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FUNDAMENTALS OF PROTEIN
FOLDING

VLADIMIR N. UVERSKY

1.1 FOLDING-MISFOLDING-NONFOLDING CROSSROADS

Data accumulated to date suggest that a protein can exist in at least three
global forms: functional and folded, functional and intrinsically disordered
(nonfolded), and nonfunctional and misfolded or aggregated. Therefore, in in
vitro experiments or in the cellular environment, a polypeptide chain faces a
choice among three potential routes: nonfolding, folding, and misfolding,
with the last two representing competitive routes to higher structural order
(see Figure 1.1). For a single-chain protein, folding, nonfolding, and mis-
folding pathways represent a choice of each individual molecule, whereas
unproductive protein aggregation, which frequently follows protein misfold-
ing and is often associated with the pathogenesis of several diseases, is a fate
of the ensemble of molecules.

Multiple factors, originating from the peculiarities of the protein amino acid
sequence and/or features of the protein environment, might affect the choice
among nonfolding, folding, and misfolding. The primary selection between
low structural complexity (nonfolding) and increased complexity (folding) is
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FIGURE 1.1 Fate of a newly synthesized polypeptide chain in a cell. (See insert
for color representation of the figure.)

determined only by the amino acid composition. An abnormally highly charged
polypeptide with low overall hydrophobicity will not fold, giving rise to a
natively unfolded protein, whereas usually, under identical conditions a poly-
peptide chain will choose the folding path. On the other hand, some changes in
the amino acid sequence (point mutations) may favor the misfolding pathway
for both natively unfolded and natively folded proteins.

Importantly, for a given polypeptide chain a chosen fate is not a final
one and a choice may be modulated further by environmental pressure
(Figure 1.1) (Uversky, 2003b). For example, intrinsically disordered proteins
(IDPs) may be forced to fold or misfold via the modification of their environ-
ment (i.e., addition of natural binding partners, changes in properties of
solvent, etc.), whereas a destabilizing environment may push a natively
folded protein to the misfolding route. Alternatively, the presence of chaper-
ones may reverse the misfolding route and effectively dissolve small aggre-
gates (Ben-Zvi and Goloubinoff, 2001). Another important point is that to
some extent, the misfolding of natively unfolded proteins resembles the
process of protein folding [i.e., it represents a pathway from a simple, flex-
ible, and disordered conformation (e.g., an unfolded polypeptide chain), via
a somehow more ordered partially folded intermediate, to a complex and
rigid structure (e.g., an amyloid fibril)]. On the other hand, misfolding a rigid
globular protein involves a step of transient disordering and formation of a
partially unfolded intermediate, which is followed by the subsequent increase
in the order originated from the formation of specific protein aggregates.
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1.2 PROTEIN FOLDING

The ability of proteins to adopt their functional highly structured states in the
intracellular environment during or after biosynthesis on the ribosome is one
of the most remarkable evolutionary achievements in biology. In recent years
our understanding of the mechanisms of the protein self-organization process
has increased dramatically. This understanding has been achieved as a result
of the application of a variety of novel experimental and theoretical approaches
to this complex task (Bryngelson et al., 1995; Dill and Chan, 1997; Dobson
et al., 1998; Dobson and Karplus, 1999; Dinner et al., 2000; Fersht and
Daggett, 2002; Uversky, 2003b; Turoverov et al., 2010). In this chapter we
cover several protein folding—related problems, such as a protein-folding
code; major models of protein folding; polymer aspects underlying protein
folding and structural peculiarities of the unfolded state and folding interme-
diates; and peculiarities of protein amino acid compositions favoring
formation of equilibrium partially folded intermediate(s).

1.2.1 Protein-Folding Code

In protein biosynthesis, the information encoded in the DNA/mRNA nucleo-
tide sequence is read step by step, and the corresponding amino acids are
gathered into the polypeptide chain one after another. Therefore, the
one-dimensional information encoded in the DNA nucleotide sequence is
sequentially transformed into the one-dimensional information included in
the protein amino acid sequence. As the interactions between remote amino
acid residues play a crucial role in protein folding, this process obviously
deviates from the linear information transduction. Only some amino acid res-
idues are crucial for protein folding. Therefore, proteins with very low
sequence homology can have similar structures, whereas a single amino acid
replacement can significantly affect the rate of protein folding or in extreme
cases can halt correct protein folding completely (Turoverov et al., 2010).
Many proteins have rigid globular structures in aqueous solutions and are
functional only in this state. The native state of these proteins is a unique
conformation, which is entropically unfavorable since it has significant
restrictions on conformational freedom. On the other hand, the unfolded
state of a polypeptide chain is entropically favorable, representing a dynamic
ensemble of a large number of conformations originating from the main-chain
rotational isomerization around ¢ and y angles. Therefore, the possibility of a
given polypeptide chain folding into a compact state is determined by its
ability to form numerous intramolecular contacts that differ in their physical
nature, to compensate for the free-energy increase due to the decrease in the
entropy component (Finkelstein and Ptitsyn, 2002). Although a native state of
a globular protein has a clearly defined and unique three-dimensional structure,
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the folding and ordering degree can vary greatly for the various parts of a
given protein. In x-ray data this is seen from the B-factor values, which char-
acterize the mobility of separate atoms (Berman et al., 2000). For example,
the atoms in the active center of an enzyme typically have high B-factors.
Furthermore, some globular proteins are shown to have disordered, highly
dynamic fragments (i.e., termini, loops, etc.) which could not be detected by
x-ray analysis, thus corresponding to regions of missing electron density.

The first direct evidence that all the information necessary for a given poly-
peptide chain to fold into a unique tertiary structure is encoded in its amino acid
sequence was obtained by Anfinsen’s group (Anfinsen, 1973). The reduced and
urea-denatured ribonuclease A was shown to restore its native structure and
functional state completely after removal of the denaturant and the reducing
agent. Later, the capability to regain the native structure in vitro was demon-
strated for a variety of proteins. In essence, protein folding can be regarded as
a second part of the genetic code, as the protein amino acid sequence contains
information about its functional three-dimensional structure.

The folding of a typical globular protein occurs on a millisecond-to-second
time scale. However, for a small protein consisting of 100 amino acid residues,
a simple search for a native state (which meets the requirements of the free-
energy minimum) among all the alternative conformations would take a bil-
lion years. This contradiction represents the essence of Levinthal’s paradox
(Levinthal, 1968), which is resolved by the fact that amino acid sequences
bear information related not only to their native structures but also to the
pathways of their formation.

Some globular proteins fold into a unique globular structure only after ligand
binding. A typical example of such proteins is a globular actin, which denatures
after the removal of ligands (Ca’* and ATP) (Kuznetsova et al., 1999; Altschuler
and Willison, 2008). It is very likely that such proteins could not attain ordered
structured spontaneously and should therefore be classified as IDPs.

1.2.2 Protein-Folding Models

Several models of protein folding have been developed (Turoverov et al., 2010).
The nucleation and growth model is based on the assumption that protein
folding is similar to the crystallization process and that the limiting step in the
folding process is nucleus formation (Radford, 2000). This model describes the
folding of small single-domain proteins that follow the “all-or-none” principle.
The sequential protein-folding model, also known as the framework or
hierarchic model, was proposed in 1973 by O.B. Ptitsyn (1973). It suggests
that folding starts with the backbone forming secondary structure elements,
which then interact to form a more advanced folding intermediate; the specific
packing of the side chains concludes the process. Each stage of the folding
process stabilizes the major structural elements formed in the preceding state,
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suggesting the existence of several folding intermediates. Therefore, long
before the appearance of convincing experimental data, Ptitsyn put forward
the idea of a partially folded conformation that serves as a universal folding
intermediate. Eight years later, such a folding intermediate was found in a test
tube (Dolgikh et al., 1981) and termed the molten globule state (Ohgushi and
Wada, 1983). Other partially folded intermediates (e.g., pre-molten globule
and highly ordered molten globule) were found later (Uversky, 2003b).
According to the current view, protein folding is realized via different
pathways that are determined by the protein’s energy landscape (Radford,
2000; Jahn and Radford, 2005). This landscape describes the dependence of
the free energy on all the coordinates determining the protein conformation.
The number of conformational states accessible by a polypeptide chain is
reduced while approaching the native state. Therefore, this energetic surface
is often called the energy funnel (Figure 1.2). The unfolded polypeptide
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FIGURE 1.2 The energy landscape model, illustrating the formation of native
globular and intrinsically disordered proteins, supramolecular complexes, amor-
phous aggregates, and amyloid fibrils. (A) Globular proteins. In the globular protein
folding, the increase in the free energy associated with the folding-induced entropy
decrease is compensated by the formation of specific intramolecular contacts. Local
free-energy minima at the energy landscape correspond to the formation of partially
folded intermediates. Intermolecular contacts of partially folded protein molecules
can result in the formation of oligomers, amorphous aggregates, or amyloid fibrils.
(See insert for color representation of the figure.)
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FIGURE 1.2 (Continued) (B) Intrinsically disordered proteins. Many native pro-
teins with distinctive biological functions lack compact globular structure in aqueous
solutions. Disordered segments of these proteins can gain ordered structure at the
interaction with specific binding partners in a case if the free energy of such complexes
is lower than the free energies of the intrinsically disordered protein and its partner.
The propensity of native completely or partially disordered proteins to interact with
various partners determines their biological functions in recognition of various
binding partners (ligands, nucleic acids, and other proteins), in regulation of almost
all cellular processes, and in signal transduction. In contrast to the folded globular
proteins, which have to unfold to become amyloidogenic, disordered proteins seem
always to be ready for such intermolecular interactions. 1, 2, and 3 represent native
complexes of intrinsically disordered proteins with various partners. This figure is
based on the energy funnel model developed for globular proteins (Schultz, 2000;
Jahn and Radford, 2005). [Adapted from Turoverov et al. (2010).] (See insert for
color representation of the figure.)

chain’s free energy represents a large “hilly plateau” describing the dynamic
ensemble of a large number of conformations. Hills on the plateau corre-
spond to the forbidden conformations, and the plateau is separated from the
entrance to the folding funnel by high energetic barrier(s), corresponding to
the transitional state(s) (Finkelstein and Ptitsyn, 2002). This barrier is of great
importance for proper protein functioning, as its existence guarantees the
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structural identity of all the native protein molecules. The ability of native
globular proteins to form crystals is the major proof of this hypothesis.

In principle, the transition from the unfolded state to the uniquely folded
native state can be realized via different pathways. Frequently, it seems that
the experimental data prove the validity of this hypothesis, but in fact the
rates of the various folding—unfolding stages might change dramatically,
depending on the nature of the denaturing conditions (or the concentration
of a given denaturant). As a result, not all of the folding or unfolding steps
can be registered experimentally, suggesting that the character of the
unfolding pathway depends on the choice of the denaturant (or denaturant
concentration). At the same time, our experimental data on several proteins,
including actin, showed that the number and the order of appearance of
intermediate states is not dictated by denaturing agents (Kuznetsova et al.,
2005; Povarova et al., 2007).

The energy landscape model not only elucidates the mechanisms of the
globular protein folding, but also explains the nature of the IDPs, describes
the formation of their supramolecular complexes, and delineates the formation
of potentially pathogenic oligomers, amorphous aggregates, and amyloid-
like fibrils (Turoverov et al., 2010).

1.2.3 Polymer Aspects of Protein Folding

It is generally accepted that the protein molecule has a unique primary
sequence, which governs its three-dimensional structure and ensures proper
biological activity. In this respect, each protein represents a unique case.
That is why an understanding of the effect of sequence variations on
biological performance represents a difficult challenge. It is also thought
that natural polypeptides have originated as random copolymers of amino
acids and were evolutionarily adjusted or “edited” (based on the principle of
natural selection) to acquire and refine their various unique three-dimensional
structures and functional properties (Ptitsyn and Volkenstein, 1986; Lau and
Dill, 1990; Ptitsyn, 1995). Since protein molecules are remarkably unique, a
serious question arises as to the existence of any general features in protein
self-organization. To understand the common physicochemical principles
underlying the protein-folding process, it is important to delineate the common
polymer roots and their impact on the protein structures. The traditional way
of performing such an analysis is a determination of the correlation between
different physical characteristics of a polymer (e.g., its molecular density)
and its length.

