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Abstract

Amyloid fibrils are misfolded forms of proteins and are involved in various diseases. They have been studied extensively with the
aim to obtain a comprehensive understanding of protein folding and misfolding and to use this knowledge to develop therapeutic
strategies against the associated diseases. Salt conditions are important factors determining the formation and stability of amyloid
fibrils. In the 1990s, salt effects were studied extensively to understand the conformational stability of acid-denatured proteins,
and the results of these studies revealed the role of electrostatic repulsion in forming the compact intermediate states. In this
review, we compare the effects of salts on the compact intermediate states with those on the formation of amyloid fibrils under
acidic conditions. The results argue that both protein folding and misfolding are driven by the same forces, although the resultant
conformations are distinct because they are monomeric and multimeric reactions, respectively.
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Introduction

Among the various types of protein aggregates, amyloid fi-
brils, which are associated with more than 50 types of amy-
loidosis, have been important targets of protein science re-
search (Eisenberg and Jucker 2012; Jucker and Walker
2013; Sipe et al. 2014; Tycko and Wickner 2013). Amyloid
fibrils are misfolded fibrillar aggregates of denatured proteins
with a width of around 10 nm and length of several microme-
ters. Recent advances in solid-state nuclear magnetic reso-
nance and cryo-electron microscopy have revealed the atomic
resolution structures of several amyloid fibrils (Colvin et al.
2016; Fitzpatrick et al. 2017; Walti et al. 2016). The dominant
secondary structure is a cross-f3 structure stabilized by an or-
dered hydrogen bond network. The results of previous studies
led to the proposal that amyloid fibrils may form in
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supersaturated solutions of precursor proteins by a nucleation
and growth mechanism characterized by a lag phase (Jarrett
and Lansbury 1993; Morris et al. 2009; Wetzel 2006). Since
amyloid fibrillation is a nucleation-dependent reaction,
preformed fibrils act as seeds, i.e., the addition of fragmented
fibrils effectively escapes the high free energy barrier of nu-
cleation, resulting in the immediate growth of seed fibrils
(Jarrett and Lansbury 1993; Morris et al. 2009; Naiki et al.
1997; Wetzel 2006). Even without seeds, various kinds of
agitation (Giechm and Otzen 2010; Linse et al. 2007), in par-
ticular ultrasonication (Chatani et al. 2009; Nakajima et al.
2016; Ohhashi et al. 2005; So et al. 2011; Yoshimura et al.
2012; Yoshimura et al. 2013), are effective in accelerating the
fibrillation by shortening a lag phase. These characteristics of
amyloid fibrillation are similar to those of molecular crystal-
lization, suggesting that, as for the case of crystallization, am-
yloid fibrillation is a supersaturation-limited precipitation of
denatured proteins, which occurs only above solubility. In this
context, supersaturation refers to a metastable state in which
the solution is kinetically kept stable although the concentra-
tion of dissolved solutes is higher than the thermodynamic
solubility (Adachi et al. 2015; Yoshimura et al. 2012).
According to this definition, supersaturation is not a driving
force of amorphous aggregation (see section Competition
between amyloid formation and amorphous aggregation). It
has been argued that “supersaturation” is important as a
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critical factor involved in amyloid formation (Lin et al. 2014;
So et al. 2016; Yoshimura et al. 2012). The role of supersatu-
ration at the proteome level in neurodegenerative diseases has
also been reported (Ciryam et al. 2013, 2015).

In addition to supersaturation, the formation and stability of
amyloid fibrils depend on various factors, including tempera-
ture, pressure, pH, and additives (Chatani and Goto 2005; Lin
etal. 2014; So et al. 2016; Yoshimura et al. 2012). Clarifying
the effects of these factors are important if we are to under-
stand the mechanisms of amyloid fibrillation, as has been
demonstrated for protein folding. Among these factors, salts
have been used widely to address the formation and stability
of the protein native states and are now used extensively for
studying amyloid fibrils. In this review, we revisit a series of
classic studies addressing the effects of salts on the formation
of the compact molten globule states and show that their ef-
fects are common to the formation of amyloid fibrils. Such
underlying commonalities suggests that the compact molten
globule state and amyloid fibrils are alternative folds of dena-
tured proteins under conditions where hydrophobic interac-
tions and the formation of hydrogen bonds are promoted but
the formation of the native state is prevented.

