007) 449–464.

[182] M.O. Lindberg, M. Oliveberg, Malleability of protein folding pathways: a simple
reason for complex behaviour, Curr. Opin. Struct. Biol. 17 (2007) 21–29.

[183] W. Hong, W. Jiao, J. Hu, J. Zhang, C. Liu, X. Fu, D. Shen, B. Xia, Z. Chang, Periplas-
mic protein HdeA exhibits chaperone-like activity exclusively within stomach
pH range by transforming into disordered conformation, J. Biol. Chem. 280
(2005) 27029–27034.

[184] S.W. Gollins, J.S. Porterfield, pH-dependent fusion between the flavivirus West
Nile and liposomal model membranes, J. Gen. Virol. 67 (Pt 1) (1986) 157–166.

[185] V.B. Randolph, V. Stollar, Low pH-induced cell fusion in flavivirus-infected Aedes
albopictus cell cultures, J. Gen. Virol. 71 (Pt 8) (1990) 1845–1850.

[186] J. Winter, U. Jakob, Beyond transcription—new mechanisms for the regulation of
molecular chaperones, Crit. Rev. Biochem. Mol. Biol. 39 (2004) 297–317.

[187] N.J. Bentley, I.T. Fitch, M.F. Tuite, The small heat-shock protein Hsp26 of
Saccharomyces cerevisiae assembles into a high molecular weight aggregate,
Yeast 8 (1992) 95–106.

[188] M. Haslbeck, S. Walke, T. Stromer, M. Ehrnsperger, H.E. White, S. Chen, H.R.
Saibil, J. Buchner, Hsp26: a temperature-regulated chaperone, EMBO J. 18 (1999)
6744–6751.

[189] T. Stromer, E. Fischer, K. Richter, M. Haslbeck, J. Buchner, Analysis of the regula-
tion of the molecular chaperone Hsp26 by temperature-induced dissociation:
the N-terminal domail is important for oligomer assembly and the binding of
unfolding proteins, J. Biol. Chem. 279 (2004) 11222–11228.

[190] T.M. Franzmann, M. Wuhr, K. Richter, S. Walter, J. Buchner, The activation mech-
anism of Hsp26 does not require dissociation of the oligomer, J. Mol. Biol. 350
(2005) 1083–1093.

[191] T.E. Meyer, E. Yakali, M.A. Cusanovich, G. Tollin, Properties of a water-soluble,
yellow protein isolated from a halophilic phototrophic bacterium that has
photochemical activity analogous to sensory rhodopsin, Biochemistry 26 (1987)
418–423.

[192] W.D. Hoff, I.H. van Stokkum, H.J. van Ramesdonk, M.E. van Brederode, A.M.
Brouwer, J.C. Fitch, T.E. Meyer, R. van Grondelle, K.J. Hellingwerf, Measurement
and global analysis of the absorbance changes in the photocycle of the
photoactive yellow protein from Ectothiorhodospira halophila, Biophys. J. 67
(1994) 1691–1705.

[193] G. Rubinstenn, G.W. Vuister, F.A. Mulder, P.E. Dux, R. Boelens, K.J. Hellingwerf, R.
Kaptein, Structural and dynamic changes of photoactive yellow protein during
its photocycle in solution, Nat. Struct. Biol. 5 (1998) 568–570.

[194] M.C. Gustin, X.L. Zhou, B. Martinac, C. Kung, A mechanosensitive ion channel in
the yeast plasma membrane, Science 242 (1988) 762–765.

[195] B. Corry, A.C. Hurst, P. Pal, T. Nomura, P. Rigby, B. Martinac, An improved
open-channel structure of MscL determined from FRET confocal microscopy
and simulation, J. Gen. Physiol. 136 (2010) 483–494.

[196] V.N. Uversky, Intrinsically disordered proteins may escape unwanted interac-
tions via functional misfolding, Biochim. Biophys. Acta 1814 (2011) 693–712.

[197] M. Terrak, F. Kerff, K. Langsetmo, T. Tao, R. Dominguez, Structural basis of pro-
tein phosphatase 1 regulation, Nature 429 (2004) 780–784.

[198] T.D. Hurley, J. Yang, L. Zhang, K.D. Goodwin, Q. Zou, M. Cortese, A.K. Dunker, A.A.
DePaoli-Roach, Structural basis for regulation of protein phosphatase 1 by
inhibitor-2, J. Biol. Chem. 282 (2007) 28874–28883.



950 V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951
[199] J.A. Marsh, B. Dancheck, M.J. Ragusa, M. Allaire, J.D. Forman-Kay, W. Peti,
Structural diversity in free and bound states of intrinsically disordered protein
phosphatase 1 regulators, Structure 18 (2010) 1094–1103.