The molecular dimensions of 180 proteins in a variety of conforma-
tional states have been analyzed to establish a potential correlation between
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the hydrodynamic dimensions and the length of the polypeptide chain
(Tcherkasskaya and Uversky, 2001; Uversky, 2002a, 2002¢, 2003b; Tcherkass-
kaya et al., 2003; Turoverov et al., 2010). The protein categories analyzed
included native globular proteins with nearly spherical shapes, equilibrium
molten globules (MGs), compact denatured [or pre-molten globules (pre-MGs)],
denaturant-unfolded proteins without cross-links in the presence of strong
denaturants (§ M urea or 6 M GdmHC]), and extended intrinsically disordered
proteins (native coils and native pre-MGs). Figure 1.3 represents the results
of this analysis and shows that in all the cases a correlation between the
apparent molecular density [determined as p = M/(4z R} /3), where M is a
molecular mass and R; is a hydrodynamic radius of a given protein] and
molecular mass is observed. This gave rise to a set of standard equations
R;=K M for a number of conformational states of a polypeptide chain
(Uversky, 2002a, 2002c, 2003b; Tcherkasskaya et al., 2003):

log RE™™™ =—(0.204£0.023)+(0.357£0.005)-log(M) (1)

logR{"® =—(0.053+0.094)+(0.334+£0.021)-log(M)  (2)

log RY*M® = —(0.21£0.18)+(0.392£0.041) - log(M ) 3)

log Ry = —(0.551+0.032) +(0.493+£0.008)-log(M)  (5)
log Ry P* ™Y = —(0.23940.055) +(0.403£0.012)-log(M)  (6)
log R ™M™ =—(0.649+0.016)+(0.521£0.004)-log(M)  (7)
log RgM ™ = —(0.723£0.033) +(0.543+0.007)-log(M)  (8)

This analysis showed that for a given conformational state, parameters K, and
€ were invariable over a wide range of chain lengths. Furthermore, statistical
analysis has revealed that the relative errors of the recovered approximations
exhibited random distribution over a wide range of chain lengths and did not
generally exceed 10% (Uversky, 2002a,c, 2003b; Tcherkasskaya et al., 2003).
This meant that the effective protein dimensions in a variety of conforma-
tional states can be predicted based on the chain length, with an accuracy of
10%. Thus, regardless of the differences in the amino acid sequences and
biological functions, protein molecules behave as polymer homologs in a
number of conformational states.

It is important to remember that the most unambiguous characteristic of the
conformation of a polymer molecule remains the molecular density. For
example, the density of a globule is expected to be independent of chain length,
whereas the density of a partially collapsed or swelled macromolecules
depends on both the chain length (and therefore on its molecular weight M)
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FIGURE 1.3 Variation of the density of protein molecules, p, with protein molecular
weight, M, for a number of thermodynamically stable conformational states: native,
molten globule; pre-molten globules (intermediates accumulated during the unfolding
by urea or GdmCI are shown by circles; proteins with intact disulfide bridges in § M
urea or 6 M GdmHCI are shown as squares; native pre-molten globules are shown as
reversed triangles); native coils; proteins without cross-links or with reduced cross-
links unfolded in 8 M urea; proteins without cross-links or with reduced cross-links
unfolded in 6 M GdmHCI. The proteins used for this analysis are from Tcherkasskaya
et al. (2003), Uversky (2002a,c), and Uversky (2003b). The solid lines represent the
best fit of the data to the standard function R, = K, M*.

and on the nonspecific interactions of the monomer units with the solvent
(Grossberg and Khohlov, 1989).

1.2.4 Different Conformations Seen in Protein Folding

Unfolded State: General Information on the Unfolded State of
Proteins. Obviously, to solve the problem of protein folding it is necessary
first to characterize the unfolded state, which represents the starting point of
the folding reaction. It is known that the unfolded state represents an ensemble
of rapidly interchanging conformations, some of which are extended and
some of which are more compact. It is possible that when stabilizing interac-
tions occur, they induce a more populated ensemble of chain conformations,
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and if such structures exist in the unfolded state, they would probably guide the
folding process and function as folding-initiation sites (Baldwin, 1986). In this
respect, it is important to mention that theoretical studies have shown that small
preferences for native-like interactions in the unfolded state will substantially
increase the probability of reaching the native state.

Returning to the polymer roots, under conditions known as ideal or
O-conditions (i.e., when the attractions of the macromolecular segments are
balanced by those with the solvent), the density of macromolecules is
expected to follow M7, thereby R ~IN®°, with [ being a statistical chain
length (Tanford, 1961, 1968; Grossberg and Khohlov, 1989). Here the
polymer is assumed to be in a random coil conformation, and its conforma-
tional behavior can be described using Gaussian statistics (Grossberg and
Khohlov, 1989). Further, in a good solvent, the macromolecular coil is
expanded due to the prevalence of the repulsive interactions between polymer
segments, and the molecular dimensions change more significantly with
increasing chain length, R ~(’B)">N°°.

Residual Structure in Proteins Unfolded by Strong Denaturants
Note that the “fully” unfolded states induced by GdmHCI or urea provide
e = 0.54 and 0.52, respectively (Tanford, 1961, 1968; Grossberg and
Khohlov, 1989). Given that these € values are less than 0.6, it appears that
under these conditions the unfolded polypeptide chains exhibit features of
macromolecular coils in @-solvents. This observation is in good agreement
with the results of earlier studies (Tanford, 1968; Smith et al., 1996), where,
in particular, it has been shown that the size of unfolded proteins in 6 M
GdmCl is in reasonable agreement with the random coil model (Tanford,
1968). Recently, this conclusion was supported further by an examination
of the correlation between the denatured-state radii of gyration, R , of 26
proteins and their polypeptide lengths, ranging from 16 to 549 residues
(Kohn et al., 2004). This analysis revealed that the dimensions of most
chemically denatured proteins scale with polypeptide length by means of
the power-law relationship with a best-fit exponent, 0.598 +0.028, coin-
ciding closely with the 0.588 predicted for an excluded-volume random
coil, suggesting that the mean dimensions of chemically denatured proteins
are effectively indistinguishable from the mean dimensions of a random
coil ensemble (Kohn et al., 2004).

However, it has been also pointed out that the inclusion of “knots” of col-
lapsed structure into the random coil model would not have a great influence
on the hydrodynamic dimensions of a coil (Fitzkee and Rose, 2004). In fact,
analysis of model systems where 33 proteins of known structure were used to
generate disordered conformers by varying backbone torsion angles at random
for approximately 8% of the residues, with the remaining approximately 92%
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of the residues being remained fixed in their native conformation, revealed
that despite this extreme degree of imposed internal structure, the ensembles
analyzed were shown to have end-to-end distances and mean radii of gyration
that agree well with random coil expectations (Fitzkee and Rose, 2004).
Furthermore, the values of the hydrodynamic dimensions that Tanford mea-
sured for the unfolded proteins (Tanford, 1968) correspond better to a model
where 20% of the residues are located in the collapsed structures (Miller and
Goebel, 1968). In agreement with these observations, more recent Monte
Carlo analysis of the effects of two types of local structures, a-helix and
polyproline II (PPII) helix, on the dimensions of random coil polyalanine
chains viewed as a model of highly denatured proteins revealed that although
Flory’s power-law scaling, long regarded as a signature of random coil
behavior, holds for chains containing up to 90% a-helix or PPII, the absolute
magnitude of the chain dimensions is sensitive to helix content (Wang et al.,
2007). Furthermore, this study showed that the increase in a-helix content
was accompanied by detectable chain contraction, reaching a minimum
radius at about 70% a-helix, after which the chain dimensions expand rap-
idly. The presence of about 20% a-helix generated an unfolded state with
the experimentally observed radii of gyration. Importantly, at an a-helix
content of about 87%, polypeptide chains were also characterized by R,
values similar to those measured in experiments. On the other hand, R,
increased monotonically with increasing PPII content, always being more
expanded than the dimensions observed experimentally. These results suggest
that PPII is unlikely to be the sole dominant preferred conformation for
unfolded proteins (Wang et al., 2007).

A great many protein-folding studies have revealed the presence of an
assured residual structure even under the most severe denaturing conditions,
such as high concentrations of strong denaturants. For example, considerable
residual structure involving both a-helical and B-structural elements has
been detected in the staphylococcal nuclease (SNase) (James et al., 1992;
Alexandrescu et al., 1994; Wang and Shortle, 1995, 1996, 1997; Gillespie
and Shortle, 1997a, b; Shortle and Ackerman, 2001). A stretch of continuous
nonpolar residues ranging between Ile 95 and Tyr 103, forming p-strand 3, was
shown to be involved in the formation of a compact cluster in the unfolded
state of the tryptophan synthetase a-subunit (Saab-Rincon et al., 1993, 1996).
Similarly, a contiguous stretch of nonpolar residues comprising Val 54,
Val 56, Trp 58, and Leu 59 was found to form a cluster in a urea-unfolded
fragment of the protein 434 (Neri et al., 1992a, b, c). Analysis of the urea-
unfolded human fibroblast growth factor 1 (hFGF-1), a protein that consists
of 12 antiparallel p-strands arranged into a fB-trefoil architecture, by direct
measurement of the hydrogen/deuterium (H/D)-exchange rates revealed that
38 residues whose heteronuclear single quantum coherence cross-peaks can
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be observed after exchange show higher protection level 2 than those predicted
for the same residues in a random coil conformation, suggesting the existence
of residual structure(s) (Wang and Yu, 2011).

Investigations of the SH3 have identified turn-like structure in regions
that fold into f-strands (Zhang and Forman-Kay, 1995, 1997). The
existence of defined residual structure has been observed in unfolded
states of barstar (Nolting et al., 1997) and barnase (Arcus et al., 1995).
The WW-domain retains a native-like core in high concentrations of
GdmCl and urea (Koepf et al., 1999). The unfolded states of BPTI have
been reported to be relatively compact in 6 M GdmCl under reducing con-
ditions (Amir et al., 1992; Gottfried and Haas, 1992). Human carbonic
anhydrase II, HCA II, has also been shown to possess a compact unfolded
state (Martensson et al., 1993; Svensson et al., 1995; Hammarstrom
and Carlsson, 2000). Unfolded apomyoglobin (8§ M urea at pH 2) displays
distinct regions with dramatically different backbone mobility, assuming
the existence of residual structure (Schwarzinger et al., 2002). Extensive
clusters of hydrophobic structure exist in the unfolded state of lysozyme
even under strongly denaturing conditions (Klein-Seetharaman et al.,
2002). The residual structure in fully unfolded photoactive yellow protein
(PYP) was shown to be affected by isomerization of its p-coumaric acid
(pCA) chromophore, suggesting that the residual structure in the fully
unfolded state of PYP can be controlled directly by pCA photoexcitation
(Leeetal.,2010). The Escherichia coli outer membrane protein X (OmpX)
contains two polypeptide segments that present nonrandom residual
structure in 8 M aqueous urea, whereas the remainder of the protein is in
a flexibly disordered conformation (Tafer et al., 2004). Residual struc-
ture was also found in the chemically unfolded state of the N-terminal
domain of a multidomain protein enzyme I from Streptomyces coelicolor
(Romero-Beviar et al., 2010).

NMR analysis of urea-induced unfolding of the molten globule state of
a-lactalbumin revealed a remarkably stable part of the protein in the core of
the helical domain, which comprises interactions in both the N- and C-terminal
parts of the protein (Schulman et al., 1997). More recent comparison of the
unfolded states of three homologous proteins with very similar folds—the
reduced unfolded states of hen lysozyme and the calcium-binding proteins
bovine and human oa-lactalbumins—by heteronuclear NMR spectroscopy
showed the presence of noticeable residual structure manifested as significant
deviations from random coil predictions (Wirmer et al., 2006). Furthermore,
although these homologous proteins possessed very similar structures in
their native states, their unfolded states differed noticeably from each other.
For example, the residual structure was found in the o- and the -domains in
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bovine a-lactalbumin and lysozyme, and only in the a-domain of human
a-lactalbumin (Wirmer et al., 2006).