Effects of salts on acid-denatured proteins

Salts have been used widely for various purposes in the prep-
aration and characterization of proteins, including salt-
induced precipitation (salting out), dissolution of proteins
(salting in), and stabilizing or destabilizing protein structures
(Tanford 1968, 1970). Among these, the denaturation of pro-
teins by GuHCI, a salt composed of a guanidinium cation and
a chloride (CI") anion, is one of the most important applica-
tions of salt effects on proteins as it facilitates our understand-
ing of the conformational stability of proteins on the basis of
the salt-induced denaturation. In 1980s, the findings that horse
cytochrome ¢ (Ohgushi and Wada 1983) and several acid-
denatured proteins, including 3-lactamase and apomyoglobin
(Fink et al. 1994; Goto et al. 1990a; Goto and Fink 1989),
form the molten globule state, a compact intermediate of pro-
tein folding without native tertiary structure, in the presence of
salts attracted much attention to the effects of salt on proteins
(Fig. 1). These proteins are substantially unfolded at pH 2 in
the absence of salt. The addition of a low concentration of salts
induce an intermediate state with strong far-UV circular di-
chroism (CD) intensity, while the near-UV CD showed
disordering. The salt-induced state is similar to the acidic mol-
ten globule state of «-lactalbumin, which is stable even in the
absence of salts (Arai and Kuwajima 2000). It is noted that the
term “molten globule state” was first used for the salt-
stabilized acidic state of cytochrome ¢ (Ohgushi and Wada
1983). Similar salt-dependent conformational transitions were
observed later for microbial transglutaminase, a monomeric
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enzyme composed of 331 amino acid residues (Suzuki et al.
2011, 2012). These results established that the salt-dependent
transition is common to various acid-denatured proteins.

The conformation of the acid-denatured state is determined
by a balance of various factors which stabilize or destabilize
the folded state. The most important destabilizing force should
be the charge repulsion between positive charges because
most of the titratable groups are protonated at pH 2.
Consistent with this, proteins with a high plI value (for exam-
ple, cytochrome c) tend to be unfolded substantially. On the
other hand, the driving forces for folding would be similar to
those at neutral pH except that the electrostatic interactions are
affected by pH. The addition of salts shields the unfavorable
charge repulsion, thus the folding forces come to play, al-
though the distinct ionization of the titratable groups prevent
the formation of native structure.

Acid-induced unfolding and refolding
transitions

The participation of hydrophobic interactions in the formation
of the molten globule state, although less than that in the native
state, has been established by a series of studies using calori-
metric analysis of the salt-stabilized intermediate states
(Hamada et al. 1994; Nishii et al. 1995). Nevertheless, the
salt-induced transition itself does not reveal the detailed mech-
anism of the salt effects. In an attempt to fully acid-unfold
proteins, an intriguing observation was made; increasing the
concentration of HCI opposes the unfolding, and rather refolds
the protein to the molten globule state (Goto et al. 1990a)
(Fig. la-c). The acid-stabilized state was observed to be essen-
tially the same intermediate as that stabilized by salts. Although
the phenomenon was surprising at first, it is straightforward to
understand the mechanism once the ionic effect is taken into
account; decreasing the pH below 2 exponentially increases the
concentration of anions as well as that of protons by
[CI]=[H*]=10P" mol/L. This suggests that the apparent
refolding phenomenon observed by increasing the HCI concen-
tration is caused by the anion effect rather than by pH effects.

Consistent with this notion, the acid-induced transition
plotted against the concentration of HCl was observed to agee
well with that plotted against the concentration of NaCl or
KCI (Goto et al. 1990a) (Fig. 1d—f). By considering the ionic
effect of HCI, the pH and salt-dependent phase diagram of
acid-denatured protein can be constructed (Goto and Fink
1990) (Fig. 1g, h). It is important to recognize that decreasing
the pH increased the minimal chloride concentration, thus
producing the prohibited region in the phase. Consequently,
decreasing the pH below 2 results in increasing the ionic
strength, causing the same effects as adding salt at pH 2. An
important implication is that to maximally unfold a protein by
acid, a pH of 2 under low salt conditions is the best strategy
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(Suzuki et al. 2012). These conditions would also be optimal
for dissolving protein and peptides by taking advantage of the
net charge repulsion.