[200] A.S. Pinheiro, J.A. Marsh, J.D. Forman-Kay, W. Peti, Structural signature of the
MYPT1-PP1 interaction, J. Am. Chem. Soc. 133 (2010) 73–80.

[201] H. Lee, K.H. Mok, R. Muhandiram, K.H. Park, J.E. Suk, D.H. Kim, J. Chang, Y.C. Sung,
K.Y. Choi, K.H. Han, Local structural elements in themostly unstructured transcrip-
tional activation domain of human p53, J. Biol. Chem. 275 (2000) 29426–29432.

[202] D.F. Lowry, A. Stancik, R.M. Shrestha, G.W. Daughdrill, Modeling the accessible
conformations of the intrinsically unstructured transactivation domain of p53,
Proteins 71 (2008) 587–598.

[203] P. Vise, B. Baral, A. Stancik, D.F. Lowry, G.W. Daughdrill, Identifying long-range
structure in the intrinsically unstructured transactivation domain of p53, Pro-
teins 67 (2007) 526–530.

[204] J. Song, L.W. Guo, H. Muradov, N.O. Artemyev, A.E. Ruoho, J.L. Markley, Intrinsi-
cally disordered gamma-subunit of cGMP phosphodiesterase encodes function-
ally relevant transient secondary and tertiary structure, Proc. Natl. Acad. Sci. U. S.
A. 105 (2008) 1505–1510.

[205] C.W. Bertoncini, Y.S. Jung, C.O. Fernandez, W. Hoyer, C. Griesinger, T.M. Jovin, M.
Zweckstetter, Release of long-range tertiary interactions potentiates aggrega-
tion of natively unstructured alpha-synuclein, Proc. Natl. Acad. Sci. U. S. A. 102
(2005) 1430–1435.

[206] S.G. Sivakolundu, D. Bashford, R.W. Kriwacki, Disordered p27Kip1 exhibits in-
trinsic structure resembling the Cdk2/cyclin A-bound conformation, J. Mol.
Biol. 353 (2005) 1118–1128.

[207] J.M. Baker, R.P. Hudson, V. Kanelis, W.Y. Choy, P.H. Thibodeau, P.J. Thomas, J.D.
Forman-Kay, CFTR regulatory region interacts with NBD1 predominantly via
multiple transient helices, Nat. Struct. Mol. Biol. 14 (2007) 738–745.

[208] V.N. Uversky, Intrinsically disordered proteins and novel strategies for drug dis-
covery, Expert Opin. Drug Discov. 7 (2012) 475–488.

[209] S.B. Zimmerman, S.O. Trach, Estimation of macromolecule concentrations and
excluded volume effects for the cytoplasm of Escherichia coli, J. Mol. Biol. 222
(1991) 599–620.

[210] S.B. Zimmerman, A.P. Minton, Macromolecular crowding: biochemical, biophys-
ical, and physiological consequences, Annu. Rev. Biophys. Biomol. Struct. 22
(1993) 27–65.

[211] A.B. Fulton, How crowded is the cytoplasm? Cell 30 (1982) 345–347.
[212] A.P. Minton, Influence of excluded volume upon macromolecular structure and

associations in 'crowded' media, Curr. Opin. Biotechnol. 8 (1997) 65–69.
[213] R.J. Ellis, Macromolecular crowding: obvious but underappreciated, Trends

Biochem. Sci. 26 (2001) 597–604.
[214] A.P. Minton, Protein folding: thickening the broth, Curr. Biol. 10 (2000) R97–R99.
[215] A.P. Minton, Implications of macromolecular crowding for protein assembly,

Curr. Opin. Struct. Biol. 10 (2000) 34–39.
[216] A.P. Minton, The influence of macromolecular crowding and macromolecular

confinement on biochemical reactions in physiological media, J. Biol. Chem.
276 (2001) 10577–10580.

[217] D.K. Eggers, J.S. Valentine, Crowding and hydration effects on protein confor-
mation: a study with sol-gel encapsulated proteins, J. Mol. Biol. 314 (2001)
911–922.

[218] D.K. Eggers, J.S. Valentine, Molecular confinement influences protein structure
and enhances thermal protein stability, Protein Sci. 10 (2001) 250–261.

[219] E. Bismuto, P.L. Martelli, A. De Maio, D.G. Mita, G. Irace, R. Casadio, Effect of
molecular confinement on internal enzyme dynamics: frequency domainfluorom-
etry and molecular dynamics simulation studies, Biopolymers 67 (2002) 85–95.