Using a combination of NMR experiments and molecular dynamics simula-
tions it was shown that although the denatured state of chymotrypsin inhibitor
2 is highly unfolded, it contains some residual native helical structure along
with hydrophobic clustering in the center of the chain (Kazmirski et al., 2001).
Residual dipolar couplings (RDCs) for HN-N and HA—CA bond vectors mea-
sured by NMR spectroscopy for the 70-residue protein eglin C revealed the
existence of a native-like global structure in the urea unfolded state (Ohnishi
etal., 2004). Based on 'F NMR analysis it has been concluded that a residual
structure in unfolded intestinal fatty acid—binding protein with incorporated
fluorinated aromatic amino acids consists of amino acids that are neighbors
in the native state (Ropson et al., 2006). In yeast alcohol dehydrogenase
(YADH) with the cysteine residues covalently modified by N-(1-pyrenyl)
maleimide (PM) residual structure was detected even in the presence of 5SM
GdnHCI using the excimer fluorescence of PM-YADH (Santra et al., 2006).
By a combination of circular dichroism (CD) and small-angle x-ray scattering
(SAXS), some residual structure was found in the unfolded state of the HIV-1
protease (Kogo et al., 2009).

In the unfolded state of the ultrafast folder “Trp-cage” miniprotein TCS5b,
residual structure due to hydrophobic collapse, with strong interresidue contacts
between side chains that are relatively distant from one another in the native state,
was detected in photochemically induced dynamic nuclear polarization NMR
pulse-labeling experiments (Mok et al., 2007). When a general photochemical
modification with methylene carbene was used to evaluate the accessible surface
area (ASA) of the polypeptide chain in different conformational states of Bacillus
licheniformis p-lactamase (BL-betal), the unfolded state in 7M urea was labeled
just 60% more than the native state (Ureta et al., 2007). Since the retrieved value
was well below the increment of ASA expected from theoretical estimates, it
has been concluded that the unfolded BL-betalL possessed noticeable residual
organization (Ureta et al., 2007).

Comparative analysis of the unfolded states of the ribosomal protein S16
isolated from a mesophilic (S16__ ) and a hyperthermophilic (S16, )
bacterium by a variety of blophyswal methods revealed that the denatured- state
ensemble of S16,  is more compact relative to S16__ . suggesting that the
extreme temperature tolerance of a hyperthermophilic protein is coupled to
residual structure in its unfolded state (Wallgren et al., 2008). Similarly, detailed
comparison of unfolded states of ribonucleases H from organisms that grow at
different temperatures revealed that a tolerance to higher temperatures corre-
lates well with the residual structure in the unfolded state of the thermophilic
proteins (Ratcliff and Marqusee, 2010).
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Using a combination of residual dipolar coupling (RDC) and paramagnetic
relaxation enhancement (PRE) data as constraints in ensemble structure
calculations, it was shown that only a relatively small number of conformers
is necessary to fully reproduce the experimental RDCs, PREs, and average
radius of gyration of the urea-unfolded ubiquitin (Huang and Grzesiek,
2010). This conformational ensemble was characterized by a characteristic
residual structure corresponding to an intact native first p-hairpin and a-helix
combined with the nonnative a-helical conformations in the C-terminal half
of the protein (Huang and Grzesiek, 2010). Therefore, by combining modern
RDC, PRE, and computational methods, statistically significant detection of
subconformations in the unfolded ensemble at population levels of a few per-
cent is achievable (Huang and Grzesiek, 2010).

All these facts show unambiguously that the existence of profound residual
structure might be a general characteristic of an unfolded polypeptide chain
under aggressively denaturing conditions (Dill and Shortle, 1991; Shortle,
1996a, b; Baldwin and Zimm, 2000; Plaxco and Gross, 2001). This residual
structure may be important in the folding process. Therefore, unfolded states
of proteins exhibit behavior that is not random coil in nature, which is not
surprising considering the complexity of polypeptides. In fact, it has been
pointed out that a total lack of intraresidue interactions would be unexpected
in the unfolded state, because certain (e.g., hydrophobic) side chains have
high affinity for each other in a folded protein (Hammarstrom and Carlsson,
2000). In addition, some secondary structure within unfolded protein could
be expected, due to the preferential distribution of ¢ and yw angles
(Ramachandran and Sasisekharan, 1968; Smith et al., 1996; Shortle, 2002);
and some residual hydrophobic interactions can also be present (Hammarstrom
and Carlsson, 2000; Shimizu and Chan, 2002). All this restricts considerably
the conformational space of the unfolded polypeptide chain. Thus, it seems
most likely that the polypeptide chains under “strong denaturing conditions”
are still below the critical point (bad solvent conditions) and can easily be
transformed to the compact state. For example, a small fluctuation of temper-
ature from 25 to 30°C was shown to encourage the cooperative collapse of
the fully unfolded proteins in 6 M GdmClI (Ptitsyn, 1995). Thus, globular
proteins are never random coils without positional correlations, and biological
polypeptide chains represent the macromolecular coils below a critical point
even under harsh denaturing conditions.

Nonglobular Pre-molten Globule State Now let us consider a situation
when the thermodynamic quality of the solvent worsens. In this case the
binary interactions between monomers become mainly attractive
(Tcherkasskaya et al., 2003). As a result, the polymer chain collapses
partially, leading to an increase in the molecular density and bringing
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many-body interactions into the scene. It has been found that many proteins
under the appropriate conditions can form a specific compact partially folded
conformation, a pre-molten globule state (Palleros et al., 1993; Uversky and
Ptitsyn, 1994; Ptitsyn et al., 1995; Uversky and Ptitsyn, 1996a; Zhang et al.,
1996; Karnoup and Uversky, 1997; Uversky et al., 1998a; Bushmarina et al.,
2001; Tcherkasskaya and Uversky, 2001; Kuznetsova et al., 2002; Georlette
et al., 2003a, b; Tcherkasskaya et al., 2003). Major structural character-
istics of this intermediate are summarized below. This conformation is
characterized by considerable secondary structure, although much less than
that of the molten globule. The pre-molten globule state is considerably less
compact than the molten globule state, but it is still more compact than the
corresponding random coil. Pre-molten globules can interact with the hydro-
phobic fluorescent probe ANS, although more weakly than in the molten
globule state. This means that at least some hydrophobic clusters are already
formed in the pre-molten globule state, although there is no globular
structure.

Finally, the pre-molten globule and the molten globule are separated by an
all-or-none phase transition, reflecting the fact that these partially folded inter-
mediates represent discrete phase states (Uversky et al., 1992; Uversky and
Ptitsyn, 1996b). Importantly, several structural elements of pre-molten globules,
these squeezed coils, may occupy native-like positions (Tcherkasskaya and
Uversky, 2001). We assume that this compact denatured state might represent a
general intermediate in protein folding. Obviously, the existence of such a state
substantially reduces any search through the conformational space, ensuring
rapid folding. Given that this state might comprise a specific native-like core
with burial of hydrophobic residues, the transition from this state to a molten
globule state or native state would not require significant energy changes and
could occur quite easily. It may well be the case that the protein folding in vivo
involves mostly the molten globule and the denatured compact states. On this
occasion it would require only slight changes to make the coil “condense onto
itself” and form a globule.

Analysis of hydrodynamic data reveals that the molecular dimensions of
pre-molten globules follow the chain length as R;=0.6 M** (see above).
This indicates the bad solvent conditions. Thus, one can conclude that this
conformation exhibits behavior that is typical for squeezed macromolecular
coils. Therefore, any small variations in the protein environment (i.e., changes
in the thermodynamic quality of the solvent, or changes induced by proton
transfer, interactions with a ligand, fluctuations of temperature, etc.) can
trigger the transition of the compact protein molecule to the more rigid molten
globule or native states (Grossberg and Khohlov, 1989). Importantly,
Figure 1.3 shows that stabilization of the pre-molten globule state might be
achieved by the incorporation of disulfide bridges into the protein sequence.
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In fact, the hydrodynamic behavior of unfolded proteins with intact disulfide
bridges was shown to be close to that of pre-molten globules. Finally, the pre-
exponential term K, = 0.6 retrieved for the pre-molten globule state is signif-
icantly larger than those retrieved for the fully unfolded species, which
probably indicates developing multiple body interactions.

Globular Molten Globule and Ordered States The theory of coil-globule
transition predicts that the overall dimension of a polymer globule, R, is
anticipated to change with the chain length, N, as R ~ (C/B)'*N'3. Here B
and C are the second and third virial coefficients, which characterize the pair
collisions and three-body interactions of the monomer units of the polymer
chain (Grossberg and Khohlov, 1989). The density of the globules is expected
to show no change with increasing chain length, owing to p ~ N/R* ~ (=B/C).
These results are in excellent agreement with data obtained for the ordered
and molten globules of proteins (Figure 1.3, see also Tcherkasskaya and
Uversky, 2001; Uversky, 2002a,c, 2003b; Tcherkasskaya et al., 2003). In
particular it has been found that for ordered and molten globule proteins, the
parameter K, has a value of 0.75 and 0.9, respectively, whereas ¢ equals 0.33
for both conformational states. Given that the overall dimensions of globules
are determined by the balance of pair collisions and three-body interactions,
the difference in preexponential terms K, observed for the native and molten
globules probably reflects the larger probability of three-body interactions in
the molten globule state. This could be because of the compact but flexible
nature of the molten globules.

Amino Acid Composition Favoring Equilibrium Partially Folded
Intermediate(s) A variety of different physicochemical forces play a role
in stabilizing the unique three-dimensional structure of a protein. Both the
strength and specificity of many of these forces are strongly dependent on
environmental conditions in such a way that changes in the environment can
reduce or even eliminate some of the conformational interactions, while
the remaining interactions are unchanged or even intensified. Under some
environmental conditions, the native protein structure can be transformed
into new conformations with properties intermediate between those of the
native and completely unfolded states. Thus, the ability of a protein to adopt
different stable partially folded conformations should be considered as an
intrinsic property of a polypeptide chain. Since all the necessary and sufficient
information to fold into the native, biologically active conformation is thought
to be present in a protein amino acid sequence (Anfinsen et al., 1961), the
capability of a given protein to adopt equilibrium partially folded
conformation(s) may also be encoded in specific features of its amino acid
sequence.
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FIGURE 1.4 Comparison of mean net charge vs. mean hydrophobicity for the set of
115 proteins able to form equilibrium intermediates (open symbols and black lines) and
the set of 39 proteins shown to unfold without accumulation of partially folded confor-
mations (gray symbols and lines). [Modified from data presented by Uversky (2002b).]

Interestingly, it has been shown that not all proteins (even homologous
ones) have an identical response to changes in their environment. For
example, hen egg white lysozyme represents a textbook illustration for the
two-state model of denaturant-induced unfolding (Tanford, 1968), whereas
accumulation of classical molten globules under different experimental con-
ditions was described for its homolog, a-lactalbumin (Dolgikh et al., 1981,
1985; Kuwajima, 1996). Analysis of literature data on equilibrium unfolding
of globular proteins induced by changes in pH, temperature, or strong dena-
turants (urea or guanidinium chloride) revealed that unfolding in 115 proteins
is accompanied by accumulation of equilibrium intermediate states of one
sort or another. Another set comprises 39 proteins, which were shown to
unfold according to a simple two-state model; that is, no equilibrium
intermediate of any kind was formed during their unfolding (Uversky, 2002b).

In an attempt to understand which factors may be responsible for such
tremendous differences in the formation of equilibrium partially folded inter-
mediates, the general sequence features of proteins from both groups have
been analyzed using a simple method comparing global sequence charge and
hydrophobicity (Uversky, 2002b). Figure 1.4 represents the results of this
analysis as a plot of mean hydrophobicity versus mean net charge (i.e., as a
distribution of groups within the charge-hydrophobicity phase space).
Figure 1.4 shows that the reliable separation of both groups of proteins takes
place in such coordinates. These data imply that the competency of a protein
to form equilibrium intermediate(s) may be predetermined by the bulk
content of hydrophobic and charged amino acid residues (Uversky, 2002b).
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In other words, this competency may be encoded in the charge/hydrophobicity
ratio of its polypeptide chain, not its sequence. This may mean that partially
folded conformations are stabilized mostly by nonspecific side-chain/side-
chain interactions of hydrophobic amino acid residues (Uversky, 2002b).
Interestingly, proteins that do not have equilibrium intermediates are less
hydrophobic and have, in general, a larger net charge than those competent to
form discrete intermediate states. This may indicate that such proteins are
less strengthened by hydrophobic interactions and more disturbed by
electrostatic repulsion. Thus, smaller environmental changes may be required
to overcome the marginal stabilization energies, leading to immediate and
complete unfolding of the protein.