Mechanism of salt-induced conformational
change

Although the importance of anions in shielding the charge
repulsive forces is evident, anions can work in various ways
(Goto et al. 1990b). First, salts can shield the charge repul-
sion through the Debye—Hiickel screening effect. Second,
some anions, such as sulfate, are well known to stabilize the
native state, which has been interpreted in terms of the

effects on water structure (that is, water-structure maker),
consequently strengthening the hydrophobic interactions of
proteins. Third, Anions can directly interact with positive
charges on proteins to shield the charge repulsion. These
three mechanisms can be distinguished by examining the
effects of various anion species (Goto et al. 1990b).

Debye—Hiickel screening effects are independent of an-
ion species. It is known that the effects of anions in sta-
bilizing protein structure follow the Hofmeister series
(Arakawa and Timasheff 1982; Goto et al. 1990b). The
representative series is:

Sulfate > phosphate > fluoride > chloride > bromide

> iodide > perchlorate > thiocyanate (1)
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Although the exact mechanism of stabilization or destabi-
lization by these anions is unknown, the results are consistent
with the concept that these salts affect the water structure. On
the other hand, the affinity of a particular anion to an anion-
exchange resin is called “electroselectivity.” The
electroselectivity series of various anions depends critically
on the structure of the resin and the solution conditions.
However, the general trend of selectivity can be seen from
the following examples (Washabaugh and Collins 1986):

Sulfite > sulfate > perchlorate > thiocyanate > iodide

> nitrate > bromide > chloride > acetate

= fluoride (2)

Perchlorate > iodide > trichloroacetate = thiocyanate
> nitrate > bromide > trifluoroacetate > chloride

> acetate > fluoride (3)

Equation 2 represents the retention time of anions from an
anion-exchange column with trimethylamino groups, and
Eq. 3 is based on the selectivity of anions to a benzyl
(hydroxyethyl) dimethylammonium anion-exchange resin.
The order of the Hofmeister series is distinct from the
electroselectivity. In particular, the orders of monovalent an-
ions are completely opposite between the two. Moreover, the
concentrations of salts to induce the Hofmeister effects are
generally higher than those for anion binding
(electroselectivity).

The effects of various salts on acid-unfolding cytochrome ¢
and apomyoglobin were examined by Goto et al. (1990b)
(Fig. 2). Similar experiments with various acids were also
performed, producing essentially the same results with respect
to the order of anions:

Ferricyanide > ferrocyanide > sulfate
> trichloroacetate > thocyanate > perchlorate
> iodide > nitrate > trifluoroacetate > bromide

> chloride 4)

The results showed convincingly that the effects depend on
anion species and the order of effectiveness is consistent with
the electroselectivity series (Egs. 2, 3). Anions with multiple
charges show stronger potentials. Among the monovalent an-
ions, chaotropic anions, such as iodide or bromide, show
stronger effects, while the effects of chloride are the weakest.
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These results demonstrate that the electrostatic attraction be-
tween the positively charged proteins and negatively charged
anions causes the direct interactions between them, thus
shielding the charge repulsion.

Generality of the salt effects on denatured
proteins

Although anion binding-induced stabilization of the intermedi-
ate state is often observed at acidic pH, it is likely that a similar
interaction plays a role in determining the protein conformation
under physiological pH when a protein is highly positively
charged. The salt-dependent conformational transition, known
for many years for honey bee venom melittin, was shown to be
dependent on anion binding (Hagihara et al. 1992). Moreover, a
similar role of anion binding was shown for a designed amphi-
philic peptide (Goto and Aimoto 1991). These results imply
that anion binding can control the conformational transition of
some of natively unfolded proteins.

It is useful to consider the effects of GuHCI in relation to
the anion effects. As mentioned above, GuHClI is a salt made
of a guanidinium cation and chloride anion. Hagihara et al.
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(1993) observed intriguing GuHCl-dependent conformational
transitions with the acid-unfolded horse cytochrome ¢ and
horse apomyologbin. Following the addition of low concen-
trations of GuHCI, the acid unfolded proteins at first refolded
to the molten globule intermediate before unfolding at high
GuHCI concentrations. Although this observation might be
surprising, the interpretation is straightforward, as is the case
of the acid-induced refolding. The first refolding by GuHCl is
caused by the anion effects, while subsequent unfolding is
driven by the normal chaotropic effects of GuHCI. Similar
refolding and unfolding transitions were observed for a de-
signed amphiphilic peptide at neutral pH (Hagihara et al.
1993). Thus, when GuHCl is used, it is important to interpret
the data taking into account the dual salt effects. In fact, such
dual effects of GuHCI, with low and high GuHCI concentra-
tions promoting and inhibiting amyloid formation, respective-
ly, were observed recently with hen egg white lysozyme
(Umemoto et al. 2014).