[220] A.S. Morar, A. Olteanu, G.B. Young, G.J. Pielak, Solvent-induced collapse of
alpha-synuclein and acid-denatured cytochrome c, Protein Sci. 10 (2001) 2195–2199.

[221] D.M. Hatters, A.P. Minton, G.J. Howlett, Macromolecular crowding accelerates amy-
loid formation by human apolipoprotein C-II, J. Biol. Chem. 277 (2002) 7824–7830.

[222] V.N. Uversky, E.M. Cooper, K.S. Bower, J. Li, A.L. Fink, Accelerated
alpha-synuclein fibrillation in crowded milieu, FEBS Lett. 515 (2002) 99–103.

[223] M.D. Shtilerman, T.T. Ding, P.T. Lansbury Jr., Molecular crowding accelerates
fibrillization of alpha-synuclein: could an increase in the cytoplasmic protein
concentration induce Parkinson's disease? Biochemistry 41 (2002) 3855–3860.

[224] S.L. Flaugh, K.J. Lumb, Effects of macromolecular crowding on the intrinsically
disordered proteins c-Fos and p27(Kip1), Biomacromolecules 2 (2001) 538–540.

[225] K.M. Campbell, A.R. Terrell, P.J. Laybourn, K.J. Lumb, Intrinsic structural disorder
of the C-terminal activation domain from the bZIP transcription factor Fos, Bio-
chemistry 39 (2000) 2708–2713.

[226] E.A. Bienkiewicz, J.N. Adkins, K.J. Lumb, Functional consequences of
preorganized helical structure in the intrinsically disordered cell-cycle inhibitor
p27(Kip1), Biochemistry 41 (2002) 752–759.

[227] L.A. Munishkina, E.M. Cooper, V.N. Uversky, A.L. Fink, The effect of macromolec-
ular crowding on protein aggregation and amyloid fibril formation, J. Mol.
Recognit. 17 (2004) 456–464.

[228] B.C. McNulty, G.B. Young, G.J. Pielak, Macromolecular crowding in the
Escherichia coli periplasm maintains alpha-synuclein disorder, J. Mol. Biol. 355
(2006) 893–897.

[229] M.M. Dedmon, C.N. Patel, G.B. Young, G.J. Pielak, FlgM gains structure in living
cells, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 12681–12684.

[230] G.W. Daughdrill, L.J. Hanely, F.W. Dahlquist, The C-terminal half of the
anti-sigma factor FlgM contains a dynamic equilibrium solution structure favor-
ing helical conformations, Biochemistry 37 (1998) 1076–1082.

[231] G.W. Daughdrill, M.S. Chadsey, J.E. Karlinsey, K.T. Hughes, F.W. Dahlquist, The
C-terminal half of the anti-sigma factor, FlgM, becomes structured when
bound to its target, sigma 28, Nat. Struct. Biol. 4 (1997) 285–291.

 
 

 

[232] C. Li, L.M. Charlton, A. Lakkavaram, C. Seagle, G. Wang, G.B. Young, J.M.
Macdonald, G.J. Pielak, Differential dynamical effects of macromolecular
crowding on an intrinsically disordered protein and a globular protein: implica-
tions for in-cell NMR spectroscopy, J. Am. Chem. Soc. 130 (2008) 6310–6311.

[233] J.F. Bodart, J.M. Wieruszeski, L. Amniai, A. Leroy, I. Landrieu, A. Rousseau-
Lescuyer, J.P. Vilain, G. Lippens, NMR observation of Tau in Xenopus oocytes,
J. Magn. Reson. 192 (2008) 252–257.

[234] A. Binolfi, F.X. Theillet, P. Selenko, Bacterial in-cell NMR of human alpha-synuclein:
a disordered monomer by nature? Biochem. Soc. Trans. 40 (2012) 950–954.

[235] J. Gribbin, Deep Simplicity: Chaos, Complexity and the Emergence of Life, Allen
Lane, London, 2004.

[236] E.N. Lorenz, Deterministic nonperiodic flow, J. Atmos. Sci. 20 (1963) 130–141.
[237] E.N. Lorenz, Predictability of hydrodynamic flow, Trans. N. Y. Acad. Sci. 25

(1963) 409–432.
[238] J.E. Skinner, M. Molnar, T. Vybiral, M. Mitra, Application of chaos theory to biol-

ogy and medicine, Integr. Physiol. Behav. Sci. 27 (1992) 39–53.
[239] H.N. Pishkenari, N. Jalili, S.H. Mahboobi, A. Alasty, A. Meghdari, Robust adaptive

backstepping control of uncertain Lorenz system, Chaos 20 (2010).
[240] C.A. Skarda, W.J. Freeman, Brains make chaos to make sense of the world, Behav.