Concluding Remarks on Protein Folding Regardless of the differences in
primary amino acid sequences, protein molecules behave as polymer homo-
logs in a number of conformational states, allowing speculation as to the
volume interactions being a driving force in a formation of equilibrium struc-
tures. For example, both native and molten globules exhibit key features of
polymer globules, where fluctuations of the molecular density are expected
to be much less than the molecular density itself. Protein molecules in the
pre-molten globule state possess properties of squeezed coils. Furthermore,
even high concentrations of strong denaturants are more likely to constitute
bad solvents for protein chains. Thus, globular proteins are never random
coils without positional correlations, and biological polypeptide chains
represent the macromolecular coils below a critical point, even under harsh
denaturing conditions.

1.3 NONFOLDING

1.3.1 Intrinsically Disordered Proteins and Their Abundance

It is recognized now that a considerable number of biologically active
proteins are not completely rigid but possess some amount of disorder
under physiological conditions. These proteins are known as intrinsically
disordered proteins (IDPs), among other names. Structurally, IDPs are
highly diverse, and some compact IDPs possess noticeable secondary
structure and behave as native molten globules, whereas other IDPs are
extended and possess little residual structure (i.e., these IDPs behave as
native coils or native pre-molten globules) (Uversky, 2011a; Uversky and
Dunker, 2010).

IDPs and intrinsically disordered protein regions (IDPRs) constitute a unique
tribe of the protein kingdom (Uversky, 2003b, 2011a, Turoverov et al., 2010;
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Tompa, 2011), and the number of IDPs and IDPRs is amplifying rapidly. For
example, the first list of extended IDPs (also known as natively unfolded pro-
teins, i.e., proteins that do not possess almost any specific structure under
physiological conditions), published in 2000 (Uversky et al., 2000), contained
91 members (the full-length proteins and their domains with a chain length of
more than 50 amino acid residues). Now this set has almost doubled.

The commonness of intrinsic disorder was estimated further by predicting
disorder for whole genomes, including both known and putative protein
sequences. First predictions of such type have been published for 31 genomes
that span the three kingdoms: archaea, bacteria, and eukaryotes. The
percentage of sequences in each genome with segments predicted to
have >40 consecutive disordered residues was used to gain an overview of
proteomic disorder. For so many consecutive predictions of disorder, the
false-positive error rate was estimated from ordered proteins to be less than
0.5% of the segments of 40 and less than 6% of the fully ordered proteins
(Dunker et al., 2000, 2001). The eukaryotes exhibited more disorder by
this measure than either the prokaryotes or the archaea, with C. elegans,
A. thaliana, S. cerevisiae, and D. melanogaster predicted to have 52 to
67% of their proteins with such long predicted regions of disorder, while
bacteria and archaea were predicted to have 16 to 45% and 26 to 51% of
their proteins with such long disorder regions, respectively (Dunker et al.,
2000; Oldfield et al., 2005a). The increased amount of disorder in the
eukaryota may be related to the increase in cellular signaling in the eukaryota
(Dunker et al., 2000, 2001; Oldfield et al., 2005a). Recently, this analysis
was extended to include entire proteomes of 3484 species from the three
main kingdoms of life and in viruses (Xue et al., 2012). This analysis
revealed that the process of evolution is characterized by the unique patterns
of changes in the protein intrinsic disorder content. In fact, viruses were
characterized by the widest spread of the proteome disorder content (the
number of disordered residues ranges from 7.3% in human coronavirus
NL63 to 77.3% in avian carcinoma virus) (Xue et al., 2012). For several
organisms, a clear correlation was seen between their disorder contents
and habitats. In multicellular eukaryotes, there was a weak correlation
between the organism complexity (evaluated as a number of different cell
types) and the overall disorder content. For both prokaryotes and eukaryotes,
the disorder content was generally independent of proteome size. However,
it showed a sharp increase associated with the transition from prokaryotic
to eukaryotic cells (see Figure 1.5). This suggests that the increased disorder
content in eukaryotic proteomes might be used by nature to deal with the
increased cell complexity due to the appearance of the various cellular
compartments (Xue et al., 2012).
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FIGURE 1.5 Correlation between the intrinsic disorder content and proteome
size for 3484 species from viruses, archaea, bacteria, and eukaryotes. Each symbol
indicates a species. There are a total of five groups of species: viruses (red horizontal
marks), bacteria (small green circles), archaea (open blue circles), unicellular
eukaryotes (open brown squares), and multicellar eukaryotes (pink triangles). The
proteome size is the number of proteins in the proteome of that species and is shown
on a logarithmic scale. The average fraction of disordered residues is calculated by
averaging the fraction of disordered residues of each sequence over all the sequences
of that species. Disorder prediction is evaluated by PONDR-VSL2B. [Adapted from
Xue et al. (2012).] (See insert for color representation of the figure.)

1.3.2 Some Functional Advantages of IDPs

For several reasons, the intriguing family of IDPs has attracted an excessive
attention of researchers over the past decade and a half. First, the existence of
IDPs, with their lack of ordered rigid structure under “physiological” condi-
tions in vitro, disputes the validity of one of the cornerstones in protein
biology, chemistry, and physics (i.e., the structure—function paradigm). Note
that this paradigm, formulated more than 100 years ago as a lock-and-key
concept for explaining the amazing specificity of the enzymatic hydrolysis of
glucosides (Fischer, 1894), claims that a specific function of a protein is
determined by its unique and rigid three-dimensional structure. IDPs, being
disordered (at least in part), are involved in countless biological activities (see
below) and effectively resist those evolutionary pressures that normally favor
stable globular folds. For example, a-synuclein (one of the best-characterized
IDPs) isolated from different organisms possesses a high degree of sequence
conservation; for example, the mouse and rat a-synucleins are identical
throughout the first 93 residues, and the human and canary proteins differ
from them by only two residues (Clayton and George, 1998). To overcome
the conflict in the existence of functionally active unfolded polypeptides with
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the structure—function paradigm, it has been suggested that the lack of rigid
globular structure under physiological conditions might represent a consid-
erable functional advantage for IDPs, as their large plasticity allows them to
interact efficiently with several different targets (Wright and Dyson, 1999;
Dunker et al., 2001, 2002a,b; Tompa, 2002, 2011; Uversky, 2002a,c, 2011a;
Uversky, 2003b; Dyson and Wright, 2005; Uversky and Dunker, 2010).
Furthermore, a disorder-to-order transition induced in IDPs during the
binding of specific targets in vivo might represent a simple mechanism for
the regulation of numerous cellular processes, including the regulation of
transcription and translation and cell-cycle control (reviewed by (Wright
and Dyson, 1999; Dunker et al., 2001, 2002a,b; Tompa, 2002; 2011;
Uversky, 2002a,c, 2003b, 2011a; Dyson and Wright, 2005; Uversky and
Dunker, 2010).

Therefore, in addition to being highly abundant in nature (Dunker et al.,
2000; Romero et al., 1998; Uversky et al., 2000; Ward et al., 2004; Xue et al.,
2012), IDPs/IDPRs possess numerous intriguing properties (Uversky and
Dunker, 2010), are intimately involved in various cellular processes (Wright
and Dyson, 1999, 2009; Dunker et al., 2001, 2002a,b, 2005; Iakoucheva et al.,
2002; Tompa, 2002; Uversky, 2002a,c; Dyson and Wright, 2005; Uversky
etal., 2005; Vucetic et al., 2007; Xie et al., 2007a,b; Kim et al., 2008; Oldfield
et al., 2008; Liu et al., 2009), and are commonly found to be related to the
pathogenesis of various diseases (Iakoucheva et al., 2002; Cheng et al., 2006;
Xie et al., 2007a; Uversky, 2008, 2009; Uversky et al., 2008, 2009; Midic et al.,
2009a, b). The common theme of protein disorder—based functionality is
recognition, and IDPs/IDPRs are frequently involved in complex protein—
protein, protein—nucleic acid, and protein—small molecule interactions. Some
of these interactions can induce a disorder-to-order transition in the entire
IDP or in its part (Wright and Dyson, 1999, 2009; Uversky et al., 2000;
Dunker et al., 2001; Tompa, 2002; Uversky, 2002a,b, 2011a,b; 2013; Dyson
and Wright, 2005; Oldfield et al., 2005b; Mohan et al., 2006; Vacic et al.,
2007a; Dosztanyi et al., 2009; Meszaros et al., 2009). Furthermore, intrinsic
disorder opens a unique capability for one protein to be involved in interac-
tion with several unrelated binding partners and to gain different bound struc-
tures (Oldfield et al., 2008; Hsu et al., 2012). Some IDPs/IDPRs can form
highly stable complexes; others are involved in signaling interactions, where
they undergo constant “bound—unbound” transitions, thus acting as dynamic
and sensitive “on—off” switches. These proteins typically return to their
intrinsically disordered state after the completion of a particular function.
Many of the IDPs/IDPRs can gain different conformations, depending on the
environmental peculiarities (Oldfield et al., 2005b; Hsu et al., 2012). All this
constitutes an important arsenal of the unique physiological properties of IDPs/
IDPRs, which determines their ability to exert different functions in different
cellular contests according to a specific conformational state (Uversky and
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Dunker, 2010). The folding-at-binding principle is believed to help IDPs or
IDPRs to obtain maximal specificity in a protein—protein interaction without
very high affinity (Liu et al., 2009). This combination of high specificity with
low affinity defines the broad utilization of intrinsic disorder in regulatory
interactions, where turning a signal off is as important as turning it on (Dunker
et al., 2001). Although some partial folding during the IDP/IDPR-based
interactions is a widespread phenomenon, with a significant fraction (about
one-third) of the interacting residues in IDPs/IDPRs adopting a-helix and
B-strand structures (Mohan et al., 2006; Vacic et al., 2007a), there are still
many other IDPs/IDPRs that are involved in the formation of “fuzzy
complexes,” where an IDP/IDPR keeps a certain amount of disorder in its
bound conformations (Tompa and Fuxreiter, 2008; Hazy and Tompa, 2009;
Meszaros et al., 2011; Uversky, 2011a,b).

Often, the interacting regions in IDPs are observed as loosely structured
fragments in their unbound forms. These disorder-based binding sites are
known as molecular recognition elements or features (MoREs or MoRFs)
(Oldfield et al., 2005b; Mohan et al., 2006) preformed structural elements
(Fuxreiter et al., 2004), or pre-structured motifs (PreSMos) (Chi et al., 2007).
Although the existence of such loosely structured regions suggests that IDPs
can adopt their bound structure(s) at a free-energy cost that is not too high, it
is important to remember that increasing the stability of the bound conforma-
tion does not necessarily enhance the binding affinity (Wright and Dyson,
2009). Another important feature of the disorder-based interactions is their
increased speed due to the greater capture radius and the ability to search spa-
tially through interaction space (called the “fly-casting” mechanism)
(Shoemaker et al., 2000), or due to the fewer encounter complexes required
for the binding event with IDPs/IDPRs (Huang and Liu, 2009). Linking all
these considerations with the recent report showing that IDP affinities are
tuned mostly by association rates (Prakash, 2011) suggests that the degree of
pre-adoption of binding conformations in IDPs has to be limited, but not
unfavorable.