When the effects of salts on the acid-denatured proteins
were examined in the 1990s, it was also recognized that pro-
teins tend to aggregate at high concentrations of salts, at con-
centrations at which the molten globule states were stabilized.
In fact, it was often difficult to characterize the size of the salt-
induced molten globule states in a monomeric state because of
its high propensity to aggregate (Goto and Fink 1989).
Although it was not surprising that the charge-neutralized pro-
teins aggregate, much attention was not paid to the aggrega-
tion process because aggregation was considered to be an
obstacle that prevented characterization of the protein confor-
mational states. Since the late 1990s, however, amyloid fibrils,
one type of protein aggregate, has become one of the most
important targets of protein science because of their associa-
tion with the etiology of serious diseases (Dobson 2003;
Eisenberg and Jucker 2012; Sipe et al. 2014; Tycko and
Wickner 2013).

B2-microglobulin and formation of amyloid
fibrils

Among the various amyloidogenic proteins, (3,-microglobulin
(32m) has been studied extensively because of its moderate
size of 99 amino acid residues, enabling a comparison of pro-
tein folding and misfolding (Fig. 3). 32m, originally a com-
ponent of the type I major histocompatibility complex, is
found at low concentration in circulating blood, and its turn-
over depends on its degradation in the kidneys. Defective
homeostasis of 32m as a result of failure of the kidney func-
tion and the consequent inability of 32m to flow through the
dialysis membrane leads to the accumulation of 32m in the
blood (Yamamoto and Gejyo 2005). Due to a still unclear
mechanism, [32m has been found to form amyloid deposits
in the synovia of the carpal tunnel of patients undergoing
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long-term hemodialysis, leading to pathological conditions
called dialysis-related amyloidosis. The monomeric 32m
easily undergoes in vitro amyloid formation under acidic
conditions below pH 4 (Naiki et al. 1997), although amyloid
formation under neutral conditions requires additional
factors or destabilization of the native fold (Myers et al.
2006; So et al. 2015; Stoppini and Bellotti 2015). Various
studies with 32m as well as other proteins showed that the
formation of amyloid fibrils critically depends on the salt
concentration (Raman et al. 2005; So et al. 2011; Yanagi
et al. 2012).

Salt-induced amyloid formation of 32m
atpH 2

The formation of amyloid fibrils of 32m at acidic pH critically
depends on the salt conditions (Adachi et al. 2015; Raman
et al. 2005; Yanagi et al. 2012) (Fig. 4). In these studies,
[32m, which acid-unfolded at a pH of around 2 in the absence
of salt, did not form amyloid fibrils. In the presence of NaCl,
the thioflavin T (ThT) fluorescence intensity increased as a
function of the concentration of NaCl and incubation time,
indicating the growth of the 32m fibrils. The midpoint of
NaCl concentration-dependent formation was around 50—
100 mM at pH 2 and 37 °C.

To address the mechanism of the salt effects, Raman et al.
(2005) compared the effects of various salts. The rate of fibril
formation increased with increasing salt concentration, with a
maximum at around 200 mM NaCl (Fig. 4a). Further in-
creases in NaCl concentration, however, resulted in decreas-
ing fibril growth. The value of ThT fluorescence intensity at
the 60-min incubation time-point showed a bell-shape profile,
revealing an optimal concentration of the salt required for
efficient fibril growth of 32m (Fig. 4a).
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Fig.4 Salt-dependent formation of amyloid fibrils of 32m at acidic pH. a
Formation of fibrils in the presence of seeds dependent on the salt species
and concentration. Reproduced from Raman et al. (2005), with
permission. b, ¢ NaCl concentration-dependent spontaneous formation
of fibrils in the absence of seeds as a function of the final thioflavin T
(ThT) fluorescence intensity (open circles) and lag-time (closed circles)
(b) and their time courses (¢). Reproduced from So et al. (2011), with
permission

In order to understand the role of anions, Raman et al.
(2005) compared the effect of various salts, such as Na,SOy,,
NaClQy, Nal, and NaCl (composed of different anions and the
same counter cation, Na®), on the fibril growth of B2m.
Similar to the observation made for NaCl, they found
concentration-dependent change in the fibril growth for other
salts also (Fig. 4a). Intriguingly, the optimal concentrations of
the salts differed drastically depending on the anionic species
of'the salts. The optimal concentration under which fibril elon-
gation was favored was around 200, 50, 25, and 3 mM for
NaCl, Nal, NaClOy4, and Na,SO,, respectively. Thus, the
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order of minimum concentration at which fibril growth was
favored is SO4°>~ > ClO, >1 > CI . This order also holds for
the higher concentrations of the salt at which the fibril growth
was inhibited. Similar results were obtained later by So et al.
(2011), who observed spontaneous fibril formation of 32m
triggered by ultrasonication (Fig. 4b, c).