Brain Sci. 10 (1987) 161–173.
[241] S. Camazine, J.-L. Deneubourg, N.R. Franks, J. Sneyd, G. Theraulaz, E. Bonabeau,

Self-Organization in Biological Systems, Princeton University Press, Princeton,
NJ, USA, 2003.

[242] A.M. Turing, The chemical basis of morphogenesis. 1953, Bull. Math. Biol. 52
(1990) 153–197, (discussion 119-152).

[243] A. Gierer, H. Meinhardt, A theory of biological pattern formation, Kybernetik 12
(1972) 30–39.

[244] B.N. Kholodenko, Cell-signalling dynamics in time and space, Nat. Rev. Mol. Cell
Biol. 7 (2006) 165–176.

[245] J. Munoz-Garcia, Z. Neufeld, B.N. Kholodenko, Positional information generated by
spatially distributed signaling cascades, PLoS Comput. Biol. 5 (2009) e1000330.

[246] M. Caudron, G. Bunt, P. Bastiaens, E. Karsenti, Spatial coordination of spindle
assembly by chromosome-mediated signaling gradients, Science 309 (2005)
1373–1376.

[247] C.A. Athale, A. Dinarina, M. Mora-Coral, C. Pugieux, F. Nedelec, E. Karsenti, Reg-
ulation of microtubule dynamics by reaction cascades around chromosomes,
Science 322 (2008) 1243–1247.

[248] O.D. Weiner, W.A. Marganski, L.F. Wu, S.J. Altschuler, M.W. Kirschner, An
actin-based wave generator organizes cell motility, PLoS Biol. 5 (2007) e221.

[249] K. Doubrovinski, K. Kruse, Cell motility resulting from spontaneous polymeriza-
tion waves, Phys. Rev. Lett. 107 (2011) 258103.

[250] S.R. Neves, P. Tsokas, A. Sarkar, E.A. Grace, P. Rangamani, S.M. Taubenfeld, C.M.
Alberini, J.C. Schaff, R.D. Blitzer, I.I. Moraru, R. Iyengar, Cell shape and negative
links in regulatory motifs together control spatial information flow in signaling
networks, Cell 133 (2008) 666–680.

[251] J. Schweizer, M. Loose, M. Bonny, K. Kruse, I. Monch, P. Schwille, Geometry sens-
ing by self-organized protein patterns, Proc. Natl. Acad. Sci. U. S. A. 109 (2012)
15283–15288.

[252] J. Lutkenhaus, Assembly dynamics of the bacterial MinCDE system and spatial
regulation of the Z ring, Annu. Rev. Biochem. 76 (2007) 539–562.

[253] M. Loose, K. Kruse, P. Schwille, Protein self-organization: lessons from the min
system, Annu. Rev. Biophys. 40 (2011) 315–336.

[254] K.A. Michie, J. Lowe, Dynamic filaments of the bacterial cytoskeleton, Annu. Rev.
Biochem. 75 (2006) 467–492.

[255] H. Meinhardt, P.A. de Boer, Pattern formation in Escherichia coli: a model for the
pole-to-pole oscillations of Min proteins and the localization of the division site,
Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 14202–14207.

[256] M. Howard, A.D. Rutenberg, S. de Vet, Dynamic compartmentalization of bacteria:
accurate division in E. coli, Phys. Rev. Lett. 87 (2001) 278102.

[257] K. Kruse, A dynamic model for determining the middle of Escherichia coli,
Biophys. J. 82 (2002) 618–627.

[258] D.M. Raskin, P.A. de Boer, Rapid pole-to-pole oscillation of a protein required for
directing division to the middle of Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 96
(1999) 4971–4976.

[259] M. Loose, E. Fischer-Friedrich, J. Ries, K. Kruse, P. Schwille, Spatial regulators for
bacterial cell division self-organize into surface waves in vitro, Science 320
(2008) 789–792.

[260] M. Loose, E. Fischer-Friedrich, C. Herold, K. Kruse, P. Schwille, Min protein
patterns emerge from rapid rebinding and membrane interaction of MinE,
Nat. Struct. Mol. Biol. 18 (2011) 577–583.

[261] K.T. Park, W. Wu, K.P. Battaile, S. Lovell, T. Holyoak, J. Lutkenhaus, The Min
oscillator uses MinD-dependent conformational changes in MinE to spatially
regulate cytokinesis, Cell 146 (2011) 396–407.