1.3.3 Function-Induced Folding of IDPs

An important feature of IDPs is that they are able to undergo a disorder-
to-order transition (i.e., partial or complete folding) during or prior to their
biological function (Wright and Dyson, 1999, 2009; Dunker et al., 2001,
2002a,b, 2005; Tompa, 2002, 2011; Uversky, 2002a,b, 2003b, 2011a,b; Dyson
and Wright, 2005; Uversky et al., 2005; Tompa and Fuxreiter, 2008; Uversky
and Dunker, 2010). In other words, IDPs are likely to be stabilized in vivo
by function-related binding to specific targets and ligands (such as a variety
of small molecules, substrates, cofactors, other proteins, nucleic acids,
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membranes, etc.). The functional importance of being disordered has been
analyzed intensively, and it has been established that increased intrinsic
plasticity represents an important prerequisite for effective molecular recog-
nition. The diapason of biological functions of the IDPs/IDPRs is extremely
wide, including cell-cycle control, transcriptional and translational regulation,
modulation of activity and/or assembly of other proteins, and even regulation
of nerve cell function [reviewed in Dunker et al., 2001; 2002a, b; 2005;
Dyson and Wright, 2002, 2005; Tompa, 2002; Uversky and Dunker, 2010;
Uversky, 2011a; 2013]. It has been suggested that the persistence of IDPs
throughout evolution may be due to the definite advantages of disorder-
to-order transitions accompanying functional performance of flexible structures
in comparison with action of rigid proteins (Dunker et al., 1998, 2001, 2005;
Wright and Dyson, 1999; Dyson and Wright, 2002; Uversky et al., 2005;
Uversky and Dunker, 2010). Some of these potential advantages of intrinsic
lack of structure and function-related folding include:

1. The ability of binding to several different targets, known as one-to-
many signaling

2. The possibility of high specificity coupled with low affinity

3. The precise control and simple regulation of the binding thermodynamic

4. The capability to overcome steric restrictions, enabling essentially
larger interaction surfaces in the complex than could be obtained for the
rigid partners

5. The increased rates of specific macromolecular association

6. The reduced lifetime of the intrinsically disordered proteins in the cell,
possibly representing a mechanism of rapid turnover of the important
regulatory molecules

Finally, a few words should be added about the extent of function-related
folding of IDPs. It has been shown that the range of conformational changes
induced in natively unfolded proteins as a result of their interaction with
natural partners is very wide (Uversky, 2002a,c, 2011b). In fact, the examples
of all possible conformational transitions have been described, including function-
induced transitions of coil to pre-molten globule, coil to molten globule, coil
to ordered conformation, pre-molten globule to molten globule, pre-molten
globule to rigid structure, and molten globule to ordered and rigid form
(Uversky, 2002a,c). This means that the structure—function paradigm, which
emphasizes that ordered three-dimensional structures represent the indis-
pensable prerequisite to the effective protein functioning, should be redefined
to include IDPs (Wright and Dyson, 1999; Dunker et al., 2001; Uversky
and Dunker, 2010). According to this redefined paradigm, native proteins
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(or their functional regions) can exist in any of the known conformational
states, ordered, molten globule, pre-molten globule, and coil. Function can
arise from any of these conformations and transitions between them. Thus,
not just the ordered state but any of the known polypeptide conformations
can be the native state of a protein.

It was suggested that the structure-forming effect of natural partners might
be explained by their influence on the hydrophobicity and/or net charge of
the natively unfolded polypeptide. Obviously, these parameters could be
changed in such a way that they will approach values typical of ordered native
proteins forcing a polypetide to fold (Uversky et al., 2000); that is, the for-
mation of protein—ligand complexes may increase a “critical mass” of the
folding unit, thus initiating a chain of folding reactions.

There is, however, an alternative view of the problem of existence and the
functionality of IDPs. It is possible that these proteins are folded in the cell as
“normal” proteins, due to the fact that the concentration of their ligands is
always high enough in vivo to fold them. Thus, evolution never sees them as
any different from normal proteins. In this view, the property of being intrin-
sically disordered is merely an artifact resulting from the proteins being
studied after being purified to homogeneity. Evolutionarily, IDPs persist not
because there is an advantage to being intrinsically disordered, but because
there is no disadvantage as long as there are enough ligands around in vivo to
fold the proteins. The stability of the folded, ligand-bound form may only be
afew kilocalories per mole, but this would be enough to keep the vast majority
of molecules folded and functional (even most normal, folded proteins are
only marginally stable).

1.3.4 IDPs and Human Diseases

Because of the fact that ID proteins play crucial roles in numerous biological
processes, it was not too surprising to find that many of them are involved in
human diseases. For example, a number of human diseases originate from the
deposition of stable, ordered, filamentous protein aggregates, commonly
referred to as amyloid fibrils. In each of these pathological states, a specific
protein or protein fragment changes from its natural soluble form into insol-
uble fibrils, which accumulate in a variety of organs and tissues (Kelly, 1998;
Bellotti etal., 1999; Dobson, 1999; Uversky etal., 1999b,c; Rochet and Lansbury,
2000; Uversky and Fink, 2004). Approximately 20 different proteins are
known so far to be involved in these diseases. These proteins are unrelated in
terms of sequence or starting structure. Several ID proteins are found in this
list of 20, being associated with the development of several neurodegenera-
tive diseases (Uversky and Fink, 2004, 2005). An incomplete list of disorders
associated with ID proteins includes Alzheimer’s disease [deposition of
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amyloid-p, tau-protein, o-synuclein fragment NAC (Glenner and Wong,
1984; Masters et al., 1985; Lee et al., 1991; Ueda et al., 1993); Niemann—
Pick disease type C, subacute sclerosing panencephalitis, argyrophilic grain
disease, myotonic dystrophy, and motor neuron disease with neurofibrillary
tangles (accumulation of tau-protein in the form of neurofibrillary tangles
(Lee et al., 1991)]; Down’s syndrome [nonfilamentous amyloid-f deposits
(Wisniewski et al., 1985)]; Parkinson’s disease, dementia with Lewy body,
diffuse Lewy body disease, Lewy body variant of Alzheimer’s disease,
multiple-system atrophy and Hallervorden—Spatz disease (deposition of
a-synuclein in the form of a Lewy body, or Lewy neuritis (Dev et al.,
2003)]; prion diseases [deposition of PrP5¢ (Prusiner, 2001)]; and a family
of polyQ diseases, a group of neurodegenerative disorders caused by expan-
sion of GAC trinucleotide repeats coding for polyQ in the gene products
(Zoghbi and Orr, 1999). Furthermore, most mutations in rigid globular
proteins associated with accelerated fibrillation and protein deposition dis-
eases have been shown to destabilize the native structure, increasing the
steady-state concentration of partially folded (disordered) conformers (Kelly,
1998; Bellotti et al., 1999; Dobson, 1999; Rochet and Lansbury, 2000;
Uversky et al., 1999b,c; Uversky and Fink, 2004).

The maladies listed above have been called conformational diseases, as
they are characterized by the conformational changes, misfolding, and
aggregation of an underlying protein. However, there is another side to this
coin: protein functionality. In fact, many of the proteins associated with
the conformational disorders are also involved in recognition, regulation,
and cell signaling. For example, functions ascribed to a-synuclein, a pro-
tein involved in several neurodegenerative disorders, include binding fatty
acids and metal ions; regulation of certain enzymes, transporters, and neuro-
transmitter vesicles; and regulation of neuronal survival (reviewed by
Dev et al., 2003). Overall, about 50 proteins and ligands have been shown
to physically interact and/or co-localize with this protein. Furthermore,
a-synuclein has amazing structural plasticity and adopts a series of differ-
ent monomeric, oligomeric, and insoluble conformations (reviewed by
Uversky, 2003a). The choice between these conformations is determined
by the peculiarities of the protein environment, assuming that a-synuclein
has an exceptional ability to fold in a template-dependent manner. Based
on these observations, we hypothesize that the development of the confor-
mational diseases may originate from misidentification, misregulation,
and missignaling, accompanied by misfolding. In other words, mutations
and/or changes in the environment may result in protein confusion, for
which its ID becomes lost, thus reducing its capability to recognize proper
binding partners and leading to the formation of nonfunctional and deadly
aggregates.
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Recent analysis of polyglytamine diseases gives support to this hypothesis
(Okazawa, 2003). Polyglytamine diseases are a specific group of hereditary
neurodegeneration caused by expansion of CAG triplet repeats in an exon of
disease genes, which leads to the production of a disease protein containing
an expanded polyglutamine (polyQ) stretch. Nine neurodegenerative disorders,
including Kennedy’s disease, Huntington’s diseases, spinocerebellar
atrophy-1, -2, -3, -6, -7, -17, and dentatorubral pallidoluysian atrophy are
known to belong to this class of diseases (Cummings and Zoghbi, 2000;
Gusella and MacDonald, 2000; Fischbeck, 2001; Orr, 2001). In most polyQ
diseases, expansion to over 40 repeats leads to the onset (Fischbeck, 2001). It
has been emphasized that such molecular processes as unfolded protein
response, protein transport, and synaptic transmission and transcription are
implicated in the pathology of polyQ diseases (Okazawa, 2003). Importantly,
more than 20 transcription-related factors have been reported to interact with
pathological polyQ proteins. Furthermore, these interactions were shown to
repress the transcription, leading finally to neuronal dysfunction and death
(reviewed by Okazawa, 2003). These results suggest that polyQ diseases
represent a type of transcriptional disorder (Okazawa, 2003), supporting our
misidentification hypothesis for at least some conformational disorders.

Generally, three computational/bioinformatics approaches were elaborated
to estimate the abundance of IDPs under various pathological conditions. The
first approach is based on the assembly of specific data sets of proteins asso-
ciated with a given disease and the computational analysis of these data sets
using a number of disorder predictors (Iakoucheva et al., 2002; Cheng et al.,
2006; Uversky et al., 2006; Mohan et al., 2008; Uversky, 2008, 2009). In essence,
this is an analysis of individual proteins extended to a set of independent pro-
teins. A second approach utilized diseasome, a network of genetic diseases in
which the related proteins are interlinked within one disease and between differ-
ent diseases (Midic et al., 2008). A third approach is based on evaluation of the
association between a particular protein function (including the disease-specific
functional keywords) and the level of intrinsic disorder in a set of proteins known
to carry out this function (Vucetic et al., 2007; Xie et al., 2007a, b). These three
approaches are described briefly below and the results of their use are presented
in a subsequent section.

The data set analysis approach was used for the first time in 2002, when it
was found that 79% of cancer-associated and 66% of cell-signaling proteins
contain predicted regions of disorder of 30 residues or longer (Iakoucheva
et al., 2002). In contrast, only 13% of a set of proteins with well-defined
ordered structures contained such long regions of predicted disorder. For this
study, cancer-associated proteins were defined as those human proteins in Swiss-
Prot containing the keyword oncogene (this included anti- and proto-oncogenes)
or containing the word fumor in the description field. In experimental studies,
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the presence of disorder has been observed directly in several cancer-associated
proteins, including p53 (Lee et al., 2000), p575P* (Adkins and Lumb, 2002),
Bcl-X, and Bcl-2 (Chang et al., 1997), c-Fos (Campbell et al., 2000), and
most recently, a thyroid cancer—associated protein, TC-1 (Sunde et al., 2004).
Following a similar analytical model, a data set of 487 proteins related to car-
diovascular disease (CVD) was collected and analyzed (Cheng et al., 2006).
On average, CVD-related proteins were found to be highly disordered. The
percentage of proteins with 30 or more consecutive disordered residues was
61% for CVD-associated proteins. Many proteins were predicted to be wholly
disordered, with 101 proteins from the CVD data set predicted to have a total
of almost 200 specific disorder-based binding motifs (thus, about two binding
sites per protein), a-MoRFs (Cheng et al., 2006). Finally, data set analysis
revealed that in addition to being abundant in cancer- and CVD-related
proteins, intrinsic disorder is commonly found in such maladies as neurode-
generative diseases and diabetes (Uversky et al., 2008; Uversky, 2009).

The human diseasome systematically links the human disease phenome
(which includes 1284 human genetic diseases, 867 of which had at least one
link to other diseases, and 516 diseases formed a giant component) with the
human disease genome (which contains 1777 disease genes, of which 1377
were shown to be connected to other disease genes, and 903 genes belonged
to a giant cluster) (Goh et al., 2007). The abundance of intrinsic disorder in
the human diseasome was evaluated using a set of computational tools such
as PONDR VSL2, CDF analysis, CH plots, and a-MoRF prediction (Midic
et al., 2008). These analyses uncovered an unfoldome associated with human
genetic diseases and revealed that intrinsic disorder is common in proteins
associated with many human genetic diseases. It was also shown that differ-
ent disease classes vary in the IDP content of their associated proteins and
that a-MoRFs are common in the diseasome, and their abundance correlates
with the intrinsic disorder level. Finally, some disease classes were shown to
have a significant fraction of genes affected by alternative splicing, and the
alternatively spliced regions in the corresponding proteins are predicted to be
highly disordered and in some diseases contain a significant number of
MoRFs (Midic et al., 2008).