Competition between amyloid formation
and amorphous aggregation

The order of effectiveness of various anions on the for-
mation of amyloid fibrils of 32m is in agreement with
that found for acid-unfolded proteins, as described above,
revealing that the salt-dependent acceleration of fibril for-
mation shares a common mechanism with the salt-induced
formation of the molten globule state. Moreover, the salt-
dependent formation of fibrils showed a clear optimum,
revealing a competition of fibril formation and amorphous
aggregation. Yoshimura et al. (2012) further examined the
difference between amyloid formation and amorphous ag-
gregation in analogy with crystallization and glass
formation.

In general, amyloid fibrils and amorphous aggregates
are two types of aggregates. Another important type of
aggregates is oligomers, which have been proposed to
be responsible for the cytotoxicity of amyloidogenic pro-
teins (Bemporad and Chiti 2012). Here, we assume that
oligomers and amorphous aggregates may be continuous,
as proposed by Miti et al. (2015). Although amyloid fi-
brils and amorphous aggregates clearly differ in morphol-
ogy, the two forms are often treated indiscriminately. On
the other hand, crystals and amorphous aggregates are
distinguished more clearly in crystallography. Solubility
and supersaturation are two of the most important factors
determining the crystallization of solutes (Bergfors 2003;
Coquerel 2014). Moreover, crystallization competes with
glass formation in which solutes collapse into amorphous
aggregates by a process probably not limited by supersat-
uration. 32m forms amyloid fibrils or amorphous aggre-
gates depending on the NaCl concentration at pH 2.5.
Yoshimura et al. (2012) assumed that amyloid fibrils and
amorphous aggregates correspond to crystals and glasses,
respectively. The kinetics of fibril formation follows a
nucleation-growth mechanism in a supersaturated solu-
tion, analogous to the crystallization of solutes. In con-
trast, the glass-like amorphous aggregates formed rapidly
without a lag phase. Neither agitation nor stirring accel-
erated the amorphous aggregation. Thus, by monitoring
the kinetics, crystal-like amyloid fibrils and glass-like
amorphous aggregates can be distinguished where solubil-
ity and supersaturation are key factors for further under-
standing the aberrant aggregation of proteins.
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Fig. 5 The competitive
mechanism of amyloid fibrillation
and amorphous aggregation (AA).
a Schematic model. b Phase-
diagram for the NaCl dependence
of monomers, fibrils, and
amorphous aggregates. Symbols
indicate the experimental data to
obtain the phase diagram; see
Ikenoue et al. (2014) for details.
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Adachi et al. (2015) further examined the salt-dependent
formation of amyloid fibrils and amorphous aggregates
(Fig. 5). They explained the apparent complexities of fibrilla-
tion (i.e., coexistence of amyloid fibrils and amorphous aggre-
gates) comprehensively on the basis of a competitive mecha-
nism in which supersaturation-limited reactions compete with
supersaturation-unlimited reactions. They link the kinetics of
protein aggregation and a conformational phase diagram, in
which supersaturation plays important roles. Such competi-
tion produces a transient formation of amorphous aggregates
and its slow conversion to amyloid fibrils. These complex and
competitive kinetics of various aggregates are consistent with
Ostwald’s ripening rule of stages of crystallization (Levin
et al. 2014). Ostwald ripening is a phenomenon in solid for-
mation in liquid solutions that describes the change of an
inhomogeneous structure over time, leading to progressively
larger structures having a relatively smaller surface area to
volume ratio. Ostwald’s ripening assumes that monomers de-
tach from structures of one type, diffuse in solution, and are
incorporated in more stable of supramolecular assemblies.

Amorphous aggregation can be considered to be a col-
loidal reaction determined by a balance of hydrophobic
and electrostatic interactions. Miti et al. (2015) addressed
the competition between amyloid fibrils and amorphous
aggregates with hen egg white lysozyme. Oligomers and

their curvilinear fibrils formed rapidly after crossing a
salt- and protein concentration-dependent threshold, while
the formation of rigid fibrils was limited by a high free
energy barrier. These authors constructed a phase diagram
based on changes in NaCl and lysozyme concentrations,
similar in nature to our phase diagram shown in Fig. 5b.