[262] T.H. Szeto, S.L. Rowland, L.I. Rothfield, G.F. King, Membrane localization of MinD
is mediated by a C-terminal motif that is conserved across eubacteria, archaea,
and chloroplasts, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 15693–15698.

[263] H. Zhou, J. Lutkenhaus, Membrane binding by MinD involves insertion of hydro-
phobic residues within the C-terminal amphipathic helix into the bilayer,
J. Bacteriol. 185 (2003) 4326–4335.

[264] Z. Hu, J. Lutkenhaus, A conserved sequence at the C-terminus of MinD is
required for binding to the membrane and targeting MinC to the septum,
Mol. Microbiol. 47 (2003) 345–355.

[265] W.Wu, K.T. Park, T. Holyoak, J. Lutkenhaus, Determination of the structure of the
MinD–ATP complex reveals the orientation of MinD on the membrane and the
relative location of the binding sites for MinE and MinC, Mol. Microbiol. 79
(2011) 1515–1528.



951V.N. Uversky / Biochimica et Biophysica Acta 1834 (2013) 932–951
[266] S. Pichoff, B. Vollrath, C. Touriol, J.P. Bouche, Deletion analysis of gene minE
which encodes the topological specificity factor of cell division in Escherichia
coli, Mol. Microbiol. 18 (1995) 321–329.

[267] C.R. Zhao, P.A. de Boer, L.I. Rothfield, Proper placement of the Escherichia
coli division site requires two functions that are associated with different
domains of the MinE protein, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
4313–4317.

[268] C.W. Hsieh, T.Y. Lin, H.M. Lai, C.C. Lin, T.S. Hsieh, Y.L. Shih, Direct MinE–mem-
brane interaction contributes to the proper localization of MinDE in E. coli,
Mol. Microbiol. 75 (2010) 499–512.

[269] L.Y. Ma, G. King, L. Rothfield, Mapping the MinE site involved in interaction with
the MinD division site selection protein of Escherichia coli, J. Bacteriol. 185
(2003) 4948–4955.

 
 

 

[270] G.F. King, Y.L. Shih, M.W. Maciejewski, N.P. Bains, B. Pan, S.L. Rowland, G.P.
Mullen, L.I. Rothfield, Structural basis for the topological specificity function of
MinE, Nat. Struct. Biol. 7 (2000) 1013–1017.

[271] G.B. Kang, H.E. Song, M.K. Kim, H.S. Youn, J.G. Lee, J.Y. An, J.S. Chun, H. Jeon, S.H.
Eom, Crystal structure of Helicobacter pylori MinE, a cell division topological
specificity factor, Mol. Microbiol. 76 (2010) 1222–1231.

[272] H. Ghasriani, T. Ducat, C.T. Hart, F. Hafizi, N. Chang, A. Al-Baldawi, S.H. Ayed, P.
Lundstrom, J.A. Dillon, N.K. Goto, Appropriation of the MinD protein-interaction
motif by the dimeric interface of the bacterial cell division regulator MinE, Proc.
Natl. Acad. Sci. U. S. A. 107 (2010) 18416–18421.

[273] O.E. Rössler, An equation for continuous chaos, Phys. Lett. 57A (1976) 397–398.
[274] F. Argoul, A. Arneodo, P. Richetti, J.C. Roux, H.L. Swinney, Chemical chaos: from

hints to confirmation, Acc. Chem. Res. 20 (1987) 436–442.


	Unusual biophysics of intrinsically disordered proteins
	1. Introduction
	2. Unusual biophysics of IDPs
	2.1. Behold the root: Peculiarities of the amino acid sequence provide an answer to the question “To fold or not to fold?”
	2.2. Sequential, structural, and spatiotemporal heterogeneity of IDPs
	2.2.1. Sequence space and sequence heterogeneity of IDPs
	2.2.2. Structural heterogeneity of IDPs or spectroscopy of intrinsic disorder
	2.2.3. Spatiotemporal heterogeneity of IDPs

	2.3. IDP energy landscapes
	2.4. “Turned-out” response to the environmental changes
	2.5. Binding mechanisms and binding promiscuity of IDPs
	2.6. Foldons, inducible foldons, semi-foldons, and non-foldons
	2.7. Unfoldons in action: Awaking of dormant disorder for function
	2.7.1. Introducing unfoldon concept
	2.7.2. A few illustrative examples of unfoldons

	2.8. Functional misfolding of IDPs
	2.9. IDPs in crowded environment

	3. IDPs as the “edge of chaos” systems
	3.1. On applicability of the “edge of chaos” concept to IDPs
	3.2. Peculiar dynamics of the MinE–MinD system

	4. Concluding remarks
	Acknowledgements
	References