The studies on correlation of ID with various functional key words (Vucetic
et al., 2007; Xie et al., 2007a, b) revealed that many diseases were strongly
correlated with proteins predicted to be disordered. Contrary to this, no dis-
ease-associated proteins were found to be strongly correlated with an absence
of disorder (Xie et al., 2007a). Among disease-related Swiss-Prot keywords
strongly associated with ID were oncoproteins, malaria, trypanosomiasis,
human immunodeficiency virus (HIV) and acquired immunodeficiency syn-
drome (AIDS), deafness, obesity, cardiovascular disease, diabetes mellitus,
albinism, and prion (Xie et al., 2007a). In agreement with this bioinformatics
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analysis, at least one illustrative, experimentally validated example of functional
disorder or order was found for the vast majority of functional keywords related
to diseases (Xie et al., 2007a).

Summarizing, intrinsic disorder is highly abundant among proteins asso-
ciated with various human diseases. Since ID proteins are very common in
various diseases, the “disorder in disorders” (D?) concept was introduced to
summarize work in this area (Uversky et al., 2008), and concepts of the
disease-related unfoldome and unfoldomics were developed (Uversky et al.,
2009).

1.3.5 How Does an Amino Acid Sequence Encode
Intrinsic Disorder?

As has already been pointed out, the correct folding of a protein into its rigid
biologically active conformation is determined by its amino acid sequence
(Anfinsen et al., 1961). This gave rise to the reasonable assumption that the
absence of rigid structure in natively unfolded proteins may also somehow be
encoded in the specific features of their amino acid sequences. All the functional
and structural peculiarities of IDPs and IDPRs are encoded in their amino acid
sequences. In fact, it was recognized long ago that there are significant differ-
ences between the ordered proteins/domains and IDPs and IDPRs at the level
of their amino acid sequences (Dunker et al., 1998, 2001; Uversky et al., 2000).

In early studies on finding the relationship between sequence and disorder,
Dunker and co-authors developed several neuronal network predictors and
applied them to large data sets (Dunker et al., 1998, 2000, 2001; Romero
et al., 1998, 2001). The results of these analyses were more than impressive,
as it was established that the disordered regions shared at least some common
sequence features between many proteins and that more than 15,000 proteins
in the Swiss-Prot database were identified as having long IDPRs (Romero
et al., 1998).

Interestingly, the disordered proteins with the highest scores were shown
to have low sequence complexity, assuming that the sequences of IDPs may
essentially be degenerated. However, it was later established that distributions
of the complexity values for ordered and disordered sequences overlapped,
suggesting that low sequence complexity did not represent the only characteristic
feature of intrinsically disordered proteins (Romero et al., 2001). Overall, the
sequence of the intrinsically disordered proteins is characterized by amino acid
compositional bias and the existence of highly predictable flexibility (Dunker
et al., 1998; Garner et al., 1998). In fact, in comparison with ordered proteins,
IDPs and IDPRs are characterized by noticeable biases in their amino acid
compositions (Dunker et al., 1998, 2001; Uversky et al., 2000; Radivojac
et al., 2007; Vacic et al., 2007b; Uversky and Dunker, 2010), containing less of
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FIGURE 1.6 Peculiarities of amino acid composition of IDPs. An order/disorder
composition profile is shown for comparisons of amino acid compositions of ordered
protein with each of two databases of disordered protein. The ordinates are (% amino
acid in disordered data set — % amino acid in ordered data set)/(% amino acid in
ordered data set). Names of each database indicate how the disordered regions were
identified. Negative values indicate that the disordered database has less than order;
positive indicates more than order.

the “order-promoting” residues (cysteine, tryptophan, isoleucine, tyrosine,
phenylalanine, leucine, histidine, valine, asparagines, and methionine, which
are mostly hydrophobic residues commonly found within the hydrophobic
cores of foldable proteins) and more of the “disorder-promoting” residues
(lysine, glutamine, serine, glutamic acid, and proline, which are mostly polar
and charged residues typically located at the surface of foldable proteins)
(see Figure 1.6).

Also, in one of the early studies on these subjects, comparison of the
overall hydrophacy and the net charge of ordered proteins and extended IDPs
might be used to predict whether a given amino acid sequence encodes a
native (folded) or an intrinsically disordered protein (Uversky et al., 2000). In
fact, this survey shows that the natively unfolded proteins are specifically
localized within a unique region of the charge—hydrophacy phase space,
being completely isolated from the native globular proteins. Obviously, this
allows estimation of the “boundary” mean hydrophacy value, below which a
polypeptide chain with a given mean net charge will most probably be
unfolded (Uversky et al., 2000).
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1.3.6 Polymer Aspects of Nonfolding

It is interesting to apply the same formalism of polymer physics as that
represented in the first part of the review to the two classes of extended IDPs
(native coils and native pre-molten globules). This type of analysis is avail-
able because a considerable number of data have been accumulated on the
hydrodynamic properties of these proteins. Obviously, the behavior of any
polypeptide chain in a solution is determined by interaction of the polymer
with the solvent. The fact that natively unfolded proteins, with their depleted
hydrophobicity, are noncompact under physiological conditions indicates
that “salted water” (typical “physiological” buffer contains 100 to 150 mM
NaCl) does not represent for them a poor solvent. In other words, these con-
ditions do not force polymer segments to interact specifically with each other
and thus do not force them to be excluded effectively from the solvent. On the
other hand, it has already been noted that even high concentrations of strong
denaturants do not represent a good solvent for a polypeptide chain encoding
for a typical globular protein, and a globular protein was assumed never to be
a random coil.

In this view, the data on the hydrodynamic analysis of extended IDPs are
extremely important. Such an analysis reveals that the molecular dimensions
of extended IDPs follow the chain length as R, =0.28 M°* or R, = 0.6 M for
the native coils and native pre-molten globules, respectively (see Figure 1.3).
Figure 1.3 clearly reflects the fact that native coils belong to the class of
relatively extended unfolded conformations. Importantly, these coils show
the highest K, values and the smallest & values between different unfolded
conformations of a polypeptide chain [cf. equations (5), (7), and (8)]. This
means that native coils under physiological conditions are in considerably
worsened solvent conditions than those of globular proteins in urea or
GdmHCI solutions (the lowest ¢ value), which gives rise to the increased
probability of multiple body interactions (the highest K, value). Finally,
Figure 1.3 shows that native pre-molten globules follow exactly the same
dependence as that of pre-molten globules of normal globular proteins. Thus,
these proteins may exhibit the structural features of a squeezed polymer coil.

1.4 MISFOLDING

1.4.1 Molecular Mechanisms of Protein Misfolding

As has already been noted, the sequences of proteins have evolved in such a
way that their unique native states can be found very efficiently even in the
complex environment inside a living cell. However, under some conditions,
proteins fail to fold properly or to remain folded correctly; this misfolding



MISFOLDING 31

can lead to the development of different pathological conditions. A number
of human diseases, including the amyloidoses and several neurodegenerative
disorders, such as Alzheimer’s disease, Parkinson’s disease, and transmis-
sible spongiform encephalopathies, originate from the deposition of the
stable, ordered, and filamentous protein aggregates commonly known as
amyloid fibrils. In each of these pathological states, a specific protein or pro-
tein fragment changes from its natural soluble form into insoluble fibrils,
which accumulate in a variety of organs and tissues (Kelly, 1998; Bellotti
et al., 1999; Dobson and Karplus, 1999; Uversky et al., 1999b,c; Rochet and
Lansbury, 2000). Approximately 20 different proteins are known to be
involved in the amyloidoses (extracellular deposits), which are unrelated
structurally or at the level of primary structure. In addition, a number of
diseases also originate from the deposition of fibrillar proteins, but within
cells (i.e., intracellular deposits).

Importantly, prior to fibrillation, amyloidogenic polypeptides may be rich
in B-sheet, a-helix, f-helix, or contain both a-helices and p-sheets. They may
be well folded or IDPs. Despite these differences, the fibrils from different
pathologies display many common properties, including a core cross-f3-sheet
structure in which continuous B-sheets are formed with p-strands running
perpendicular to the long axis of the fibrils (Sunde et al., 1997). Amyloid
fibrils have been shown to form in vitro from disease-associated as well as
disease-unrelated proteins and peptides. Furthermore, it is clear that the
ability to form fibrils is a generic property of the polypeptide chain; that is,
many proteins, perhaps all, are able to form amyloid fibrils under appropriate
conditions (Dobson and Karplus, 1999). If so, this would dramatically extend
the structural diversity of polypeptide chains able to fibrillate.

Since all fibrils independent of the original structure of the given amy-
loidogenic proteins have a common cross-3 structure, considerable confor-
mational rearrangements have to occur prior to fibrillation. Such changes
cannot happen in a native protein, due to its stable and rigid tertiary structure.
Thus, protein destabilization favoring partial unfolding and culminating in
the formation of a partially unfolded conformation is required. Presumably,
such a partially unfolded conformation favors reciprocal and specific inter-
molecular interactions, including electrostatic attraction, hydrogen bonding, and
hydrophobic contacts, which are necessary for oligomerization and fibrillation
(Fink, 1998; Kelly, 1998; Bellotti et al., 1999; Dobson and Karplus, 1999;
Lansbury, 1999; Uversky et al., 1999b,c; Rochet and Lansbury, 2000; Dobson,
2001a, b; Zerovnik, 2002).

Obviously, this model does take into account a class of IDPs, as they are
devoid of rigid tertiary structure in their native state. The primary step in the
fibrillation of these proteins represents partial folding, that is, stabilization of a
partially folded conformation (Schweers et al., 1994; Teplow, 1998; Kayed et al.,
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1999; Uversky et al., 2001a,b; Pavlov et al., 2002). Thus, the general hypo-
thesis of fibrillogenesis states: Structural transformation of a polypeptide
chain into a partially folded conformation represents an important prerequi-
site for successful protein fibrillation.

A question then arises as to the nature of amyloidogenic intermediate(s).
It has already been mentioned that the conformational space of globular pro-
teins involves four general conformations: the native state, unfolded states,
and two classes of partially folded intermediates. The latter are compact,
relatively well-folded intermediates with substantial native-like secondary
structure but little tertiary structure, often referred to as molten globules; and
significantly less compact, relatively unfolded intermediates, with substan-
tially less secondary structure, often known as pre-molten globules.
Potentially, either of these latter conformations may play a role as the crucial
amyloidogenic species. Detailed structural analysis of the early fibrillation
events in several proteins has demonstrated that the amyloidogenic confor-
mation is only slightly folded and shares many structural properties with the
pre-molten globule state.

1.4.2 Fibrillogenesis of Globular Proteins: Requirement
for Partial Unfolding

Data have been reported indicating that the first critical step in protein
fibrillogenesis is partial unfolding of the protein. Due to structural fluctua-
tions (conformational breathing) the structure of a globular protein under
physiological conditions represents a mixture of tightly folded and multiple
partially unfolded conformations, with a great prevalence of the former. Most
mutations associated with accelerated fibrillation and protein deposition dis-
eases have been shown to destabilize the native structure, increasing the
steady-state concentration of partially folded conformers (Colon et al., 1996;
Kelly, 1996, 1998; Wetzel, 1997; Bellotti et al., 1999; Canet et al., 1999;
Dobson and Karplus, 1999; Lashuel et al., 1999; Uversky et al., 1999b,c; Rochet
and Lansbury, 2000; Heegaard et al., 2001; Saraiva, 2001). Conversely, it has
been shown that the amyloidogenicity of a protein can be reduced signifi-
cantly by stabilization of the native structure, for example, via specific binding
of ligands (Miroy et al., 1996; Chiti et al., 2001; Nielsen et al., 2001).