Heparin, a glycosaminoglycan and anticoagulant, is an ac-
celerator of fibrillation for various amyloidogenic proteins,
including (32m (Cohlberg et al. 2002; Doig and Derreumaux
2015; Myers et al. 2006; Yamamoto et al. 2004). Recently, So
et al. (2017) examined the effects of various concentrations of
heparin on the formation of 32m fibrils at pH 2. In contrast to
previous studies that focused on accelerating effects, higher
concentrations of heparin inhibited fibrillation, and this was
accompanied by amorphous aggregation. The two-step effects
of acceleration and inhibition were similar to those observed
for various salts. The results indicate that the anion effects
caused by sulfate groups are one of the dominant factors
influencing heparin-dependent fibrillation. The results were
comprehensively explained on the basis of a conformational
phase diagram accommodating crystal-like amyloid fibrils
and glass-like amorphous aggregates and indicate the impor-
tance of competitive mechanism for understanding the effects
of various additives. Similar results were also obtained with
hen egg white lysozyme (Nitani et al. 2017).
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Comparison of the native states and amyloid
fibrils

The conformational phase diagram of 32m under acidic con-
ditions dependent on salt concentration and protein concentra-
tion (Fig. 5b) is compared with conformational phase diagram
ofacidic denatured proteins dependent on salt concentration in
Fig. 1g, h. Acid-denatured 32m forms amyloid fibrils with
increasing salt concentration. In contrast, acid-denatured cy-
tochrome ¢ or apomyoglobin forms the molten globule state
with increasing salt concentration. However, misfolding to
amyloid fibrils is limited by supersaturation. We propose a
protein solubility- and supersaturation-dependent protein
misfolding funnel, which can be compared with the protein
folding funnel without supersaturation (Lin et al. 2014).

Although the salt-induced conformations are distinct be-
tween the molten globule and amyloid fibrils, the underlying
mechanisms are common: counter anion bindings to the pos-
itively charged proteins shield repulsive forces and manifest
intrinsic hydrophobic and hydrogen bond interactions. When
the protein concentration is low, intramolecular interactions
take place, stabilizing the molten globule state under condi-
tions at which the specific native interactions cannot form. As
for amyloidogenic proteins, reduction of the repulsive forces
results in the decrease in solubility and produces proteins ag-
gregates. Then, crystal-like amyloid fibrils form above equi-
librium solubility after breaking supersaturation. However, the
rapid formation of glass-like amorphous aggregates occur
when the driving force is too strong to maintain supersatura-
tion. As for non-amyloidogenic proteins, an amyloid region is
considered to be narrow or missing because of the prevalence
of the amorphous region.

The salt-dependent phase diagram of amyloid formation
indicates that the mechanism of amyloid fibrillation can be
interpreted by the same mechanism of crystallization and
amorphous aggregation of solutes. It is likely that major driv-
ing forces of protein folding (i.e., hydrophobic interactions
and hydrogen bonds) also play roles in stabilizing amyloid
fibrils, although calorimetric data suggested that their contri-
butions seem less in amyloid fibrils (Ikenoue et al. 2014;
Kardos et al. 2004). Moreover, provided that the similar driv-
ing forces are involved in the stabilization of the molten glob-
ule state and amyloid fibrils, strong acid-induced formation of
amyloid fibrils can be anticipated as was demonstrated by the
acid-induced molten globule state (Goto et al. 1990a).

Finally, although in this review we focused on the anion-
binding-dependent conformational change of proteins, salts
also affect protein conformation and stability on the basis of
Hofmeister effects (Eq. 1). It is likely that such effects come to
play under distinct conditions where the salt concentration is
very high, producing more complicated effects. In fact, in our
study we observed two stages of heparin-dependent fibril for-
mation for hen egg white lysozyme at pH 2, where the first

@ Springer

stage depended on the electrostatic interaction between the
positively charged lysozyme and negatively charged heparin
and the second stage of fibril formation was caused by sulfate
salting-out effects at high heparin concentration (Nitani et al.
2017). A similar two-stage effects on the basis of distinct salt
effects was reported for ac-synuclein (Munishkina et al. 2004).
The detailed analysis of salt effects will further clarify the
mechanism of the formation of amyloid fibrils and also create
therapeutic strategies preventing amyloidogenesis.
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