The fibrillation-provoking destabilization of a rigid protein is achieved in
vitro at low or high pH, high temperatures, and low to moderate concentrations
of strong denaturants, organic solvents, and so on. This fact is well illustrated
in recent studies on the fibrillogenesis of transthyretin (TTR), also known as
prealbumin, which is a homotetramer composed of 127 amino acid subunits
characterized by 2,2,2 molecular symmetry. TTR is found in human plasma
(0.1 to 0.4mg/mL) and cerebral spinal fluid (0.017mg/mL), with the plasma
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form being the amyloidogenic precursor. Wild-type TTR amyloidogenesis
may cause senile systemic amyloidosis, characterized by deposition and
pathology in the heart after age 60. Early-onset amyloid formation (as early as
the second decade) by one of more than 80 single-site TTR variants provokes
a number of diseases collectively termed familial amyloid polyneuropathy
(Saraiva et al., 1984). TTR can be converted into amyloid in vitro by acid-
mediated dissociation of the homotetramer into monomers. The pH required
for disassembly also results in tertiary structural changes within the mono-
meric subunits, finally leading to the enhanced fibrillation (Lai et al., 1996).
Recently, in a quest to understand the relationship between the tertiary
structural changes and amyloidogenicity, a monomeric mutant with native-
like structure and stability has been designed, which was nonamyloidogenic
unless partially unfolded (Jiang et al., 2001).

Light chain, or AL, amyloidosis is a pathological condition arising from
systemic extracellular deposition of monoclonal immunoglobulin light chain
variable domains in the form of insoluble amyloid fibrils, especially in the
kidneys (Buxbaum, 1992). Structural and fibrillation properties of one of the
amyloidogenic light chain variable domains, SMA, have been analyzed
under a variety of conditions (Khurana et al., 2001). The results of biophysi-
cal analysis revealed that a decrease in pH resulted in the accumulation of
two partially folded intermediates. A relatively native-like intermediate, I,
was observed between pH4 and 6, and was characterized by little loss of
secondary structure, combined with significant changes in tertiary structure
and enhanced ANS binding. At a pH below 3, a relatively unfolded but com-
pact intermediate, I, with decreased tertiary and secondary structure, was
observed. The I intermediate readily forms amyloid fibrils, whereas I pref-
erentially leads to amorphous aggregates (Khurana et al., 2001). Comparable
data have recently been reported for another light chain variable domain,
LEN (Souillac et al., 2002a, b).

a-Lactalbumin, or o-LA, is a small acidic protein with a single Ca**-
binding site. It is very attractive for studies of partially folded conformations,
since it adopts the classic molten globule conformation at acidic pH, moderate
guanidinium—chloride concentrations, or elevated temperatures (apo form)
(Permyakov and Berliner, 2000). a-LA is comprised of a large a-helix domain
and a small pB-sheet domain connected by a calcium-binding loop and four
disulfide bridges (Permyakov and Berliner, 2000). a-LA forms amyloid
fibrils at low pH. S-Carboxymethyl-a-lactalbumin, a disordered form of the
protein with three of the disulfide bridges reduced, was even more suscep-
tible to fibrillation. S-Carboxymethyl-a-lactalbumin exhibits the properties
of a pre-molten globule, and its fibrillation is orders of magnitude faster than
when starting with the molten globule conformation (Goers et al., 2002).
Other partially folded conformations induced in a-LA at neutral pH, either by
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removal of Ca** or by binding of Zn?* to the Ca**-protein, did not fibrillate,
although Zn?**-loaded o-lactalbumin precipitated out of solution as amor-
phous aggregates. Based on these data it was concluded that the transforma-
tion from native state to a substantially unfolded conformation is required
for a successful fibril formation, whereas less unfolded species may form
amorphous aggregates (Goers et al., 2002).

Finally, fibrillation of bovine B-lactoglobulin represents another illustra-
tive example of the importance of being unfolded (Hamada and Dobson,
2002). It has been shown that this protein will form fibrils in urea solutions;
the process is denaturant concentration-dependent, showing the highest
efficiency in the vicinity of 5M urea, which corresponds roughly to the C
value. Importantly, it was shown that molten globule-like intermediate was
not accumulated during the urea-induced unfolding of p-lactoglobulin
(Hamada and Dobson, 2002). Thus, it has been concluded that amyloid fibril
formation by bovine p-lactoglobulin is promoted under conditions where
significant accumulation of unfolded protein occurs, but is inhibited under
conditions where higher denaturant concentrations destabilize intermolecular
interactions (Hamada and Dobson, 2002). Generally speaking, it has been
concluded that amyloid formation in vitro can be achieved by destabilizing
the native state of the protein under conditions in which noncovalent interac-
tions still remain favorable (Ramirez-Alvarado et al., 2000).

1.4.3 Fibrillogenesis of IDPs: Requirement for Partial Folding

We now consider details of the fibrillogenesis of intrinsically disordered
proteins, which constitute a significant portion of known amyloidogenic pro-
teins (Uversky, 2008, 2009). It seems to be reasonable to assume that such
proteins are well suited for amyloidogenesis, as they lack significant secondary
and tertiary structure as well as many specific intrachain interactions. In the
absence of such conformational constraints, they would be expected to be sub-
stantially more conformationally flexible and thus able to polymerize more
readily than tightly packed globular proteins. Substantial evidence suggests
that the earliest stage of fibrillation of these proteins is their partial refolding.

o-Synuclein  a-Synuclein is a small (14kDa), soluble, intracellular, highly
conserved protein that is abundant in various regions of the brain. This protein
has been estimated to account for as much as 1% of the total protein in sol-
uble cytosolic brain fractions. Structurally, purified a-synuclein is a typical
extended IDP (Uversky et al., 2001b), which is unstructured under conditions
of neutral pH but does not represent a random coil. It has some residual struc-
ture [at least a region with a preference for helical conformation (Eliezer et al.,
2001)], leading to partial compaction (Uversky et al., 2001b; Uversky, 2003a).
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Either a decrease in pH, or an increase in temperature, transformed a-synuclein
into a partially folded conformation. This partially folded conformation resem-
bles the pre-molten globule state, an intermediate, preceding the molten
globule in the refolding of globular proteins (Uversky and Ptitsyn, 1994, 1996a;
Uversky, 2003b).

Misfolding, dysfunction, and aggregation of a-synuclein are associated
with several diseases, known collectively as synucleinopathies: a group of
neurodegenerative disorders characterized by fibrillary aggregates of
a-synuclein protein in the cytoplasm of selective populations of neurons
and glia (Goedert, 1999; Spillantini and Goedert, 2000; Galvin et al., 2001;
Trojanowski and Lee, 2003). Clinically, synucleinopathies are characterized
by a chronic and progressive decline in motor, cognitive, behavioral, and
autonomic functions, depending on the distribution of the lesions. Because of
clinical overlap, differential diagnosis is sometimes very difficult (Marti
et al., 2003). The neuropathological spectrum of synucleinopathies has been
discussed intensively (Goedert, 1999, 2001; Duda et al., 2000; Spillantini and
Goedert, 2000; Dickson, 2001; Galvin et al., 2001; Dev et al., 2003; Jellinger,
2003; Marti et al., 2003; Mitra et al., 2003; Trojanowski and Lee, 2003;
Norris et al., 2004), and the potential mechanisms linking the a-synuclein
aggregation with the development of several of these diseases are the major
focus of numerous studies.

Several observations implicate a-synuclein in the pathogenesis of Parkinson’s
disease (PD). For example, a direct role for a-synuclein in the neurodegenera-
tive processes in PD is demonstrated by genetic evidence and autosomal dom-
inant early-onset PD is associated with three different missense mutations in
the a-synuclein gene, corresponding to A30P, E46K, and A53T substitutions in
a-synuclein (Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz et al.,
2004) or with the hyperexpression of the wild-type a-synuclein protein, due to
gene triplication (Farrer et al., 2004; Singleton et al., 2003, 2004). Antibodies
to a-synuclein detect this protein in LBs and LN, the hallmark lesions of PD.
A substantial portion of fibrillar material in these specific inclusions was
shown to be comprised of a-synuclein, and the insoluble a-synuclein fila-
ments were recovered from purified LBs (Spillantini et al., 1997, 1998).

The fibrillogenesis of this protein is probably the most precisely studied
and the best understood among other amyloidogenic members of the family
of natively unfolded proteins. In particular, accumulated data strongly sug-
gest that the formation of a partially folded intermediate (possessing the
major characteristics of the pre-molten globule) represents the critical first
step of a-synuclein fibrillogenesis. This partially folded intermediate can be
stabilized by numerous factors, including high temperatures, low pH (Uversky
et al., 2001b), the presence of low concentrations of organic solvents
(Munishkina et al., 2003) and TMAO (Uversky et al., 2001c¢), the presence of
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different metal ions (Uversky et al., 2001e), various salts (Munishkina et al.,
2004), several common pesticides and herbicides (Uversky et al., 2001d, 2002a;
Manning-Bog et al., 2002), heparin and other glycosoaminoglycans (Cohlberg
et al., 2002), some polycations (Goers et al., 2003), or as a result of a
spontaneous oligomerization both in vitro and in vivo (Uversky et al., 2001a).
Furthermore, the addition of various alcohols was shown to increase the
content of ordered secondary structure in o-synuclein (Munishkina et al.,
2003). Interestingly, the structural transformations induced by high solvent
concentrations were dependent on the type of alcohol, with simple alcohols
inducing a B-sheet-enriched conformation and fluorinated alcohols promoting
a-helix-rich species (Munishkina et al., 2003). Interestingly, both a-helical
and p-structural species were shown to be initially monomeric but underwent
association over longer times, and f-sheet-rich conformations were strongly
prone to form amorphous aggregates (Munishkina et al., 2003). Oligomeric
a-helical globular species potentially possessing rigid tertiary structure were
induced in a-synuclein by high concentrations of TMAO (Uversky et al., 2001c).

Importantly, under conditions stabilizing the pre-molten globule-like
conformation, a-synuclein was shown to undergo significantly enhanced
fibrillation. In contrast, fibril formation was considerably slowed or inhib-
ited under conditions favoring the formation of more folded conformations,
or by stabilization of the fully unfolded form (e.g., by oxidation of its
methionines) (Uversky et al., 2002b).

Amylin In addition to insulin, pancreatic islet p-cells produce a polypeptide
called amylin or islet amyloid polypeptide, IAAP (Cooper et al., 1987).
Amylin has several functions associated with the normal regulation of energy
metabolism. Dysfunction of amylin due to mutation and/or amyloid fibril
formation has been associated with the development of non-insulin-dependent
diabetes mellitus (NIDDM)), also known as type 2 diabetes (Higham et al., 2000;
Jaikaran and Clark, 2001; Jaikaran et al., 2001). Type 2 diabetes is characterized
by chronic insulin resistance and progressive decline in pancreatic p-cell
function. One of the most common pathological features of type 2 diabetes is
the deposition of amyloid fibrils in the islets of Langerhans of the pancreas
(Schneider et al., 1980; Clark et al., 1988; Rocken et al., 1992; Kahn et al.,
1999). Human IAPP or amylin, is the major protein component of these amy-
loid deposits (Cooper et al., 1987; Westermark et al., 1987). Amylin is an
unstructured peptide hormone of 37 amino acid residues. The natively unfolded
nature of this peptide was established using far-ultraviolet (UV) circular
dichroism (CD) spectroscopy (Goldsbury et al., 2000; Jaikaran et al., 2001;
Yoon and Welsh, 2005) and electron paramagnetic resonance spectroscopy
(Jayasinghe and Langen, 2004). For example, eight spin-labeled derivatives
of IAPP were analyzed using electron paramagnetic resonance spectroscopy.
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In solution, all eight derivatives gave rise to electron paramagnetic resonance
spectra with sharp lines indicative of rapid motion on a sub-nanosecond time
scale, which are consistent with a rapidly tumbling and highly dynamic
peptide (Jayasinghe and Langen, 2004). Human amylin and its 8—37 fragment
were shown to form fibrils under physiological conditions. The process of
polymerization is relatively fast (lag times were 100 and 50 min for full-length
amylin and its 8-37 fragment, respectively) and results in the appearance of
typical amyloid fibrils (Goldsbury et al., 2000). Interestingly, both peptides
showed the formation of a partially folded (pre-molten globule-like)
intermediate early in the fibrillation process. It takes about 90min for
full-length amylin to form such an intermediate, whereas this period was
almost half as long for the truncated peptide, showing excellent agreement
with the fibrillation lag times (Goldsbury et al., 2000).

Amyloid B-Protein (AP) Alzheimer’s disease (AD) is the most prevalent age-
dependent dementia. AD is characterized pathologically by the accumulation
of extracellular amyloid deposits in the cerebral neuropil and vasculature and
of intracellular neurofibrillary tangles. Amyloid deposits contain the amyloid
B-protein (AP), which is a 40- to 42-residue peptide that is produced by endo-
proteolytic cleavage of the amyloid B-protein precursor (APP). Many lines of
evidence support the crucial role of AP in AD. Fibrillation of Ap is associated
with development of the cascade of neuropathogenetic events, ending with the
appearance of cognitive and behavioral features typical of AD. A appears to
be unfolded at the beginning of the fibrillation under physiological conditions.
NMR studies have shown that monomers of Ap(1-40) or AB(1-42) possess no
a-helical or B-sheet structure (Zagorski et al., 1999); they exist predominately
as “random” extended chains. Partial refolding to the pre-molten globule-like
conformation has been detected at the earliest stages of AP amyloidosis
(Kirkitadze et al., 2001).

Tau-Protein Tau, a microtubule assembly protein isolated from brain
microtubules, represents a family of isoforms which migrate as close bands
of 55 to 62 kDa in SDS gel electrophoresis. Heterogeneity is explained in
part by alternative mRNA splicing, leading to the appearance of one, two,
three, or four repeats in the C-terminal region (Himmler, 1989; Himmler
et al., 1989). Post-translational phosphorylation of tau is an additional source
of microheterogeneity (Kenessey and Yen, 1993). In vitro, tau binds to micro-
tubules, promotes microtubule assembly, and affects the dynamic instability
of individual microtubules (Cleveland et al., 1977a, b; Drechsel et al., 1992;
Brandt and Lee, 1993a, b). In situ, tau is highly enriched in the axons
(Binder et al., 1985). In living cells and brain tissue, tau protein has been
estimated as comprising 0.025 to 0.25% of total protein (Drubin et al., 1985;
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Khatoon et al., 1992). On the basis of its in vitro activity and its distribution,
it is believed that tau regulates the organization of neuronal microtubules.
Interest in tau increased dramatically with the discovery of its aggregation in
neuronal cells in the progress of Alzheimer’s disease and various other neu-
rodegenerative disorders, especially frontotemporal dementia (Delacourte
and Buee, 1997; Crowther and Goedert, 2000). In these cases, specific
tau-containing neurofibrillary tangles (paired helical filaments) are formed
(Delacourte and Buee, 1997). Filaments isolated from end-stage AD are
particularly well characterized and consist of all six full-length tau iso-
forms extensively phosphorylated and organized into twisted paired helical
filaments (PHFs) and nontwisted straight filaments (SFs) (Lee et al.,
1991). Hyperphosphorylation was shown to be a common characteristic of
pathological tau (Vulliet et al., 1992). Hyperphosphorylated tau isolated
from patients with AD was shown to be unable to bind to microtubules and
promote microtubule assembly. However, both of these activities were
restored after enzymatic dephosphorylation of tau protein (Lu and Wood,
1993; Alonso et al., 1994, 1996; Igbal et al., 1994).

During brain development, tau is phosphorylated at many residues,
including sites phosphorylated with GSK-38, cdk 5, and MAPK (Watanabe
et al., 1993). In vitro, tau can be phosphorylated on multiple sites by several
kinases (for a review, see Billingsley and Kincaid, 1997). Most of the in vitro
phosphorylation sites of tau are located within the microtubule interacting
region (repeat domain) and sequences flanking the repeat domain. Many of
these sites are also phosphorylated in PHF-tau (Morishima-Kawashima et al.,
1995a,b). In fact, 10 major phosphorylation sites have been identified in tau
isolated from PHFs from patients with AD (Morishima-Kawashima et al.,
1995a,b). All of these sites are located in regions flanking tau’s repeat domain
and constitute recognition sites for several AD diagnostic antibodies, which
may point to an important role for these phosphorylation sites for AD patho-
genesis. Hyperphosphorylation was shown to be accompanied by transfor-
mation from the unfolded state of tau into a partially folded conformation
(Hagestedt et al., 1989; Uversky et al., 1998b), accelerating dramatically the
self-assembly of this protein into paired helical filaments in vitro (Alonso
et al., 1996). To analyze the potential role of tau hyperphosphorylation in
tauopathies, mutated tau proteins have been produced in which all 10 serine/
threonine residues known to be highly phosphorylated in PHF-tau were sub-
stituted for negatively charged residues, thus producing a model for a defined
and permanent hyperphosphorylation-like state of tau protein (Eidenmuller
et al., 2000). It has been demonstrated that, like hyperphosphorylation, glu-
tamate substitutions induce compact structure elements and SDS-resistant
conformational domains in tau protein, as well as lead to the dramatic
acceleration of its fibrillation (Eidenmuller et al., 2000).
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Prior to aggregation, tau protein was shown to be in a mostly random
coil structure. This conclusion followed from the conformational analysis
of this protein by circular dichroism, Fourier transform infrared, x-ray
scattering, and biochemical assays (von Bergen et al., 2006). Analysis of
the primary structure reveals a very low content of hydrophobic amino
acids and a high content of charged residues, which was sufficient to
explain the lack of folding (von Bergen et al., 2006). Analysis of the
hydrodynamic radii confirms a mostly random coil structure of various
tau isoforms and tau domains. However, the protein was further unfolded
by high concentrations of strong denaturant GdmCl, indicating the
presence of some residual structure in this protein. This conclusion was
supported by a FRET-based approach where the distances between differ-
ent domains of tau were determined. The combined data show that tau is
mostly disordered and flexible but tends to assume a hairpin-like overall
fold which may be important in the transition to a pathological aggregate
(von Bergen et al., 2006).

Intriguingly, purified recombinant tau isoforms do not detectably aggregate
over days of incubation under physiological conditions. However, aggregation
and fibrillization of tau protein can be greatly accelerated under nearly-
physiological conditions in vitro by the addition of anionic surfactants (Chirita
et al., 2003). Based on the detailed analysis of tau fibrillation in the presence
of anionic inducers using a set of spectroscopic techniques (circular dichroism
spectroscopy and reactivity with thioflavin S and 8-anilino-1-naphthalene-
sulfonic acid fluorescent probes), it has been established that the inducer sta-
bilized a monomeric partially folded species with the structural characteristics
of a pre-molten globule state (Chirita et al., 2005). The stabilization of this
intermediate was sufficient to trigger the fibrilliation of full-length tau protein
(Chirita et al., 2005).

Prothymosin o Prothymosin « is a very acidic protein, containing about
50% aspartic and glutamic acid, no aromatic or cysteine residues, and very
few large hydrophobic aliphatic amino acids (Gast et al., 1995). Because
of these features, prothymosin a adopts a random coil-like conformation
with no regular secondary structure at neutral pH (Gast et al., 1995; Uversky
et al., 1999a). However, at acidic pH, prothymosin « folds into a partially
folded pre-molten globule-like conformation (Uversky et al., 1999a).
Interestingly, it has recently been shown that at low pH [below pH 3, i.e.,
under conditions favoring the formation of the partially folded conforma-
tion (Uversky et al., 1999a)], prothymosin « is capable of relatively fast
formation (lag time of about 100 min) of regular elongated fibrils with a
flat ribbon-like structure 4 5 nm in height and 12 to 13 nm in width (Pavlov
et al., 2002).
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1.4.4 Conformational Prerequisites for Amyloidogenesis

Based on a comparison of far-UV CD spectra measured for “pure” amyloido-
genic conformations of 11 proteins (SH3-domain: cytocrome c,,, monellin,
methionine aminopeptidase, SMA, a-lactalbumin, phosphoglycerate kinase,
PGK, amylin, prothymosin a, AP, and a-synuclein) with those retrieved for
the four basic protein conformations—native, molten globule, pre-molten
globule, and unfolded states—it has been concluded that all amyloidogenic
conformations can be grouped with the set of data for the pre-molten globule
proteins (Uversky, 2003a; Uversky and Fink, 2004). This is an extremely
important observation which demonstrates the importance of this conforma-
tion for protein fibrillogenesis.

The central model of protein misfolding is illustrated by Figure 1.7, which
shows that the process of fibrillation (which is used as an example of a more
general phenomenon—aggregation) can be divided into three major steps:
(1) structural transformation of a native soluble protein (rigid globular
or flexible IDP) into the “sticky” amyloidogenic precursor intermediate,
(2) nucleation, and (3) fibril elongation/growth. Thus, transformation into the
partially folded conformation is a critical early stage of fibrillogenesis and
precedes the appearance of any aggregated material (Uversky, 2003a).

1.4.5 Multiple Pathways of Protein Misfolding

Although the data presented above were mostly devoted to a consideration of
protein fibrillation, the process of amyloid fibril formation does not represent
the only misfolding route. In fact, contrary to the process of productive protein
folding leading to the appearance of a rigid conformation with the specific
function, the end products of misfolding may have a different appearance. The
morphology of these end products depends on the particular experimental
conditions, and misfolded product may appear as soluble oligomers, amor-
phous aggregates, or amyloid-like fibrils. Any of these three species could be
cytotoxic, thus giving rise to the development of pathological conditions.
Potentially, the reason for such a morphological difference is connected with
the diversity of the partially folded intermediates favoring protein self-
association. In fact, multiple environmental factors, such as point mutations,
a decrease in pH, an increase in temperature, or the presence of small organic
molecules or metal ions or other charged molecules, might induce structural
rearrangements within a protein molecule, shifting equilibrium toward the
partially folded conformation(s). As different factors may stabilize slightly
different partially folded intermediates, the formation of morphologically
different aggregates is expected. This idea is illustrated by Figure 1.6, which
represents a model of a-synuclein misfolding. It has been shown that
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FIGURE 1.7 General model for protein misfolding (fibril formation is considered
as an example). Three general stages of the process include the structural transformation
of a native soluble protein (rigid or natively unfolded) into the “sticky” amyloidogenic
precursor intermediate, nucleation, and fibril elongation/growth. Additional conforma-
tional changes may occur between the aggregation-competent intermediate and the
fibrils. Structures at the top represent natively folded proteins with different structures.
A common amyloidogenic intermediate for different rigid and natively unfolded proteins
is shown for convenience only. Experimental data support an idea that amyloidogenic
intermediates probably fall in the class of pre-molten globules. However, this still leaves
a lot of room for structural diversity. The oligomeric intermediate (representing the
nucleus or a soluble aggregate) is shown as a tetramer for convenience only, and could
be much larger.
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aggregation of this protein depends dramatically on the experimental conditions
and might lead to the appearance of one of the three misfolded forms discussed
above (soluble oligomers, amorphous aggregates, or amyloid fibrils) or mixture
thereof.

1.4.6 Polymer Aspects of Protein Misfolding

The behavior of a given polymer in a given solution is determined by the
peculiarities of polymer segment—solvent interactions. For example, the
major reason for the appearance of globular conformation (in our
particular case, we are talking about the correctly folded form of a normal
globular protein) in a poor solvent (water) is that this conformation effec-
tively excludes a portion of segments from the unfavorable contacts with
the solvent and forms the shielding interface between the polymer interior
and solvent. In turn, the stability of globular conformation also depends
on the peculiarities of interactions between protein globule and solvent.
Obviously, many factors may affect the efficiency of coil-globule
transition (i.e., the efficiency and direction of the process of protein
folding) as well as change the efficiency of the shield (interface between
the polymer and solvent) and thus may modulate the stability of a native
protein molecule. Basically, point amino acid substitutions, and changes
in pH, temperature, and numerous other environmental circumstances,
may considerably affect the mode of polymer—solvent interactions. Thus,
protein misfolding (aggregation) may originate from the changes in the
relative quality of solvent which appear either due to specific changes in
protein amino acid composition or because of solvent composition
modifications.
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